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CHAPTER 1 
 

Conversion of Natural Gas to Oxygenates and Higher Alkanes 

 
 

The comprehensive goal of the research described in Chapters 2 through 5 of this 

dissertation is to identify and develop a molecular catalyst for oxidative oligomerization 

of methane (OOM, Scheme 1.1).  Details of the proposed OOM reaction will be 

enumerated later in this chapter, but the general scheme is introduced at the outset to 

highlight the overarching purpose of OOM: the chemical conversion of methane to liquid 

alkane products.   

Scheme 1.1 Oxidative Oligomerization of Methane. 

               
2 CH4 + 1/2 O2

cat. [M]
– H2O

H3C CH3
higher
    alkanes  

 

Methane, as the principle component of natural gas,1–3 is a valuable carbon 

resource that is often relegated to use near its point of origin due to the cost of its 

transportation.1 Transforming methane to liquid alkanes represents one solution to the 

challenge of transportation. 

Several methods have been developed for transformation of methane to liquid 

products.  These can divided into (1) direct methods (whereby methane is converted 

directly to a liquid alkane product) or (2) indirect methods, (where methane is initially 

converted to a chemical intermediate(s) followed by reaction of the intermediate(s) to 

generate liquid products) (Table 1.1).  Direct methods include partial oxidation of 

methane to methanol/methyl esters, conversion of methane to benzene,4 and the proposed 

OOM reaction.  Indirect methods include generation of H2 and CO (synthesis gas) 

followed by synthesis of methanol or reductive homologation to generate linear alkanes 
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(the Fischer-Tropsch synthesis),5–8 high temperature (>1400 °C) pyrolysis of methane to 

acetylene followed by aromatization of acetylene to benzene,9 and chlorination of 

methane with subsequent condensation to generate gasoline and HCl.1 While of the 

examples of methane liquefaction listed above each have their own merits and 

challenges, industrial implementation of nearly all are constrained by a number of factors, 

including local methane price, capital investment costs, byproducts, and market demand 

for the liquefied product.  

Table 1.1 Methods for Chemical Liquefaction of Methane. 

Method Direct/Indirect Intermediate(s) Product 

Partial Oxidation Direct None CH3OR 

Aromatization Direct None 
 

OOM Direct None Unknown 

CH3OH via syn gas Indirect H2 + CO CH3OH 

Fischer-Tropsch 

Synthesis 
Indirect H2 + CO 

Liquid alkanes 

(diesel fraction) 

Pyrolysis Indirect H H   
Chlorination Indirect CH3Cl Gasoline + HCl 

 

This chapter will focus on a comparison of direct and indirect syntheses of 

methanol/methyl esters and higher (>C1) alkanes as a means of liquefaction of methane 

for transportation.   What follows is a brief discussion of natural gas and natural gas use, 

with a subsequent comparison of methanol and higher alkane synthesis.  The comparison 

of methanol production to higher alkane production provides an opportunity to discuss 

challenges of direct conversion in heterogeneous catalysts with advances brought about 

by study of molecular catalysts.  

1.1 Overview of Natural Gas and Natural Gas Use 
 

Natural gas is the most abundant source of naturally-occurring alkanes on the 

planet.10 Estimates as of 2009 place the quantity of industrially-relevant natural gas at 
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186 x 103 billion m3.  Over the time span from 1970 to 2000, more natural gas was 

discovered (138 x 103 billion m3) than consumed (42 x 103 billion m3).11  These values do 

not take into account further natural gas holdings that remain technically challenging for 

large-scale capture and use.  The most abundant example of such deposits is methane 

hydrates collected deep on the ocean floor.  Researchers estimate that the natural gas 

available in these hydrate stores is 190 x 107 billion m3 (over twice the amount of natural 

gas found in currently industrially-exploitable deposits).  However, its use is pending new 

developments in sequestration and transportation of the natural gas. 

Despite the large abundance of natural gas, its use is typically limited to burning 

for heat or power rather than as a transportation fuel or feedstock for petrochemicals.  A 

2009 survey of United States natural gas consumption indicated commercial and 

residential heating (35%), electric power generation (30%), and industrial usage (32%) 

made up 97% of natural gas usage.12 Of the industrial usage, only a marginal amount of 

natural gas was utilized for synthesis of chemical feedstocks, while the majority of use 

was for reactor heating, general heating, and power production.1  

These limitations in the use of natural gas are the result of its chemical makeup.  

Methane, the simplest of alkanes, on average makes up 60–95% of natural gas with 

ethane (20–1%) making up majority of the balance.  The low boiling point of methane 

(109 K) necessitates compression and cooling for transportation.  These transportation 

constraints limit the markets to which natural gas can be delivered at low cost.  Typically, 

natural gas use is limited to markets nearby its origin or markets directly linked to the 

point of origin via pipeline.  This is especially challenging because many of the major 

natural gas reservoirs are located in remote regions of the globe, including western 

Australia, Siberia, and the Amazon Jungle.  However, because the deposits are remote, 

there is little market for using the natural gas for heat or energy, driving down market 

value of the natural gas.1 

Parmon has provided an illustrative example for the cost incurred transporting 

natural gas over long distances by pipeline.1 The natural gas reservoir in the Yamal 

peninsula of Russia is the largest known, industrially-relevant natural gas reserve in the 

world.  The nearest large market for natural gas is Moscow, some 5,000 km away.  Five 

thousand kilometers is typically considered the maximum economical distance to 
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transport natural gas via pipeline.  The energy required to transport natural gas by 

pipeline over that distance is equivalent to the energy supplied by burning half of the gas 

transported.  Most of that energy is required for repeated recompression of the gas to 45 

to 80 bar at recompression stations, which must be placed approximately every 100 km 

along a pipeline.11 Energy is also required to separate methane and ethane from higher 

boiling alkanes before transporting the gas via pipeline to avoid condensation of the 

heavier alkanes in the pipeline. 

The abundance of natural gas makes it an attractive source for further 

development of the petrochemical industry.  However, the current inability to process 

methane directly to higher value chemicals and the cost of transporting natural gas over 

large distances limits opportunities to use natural gas as a high value fuel or chemical 

feedstock.  To monetize remote reservoirs of natural gas, it is important to develop cheap 

methods of transportation of the gas. Producing liquid products via chemical reaction is 

one method being aggressively pursued at this moment. 

1.2 Indirect Methods for Synthesis of Methanol and Higher Alkanes 
 

The production of syn gas is a mature industrial technology.1,2 Several methods of 

syn gas production have been developed including steam reforming, dry reforming, 

partial oxidation, and autothermal reforming (Scheme 1.2).13,14 In building syn gas plants, 

the method of syn gas production is dictated by primarily by the intended products and 

the scale of the syn gas plant. 

Scheme 1.2 Methods for Reforming Methane to Syn Gas. 

                               

Steam Reforming

CH4 + H2O CO + 3 H2

Dry Reforming

CH4 + CO2 2 CO + 2 H2

Autothermal Reforming

CH4 + 1/2 O2 CO + 2 H2
CH4 + H2O CO + 3 H2
CO + H2O CO2 + H2

Partial Oxidation

CH4 + 1/2 O2 CO + 2 H2  
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The synthesis of methanol and higher alkanes from syn gas is practiced on 30 

million and 18 million tonne/year volumes.1 Methanol synthesis from H2 and CO is 

highly selective (99.9%), and yields of methanol as high as 50% per pass have been 

reported.15 Because of the extraordinary selectivity, multiple passes of the syn gas over 

the catalyst bed are a practical way to reach high conversion.  F–T synthesis of produces 

alkanes in a Schultz-Flory distribution, meaning that the yield of alkane product drops off 

as the size of the alkane increases.  The major fraction of synthesized alkanes is a low-

boiling fraction, with methane being the principle product.  The major challenges for syn 

gas technology are: (1) accounting for heat exchange in the reactors and (2) the large 

capital investment required to build and upkeep the infrastructure.  For example, in a F–T 

plant, two-thirds of the plant’s cost are associated with syn gas production, and a F–T 

plant costs approximately $700 million to construct.16 

1.3 Direct Methods for Synthesis of Methanol 
 

The direct synthesis of methanol via partial oxidation of methane would 

circumvent nearly half the cost of a methanol production plant utilizing synthesis gas 

technology. Heterogeneous catalysts for direct oxidation of methane using O2 as an 

oxidant have been limited to ~5% yield with further oxidation products (formaldehyde 

and CO2) contributing to the low overall yield and selectivity for methanol.17,18 To 

compete with syn gas production of methanol, the yields of methanol from direct 

oxidation need to reach ~10%.19 The low selectivities are attributed to the ease of further 

reaction of the oxidized products with O2.     

Homogeneous molecular catalysts for direct oxidation of methane to methanol 

have been explored since Shilov’s initial report on the oxidation of methane using 

platinum salts in water (Scheme 1.3).20 The oxygenation of methane was proposed to 

occur via activation of methane by the platinum(II) catalyst (step 1), oxidation of the 

methyl-platinum(II) complex to platinum(IV) (step 2), and nucleophilic attack of water 

on the methyl ligand to liberate methanol and regenerate platinum(II) (step 3).  The 

Shilov system was limited by the requirement for platinum(IV) as a stoichiometric 

oxidant and by catalyst decomposition to platinum metal.  However, this discovery has 



 

 6 

been foundational for many subsequent developments in homogeneous transition metal 

catalysts for the direct synthesis of methanol from methane in the decades since its 

discovery. 

Scheme 1.3 Catalytic Cycle for the Shilov System for Methane Oxidation to Methanol. 

                   

Cl
OH2PtII

H2O

Cl
CH4 HCl

CH3

OH2PtII
H2O

Cl

[PtIV(Cl)6]2-

[PtII(Cl)4]2-

Cl
OH2PtIV

H2O

Cl
CH3

Cl

H2O

CH3OH, HCl

Step 1: C–H Activation

Step 2: 
OxidationStep 3: 

Reductive
Elimination

 
In one of the largest advances in the direct oxidation of methane, Periana used 

Hg(SO4)2 as catalyst in concentrated H2SO4 to generate methyl bisulfate (CH3OSO3H) in 

85% selectivity and 43% overall yield.21  Previously, Sen used palladium(II) salts in 

trifluoroacetic acid to mediate conversion of methane to methyl trifluoroacetate 

(CH3O2CF3).22,23  Further optimization of the catalyst to (bpym)PtII(Cl)2 (Scheme 1.4) 

with use of SO3 as an oxidant produced methyl bisulfate in 81% selectivity and 73% 

overall yield.24  The reaction was proposed to occur by a similar mechanism to the Shilov 

cycle.   

The outstanding selectivity for a single oxidation of methane to the methyl ester 

form in these reactions is attributed to the electron-withdrawing ester group, which is 

proposed to deactivate the oxidized product to further C–H activation and oxidation.  

However, even for the promising (bpym)PtII(Cl)2 system, industrial implementation has 

been terminated.  The SO3 oxidant and (bpym)PtII(Cl)2 catalyst required strictly 

anhydrous conditions, and the use of concentrated H2SO4 as a solvent requires addition 

capital investments to build and maintain corrosion-resistant reactors. 
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Scheme 1.4 Structure of (bpym)PtII(Cl)2. 

                                                 
PtII

Cl
ClN N

N N
 

 

Much like the Shilov system inspired subsequent research toward homogeneous 

catalysts for methane oxidation, the protecting group strategy has marked a major 

advance in selective methane partial oxidation to oxygenates.  Subsequently, a wealth of 

research aimed at engineering this strategy into an industrially practicable system has 

been published.25–31  

1.4 Direct Methods for Synthesis of Higher Alkanes 
 

The only currently viable industrial methodology for synthesis of higher alkanes 

from natural gas is the Fischer-Tropsch synthesis.  Initial progress has been made toward 

methodologies for direct coupling of methane to higher alkanes.  Examples include direct 

catalytic methane oligomerization using a tantalum hydride fragment bound to the 

surface of dehydrated silica32 and a hybrid oxygenation-dimerization approach where 

homogeneous catalysts have been developed for synthesis of acetic acid (CH3CO2H).33,34 

Reacting methane with superacids has also generated methane coupling products.35 By 

far, the most substantial amount of research conducted has been toward direct oxidative 

coupling of methane (OCM) to ethylene and ethane.36–42 Targeting the production of 

ethylene directly from methane is not surprising considering ethylene is a feedstock for 

roughly 30% of all petrochemicals.15 Worldwide usage of ethylene in 1999 comprised the 

synthesis of polyethylene (57%), vinyl chloride (14%), ethylene oxide (13%), 

ethylbenzene and styrene (7%), and acetaldehyde (1%) (Scheme 1.5).15 
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Scheme 1.5 Breakdown of Chemicals Produced from Ethylene in 1999. 

                      
The oxidative coupling of methane (OCM) is significantly exothermic.  ΔG0(400 

K) of oxidative coupling of methane is –18.4 kcal/mol to ethane and –34.6 kcal/mol to 

ethylene (Scheme 1.6).  In contrast, for a non-oxidative process in which H2 is released, 

ΔG0(400 K) is +8.6 kcal/mol to ethane and +18.9 kcal/mol to ethylene (Scheme 1.7).  

The reaction proceeds by homolytic cleavage of methane C–H bonds over a mixed-metal 

oxide catalyst such as SrO/La2O3 or Mn/Na2WO4/SiO2 to generate methyl radicals, which 

then dimerize to generate C2 products.  Oxygen is used as a limiting reagent in this 

process to avoid combustion to CO2.  This limits OCM to producing C2 products, as 

conversion to higher alkanes (C3 and above) is unfavorable compared to complete 

combustion to CO2.   

Scheme 1.6 Thermodynamics of Oxidative Coupling of Methane. 

          

2 CH4 + 1/2 O2 +H3C CH3 H2O ΔG° = –18.4 kcal/mol

2 CH4 + O2 +H2C CH2 2 H2O ΔG° = –34.6 kcal/mol  

Scheme 1.7 Thermodynamics of Methane to Ethane + H2. 

                 

2 CH4 +H3C CH3 H2 ΔG° = +8.6 kcal/mol

2 CH4 +H2C CH2 2 H2 ΔG° = +18.9 kcal/mol  
 

The best catalysts under these conditions are capable of generating C2 products in 

~80% selectivity and 25% yield on a laboratory scale.43 These values are expected to 

decrease upon scale-up44 due to the challenges of heat management of the exothermic 

reaction in a larger catalyst bed.36 In order to make the process industrially viable, it is 
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estimated that selectivity for C2 products and yield must be approximately >80% and 16-

30%, respectively, with a single pass of the methane over the catalyst.45  However, in 

1988, Labinger calculated the maximum yield for current OCM catalysts to be 30% 

yield.46  A more recent 2003 report by Green, which used a more complex algorithm for 

determining the maximum yield, actually lowered the theoretical maximum to 28% yield 

for C2 products.  The authors concluded that until new classes of catalysts were designed 

or an alternate mechanism was developed, the yields and selectivity needed for an 

industrially-applicable process could not be achieved. 

Interestingly, Green also pointed out that researchers have been almost 

exclusively focused on increasing the activity of the OCM catalysts by making them 

better H atom abstractors.  Like the synthesis of methanol from methane, OCM has 

reached a point where it needs a substantial advance to ignite the field.  Current 

economics have sparked a new flurry of activity toward OCM with researchers using the 

most modern techniques for heterogeneous catalyst preparation,47 but no major advances 

have been reported.  To date, no homogeneous catalyst has been developed for OCM or 

oxidative oligomerization of methane (OOM).  Whereas homogeneous catalyst 

development helped open a new paradigm in catalyst development for methane 

oxygenation, homogeneous catalyst development has the potential to provide new 

insights into the field of methane coupling.48 

In Chapter 2, I describe our initial foray into homogeneous OOM catalyst design 

that is based on the related dimerization of arenes by homogeneous palladium complexes.  

In Chapters 3 through 5, our approach to catalyzing this reaction evolves as our 

fundamental studies toward oxidation revealed an oxidatively-induced methyl transfer 

event.  The overarching goal of this catalyst development is to catalytically generate 

liquid alkanes from methane.  To that end, this dissertation describes fundamental studies 

of methyl-metal complexes as models for the expected products of C–H activation.20,49 

Conversion of the methyl ligands into ethane is a model for the necessary C–C bond-

forming reaction of OOM.  The fundamental studies described herein are a starting point 

for achieving catalytic OOM. 
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1.5 Collaboration 
 

Throughout my pursuit toward developing a catalyst for the oxidative 

oligomerization of methane, I have had the privilege of collaborating with Prof. James M. 

Mayer and Dr. Michael P. Lanci.  It is the combination of our efforts that has brought this 

project to its current state.  Thus, it is important to point out the contributions Dr. Lanci, 

which are included herein to highlight and provide context for my own data.   

In Chapter 3, I discovered reactions of (tBu-bpy)PdII(CH3)2
 (1) (tBu-bpy = 4,4′-di-

tert-butyl-2,2′-bipyrdine) with AgI and 1,4-benzoquinone (BQ) that produced ethane.  Dr. 

Lanci characterized all of the products of the reactions and provided evidence for the 

mechanism of each reaction.  All work related to the oxidation of 1 by ferrocenium 

hexafluorophosphate was performed by Dr. Lanci. 

Scheme 1.8 Reaction of (tBu-bpy)PdII(CH3)2
 (1) with AgI and BQ. 

                               

PdII
CH3

CH3N
N

t-Bu

t-Bu

AgI and BQ

acetone-d6

1  
 

In Chapter 5, Dr. Lanci demonstrated facile evolution of ethane from [(2,6-

diMePhDAB)PtIV(CH3)3(solvent)]+ (2). He also provided computations on the energetic 

differences of ethane elimination between the related complexes 2 and [(3,5-

diMePhDAB)PtIV(CH3)3(solvent)]+ (3). My work on [(2,6-

diClPhDAB)PtIV(CH3)3(solvent)]+ (4) and [(4-MePhDAB)PtIV(CH3)3(solvent)]+ (5) and 

computations on 4 served to support our hypothesis that 2,6-substitution of the ligands 

was necessary for the inducing facile ethane elimination. 
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Scheme 1.9 Summary of  [(ArDAB)PtIV(CH3)3(solvent)]PF6 Complexes. 
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CHAPTER 2 
 

Methyl Transfer at Pd(II) Related to Disproportionation Formation of 
Dimethyl Palladium Species 

 

2.1  Background and Significance 
 

Methane, the principal constituent of natural gas, is the most abundant alkane on 

the planet.1 Transformation of methane into a liquid would allow for far greater usage of 

natural gas as a fuel (see Chapter 1 for a more detailed discussion). As a result, 

liquefaction of natural gas is a grand challenge for scientists.  While substantial efforts 

have been made toward liquefying methane by oxygenation (Path A, Scheme 2.1), little 

progress has been made toward the oxidative oligomerization of methane (Path B, 

Scheme 2.1).  

Scheme 2.1 Schemes for Liquefying Natural Gas. 

                         

H3C H cat. [M] H3C OH1/2 O2+

H3C H H3C CH32 + H2O1/2 O2+
cat. [M]

Path A: Oxygenation of Methane

Path B: Oxidative Oligomerization of Methane

 
 

For the homogeneous oxidative oligomerization of methane, we propose a 

catalyst must perform three fundamental steps: 1) C−H activation, 2) C−C bond 

formation, and 3) oxidation to regenerate the catalyst (Scheme 2.2).   
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Scheme 2.2 Fundamental steps for methane oligomerization. 

               

CH4 HX

X
[Mn-1] 1/2 H3C CH3[Ox], HX

H+[Ox]-

Step 1: C−H Activation

Step 2: C−C 
Bond FormationStep 3:

Reoxidation

[Mn]
X
X

[Mn]
X
CH3

 
 

As depicted in Scheme 2.2, a catalyst must first activate methane (Step 1).  C−H 

activation of methane has been studied extensively.2-6 In methane functionalization 

reactions catalyzed by late transition metals, methane activation is often proposed to 

proceed through a monomethyl intermediate, formed by cleavage of a C–H bond to make 

a new M–C bond (Step 1, Scheme 2.2).  

For subsequent oligomerization, a significant challenge is formation of a C−C 

bond from the monomethyl intermediate.  Four general pathways exist for forming a new 

C−C bond from a monomethyl species: 1) C−H activation to form a dimethyl-metal 

complex followed by reductive elmination (Scheme 2.3, Path A), 2) radical dimerization 

of methyl radicals (Scheme 2.3, Path B), 3) bimolecular C−C bond reductive elimination 

(Scheme 2.3, Path C), and 4) methyl transfer between two metal centers to generate a 

dimethyl-metal intermediate followed by reductive elimination (Scheme 2.3, Path D). 
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Scheme 2.3 Pathways for C−C Bond Formation from Monomethyl Complexes. 

[Mn]
X
CH3

CH4 HX

[Mn]
CH3

CH3

Path A: C−H Activation

[Mn]
X
CH3

X
[Mn-1] + H3C•

Path B: Radical Homocouping

1/2 H3C CH3

[Mn]
CH3

XPath C: Binuclear Reductive Elimination

[Mn]
X
CH3

[Mn]
X
CH3

X
[Mn-1] + 1/2 H3C CH3

Path D: Disproportionation Followed by Reductive Elimination

[Mn]
X
CH3

[Mn]
X
X
+ [Mn]

CH3

CH31/2 1/2 [Mn-2] + 1/2 H3C CH3

H3C CH3[Mn-2] +

 
 

For group 10 metals, C−H activation of methane by a monomethyl complex to 

generate a dimethyl species is unknown (Path A, Scheme 2.3). Bercaw and Tilset have 

shown through labeling studies that C−H activation of methane by 

[(diimine)Pt(CH3)(solvent)]+ complexes results in exchange of the methyl group rather 

than formation of a dimethyl-platinum species (Scheme 2.4).7,8 

Scheme 2.4 C−H Activation of Methane Leading to Methyl Exchange.7,8 

N
N
Ar

Pt
13CH3

OCD2CF3

Ar

D 12CH4
TFE-d3 N

N
Ar

Pt
OCD2CF3

12CH3

Ar D

+ 13CH4

 
 

Radical dimerization (Path B, Scheme 2.3) has been proposed upon one-electron 

oxidation of dimethyl palladium complex 1 (Scheme 2.5).9 In this reaction, the Pd–C 

bond is homolytically cleaved to generate a methyl radical which then undergoes reaction 

with a proximal Pd–C bond to generate ethane.  Formation of ethane in this proposed 

mechanism is reliant on the presence of a nearby Pd–C bond to trap the reactive methyl 

radical.  In the absence of a trap, free methyl radicals generated form only a small amount 

ethane instead giving up to 120:1 CH4 to ethane ratio.10  
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Scheme 2.5 Radical Dimerization to Form Ethane.9  

CH3

CH3PdII
P
Me2

Me2
P - e-

MeCN-d3, 25 °C NCMe
CH3PdII

P
Me2

Me2
P
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1

H3C CH3
+

CH4  
 

Bimolecular C−C bond-forming reductive elimination (Path C, Scheme 2.3) has 

been proposed for systems in which the two metal centers are tethered by bridging 

ligands.  Methyl/methyl-d3 labeling studies of complex 2 suggest that C−C bond 

formation is at least partly attributable to intramolecular reductive elimination across two 

Pt metal centers (Scheme 2.6).11  However, although intramolecular reductive elimination 

was proposed for 2, there is a significant gap in understanding the excited state behavior 

of this complex upon photolysis, leaving open the possibility of reductive elimination 

from a single PtII center.   

Scheme 2.6 Binuclear Reductive Elimination of Ethane.11 

    

H3C CH3

CH3

CH3PtII
P

Ph2
P

CH3
PtII

P
Ph2

Ph2P
Ph2

+

362 nm

acetone-d6

CH3PtI
P

Ph2
P

acetonePtI
P
Ph2

Ph2P
Ph2

+

+

2  

  

Methyl transfer between metal centers to generate a dimethyl–metal intermediate 

from which unimolecular C−C reductive elimination can occur (Path D, Scheme 2.3) is 

directly related to proposed mechanisms for aryl–aryl homocouplings.12-15 In these 

reactions, two metal centers undergo a methyl-for-X metathesis (called 

disproportionation) that converts two equiv of (L)2(M)(CH3)(X) into one equiv of each 

(L)2(M)(CH3)2 and (L)2(M)(X)2 (Scheme 2.7).   

Scheme 2.7 Disproportionation Formation of a Dimethyl Complex. 

(L)2MII(CH3)(X)2 equiv (L)2MII(CH3)2 + (L)2MII(X)2
Disproportionation

Comproportionation
[M = Pd or Pt]  
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The proposed catalytic cycle for palladium-catalyzed homocoupling of arenes 

requires the disproportionation of 2 equiv of (L)2Pd(R)(X) to generate 1 equiv of 

(L)2Pd(R)2 and 1 equiv of (L)2Pd(X)2 (Step 2, Scheme 2.8). In related stoichiometric 

studies, of the formation of biaryl coupling products from monoaryl PdII species have 

been postulated to occur via an initial disproportionation to a diaryl-PdII intermediate 

(Scheme 2.8).15 Computational evidence has also been presented for disproportionation 

leading to aryl–aryl bond formation in Pd-catalyzed domino reactions (Scheme 2.9).16 

The authors contend that disproportionation between 3 and 4 is more favorable than the 

previously proposed mechanism which involved oxidative addition of Ph–I at 4 to 

generate a PdIV intermediate. Further examples of disproportionation have been directly 

observed at both PdII (with R = Ph,13,17 alkynyl18) and at PtII (with R = Ph).19 Although 

alkynyl and aryl disproportionations are good precedents, the oxidative oligomerization 

of methane requires disproportionation of methyl ligands.  When we initiated this 

research, the disproportionation of analogous PdII or PtII- methyl species was not known. 

Scheme 2.8 Proposed Catalytic Cycle for PdII-Catalyzed Homocoupling of Arenes. 
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R
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Scheme 2.9 Stoichiometric Aryl Disproportionation Leading C−C Bond Formation.15 
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Scheme 2.10 Computed Aryl Disproportionation for PdII-Catalyzed Domino Reactions.16 
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Importantly, comproportionation, the microscopic reverse of disproportionation, 

is known for the reaction of PtII dimethyl complexes with their PtII dihalide counterparts 

(Scheme 2.11).20  Kinetic studies of this reaction showed that loss of a dimethyl sulfide 

ligand from 5 precedes methyl transfer.  These studies indicate that π systems present in 

sp2 and sp group transfers are not required in group transfer reactions.  Further 

precendent for comproportionation has been shown at PdII centers with R = Ph,17,21 

alkynyl18 and at PtII centers with R = Ph,22-24 alkynyl,25,26 and CH3.27,28 These studies 

suggest that methyl group disproportionation is kinetically feasible but appears to be 

thermodynamically unfavorable. 

Scheme 2.11 Methyl Comproportionation of PtII.20 
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In pursuit of facilitating methyl disproportion, we took two approaches to assess 

the reaction of monomethyl-palladium complexes to form dimethyl-palladium 

complexes.  First, we initiated density functional theory (DFT) calculations 

(B3LYP/CEP-31G(d))29,30 to evaluate the thermodynamics associated with methyl 

disproportionation at square-planar complexes as a function of the ligands L and X.  

Secondly, we sought to thermolyze monomethyl complexes in order to probe for the 
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characteristic reactivity of any dimethyl palladium complex that formed via 

disproportionation. 

2.2 Results and Discussion 
 

We first examined the relative thermodynamics of methyl, phenyl, and alkynyl 

group disproportionation at (MeDAB)PdII(R)(Cl) (MeDAB = N,N0-dimethyl-1,4-diaza-

butene). This diimine was selected because Pt and Pd complexes containing related 

ligands are known to promote both stoichiometric31 and catalytic31,32 C－H activation 

reactions. Tilset had also shown simplified diimine structures to be valid models in 

computations of platinum C−H activation intermediates.8 The singlet ground-state 

structures for (MeDAB)Pd(R)(Cl), (MeDAB)Pd(R)2, and (MeDAB)Pd(Cl)2 were 

optimized for each R ligand in the gas phase at 298 K and 1 atm. Solvent corrections in 

acetone were performed as single-point energy calculations on the optimized gas-phase 

structures using the integral equation formalism of the polarizable continuum model 

(IEFPCM).  ΔGdisprop was then calculated on the basis of these optimized ground-state 

energies. As summarized in Table 2.1, the disproportionation reactions with R = Ph, CH3 

are thermodynamically uphill at 298 K, while when R = alkynyl the disproportionation is 

thermoneutral. Significantly, ΔG for methyl disproportionation is >3 kcal/mol further 

uphill than the analogous phenyl reaction (Table 1, entries 1 and 2). Notably, for all R 

groups, the acetone solvent correction had minimal effect (< 1 kcal/ mol) on the 

calculated values of ΔG.  

Table 2.1 Effect of R-group Hybridization on ΔGdisprop. 

                  
N
Me

Me
N
Pd

Cl
R

N
Me

Me
N
Pd

R

R
N
Me

Me
N
Pd

Cl
Cl+

ΔGdisprop
2

 

 ΔGdisprop (kcal/mol) 

Entry R gas phase IEFPCM (acetone) 

1 CH3 11.7 11.0 

2 C6H5 7.6 7.8 

3 C2H 0.0 0.1 
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The data in Table 2.1 indicate that Keq for the disproportionation of 

(MeDAB)Pd(CH3)(Cl) should be approximately 8 x 10-9 in acetone.  To experimentally 

test this prediction, we synthesized the related complexes (tBu-bpy)Pd(CH3)2 (6), (tBu-

bpy)Pd(Cl)2 (7), and (tBu-bpy)Pd(CH3)(Cl) (8) and examined their reactivity in methyl 

group transfer reactions. As predicted, isolated samples of (tBu-bpy)Pd(CH3)(Cl) (8) did 

not react to form detectable quantities of complex 6 under any conditions examined.  

Thermolyzing 8 for 18 h at 50 °C in acetone-d6 in the absence of light resulted in no 

change by 1H NMR spectroscopy with 8 still being observed in 99% yield relative to 

internal standard (Scheme 2.12).  When thermolyzed under identical conditions but in the 

presence of ambient room light, 8 decomposed slightly, with 71% 8 remaining after 18 h 

and 7% 7 being formed along with CH4 and CDH3 (Scheme 2.13).  However, 6 was not 

detected at any point during the reaction. Furthermore, stirring a 1:1 mixture of 6 and 7 in 

acetone-d6 at 50 °C for 18 h led to the complete consumption of 6 and 7 and formation of 

(tBu-bpy)Pd(CH3)(Cl) (8) in quantitative yield (99% as determined by 1H NMR 

spectroscopy) (Scheme 2.14). These experimental observations are all consistent with the 

calculated equilibrium constant, which greatly favors the comproportionation reaction.  

Scheme 2.12 Attempted Disproportionation of 8 in the Absence of Light 
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Scheme 2.13 Attempted Disproportionation of 8 in the Presence of Light. 
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Scheme 2.14 Comproportionation of 6 and 8. 

                         

N
N

t-Bu

t-Bu

Pd
CH3

CH3

N
N

t-Bu

t-Bu

Pd Cl
Cl

+ acetone-d6
50 ºC
18 h

N
N

t-Bu

t-Bu

Pd
Cl
CH3

6

7

8, 99%

 



 

 21 

 

We next used DFT calculations to probe the influence of the L-type ligand (L) on 

ΔGdisprop for complexes of general structure (L)2Pd(CH3)(Cl). The cis isomers were 

examined in these calculations, since the vast majority of group 10 complexes that 

promote C－H activation contain cis-chelating L-L ligands.31-35 Importantly, as shown in 

Table 2.2, covalently tethering the cis L-type ligands had only a minimal impact on 

ΔGdisprop.  

Table 2.2 Effect of Tethering L-Type Ligands on ΔGdisprop. 

                     L

L
Pd

I
CH3 +

L

L
Pd

CH3

CH3
L
L

Pd
I
I2

ΔGdisprop

 

Entry L ΔGdisprop (kcal/mol) 

1 N
 10.6 

2 N
N

 
11.1 

 

Ground-state structures for cis-(L)2Pd(CH3)2, cis-(L)2Pd(CH3)(Cl), and cis-

(L)2Pd(Cl)2 were obtained from geometry optimizations for a variety of monodentate L-

type donors, and ΔGdisprop was determined for each ligand L in the gas phase. As 

summarized in Table 2.3, ΔGdisprop remained >7 kcal/mol with all of the ligands 

examined. Nonetheless, L did have a significant influence on the value of ΔGdisprop, with 

strongly σ-donating ligands such as 1,3-dimethylimidazol-2-ylidene (Me2Im), PH3, 

C5H5N, and NH3 (entries 1-5) providing the most favorable equilibria for this 

transformation. Gratifyingly, chelating carbenes,35 diamines,36 diimines,31 bipyridine 

derivatives,34 and phosphines23,37 are all known to support group 10 metal complexes 

capable of alkane activation. In contrast, weaker σ-donors such as MeCN, SH2, and OH2 

(entries 6, 8, and 10) as well as strong π-acceptors such as PF3, CO, and ethylene (entries 

7, 9, and 11) provided much larger values of ΔGdisprop in this system.  
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Table 2.3 Effect of L-Type Ligands on ΔGdisprop.  

                      L

L
Pd

Cl
CH3 +

L

L
Pd

CH3

CH3
L
L

Pd
Cl
Cl2

ΔGdisprop

 

Entry L ΔGdisprop (kcal/mol) 

1 Me2Ima 7.7 

2 PH3 10.4 

3 CH3N=CH2 11.3 

4 NH3 11.4 

5 NC5H6 11.7 

6 SH2 15.0 

7 PF3 15.8 

8 OH2 15.9 

9 CO 16.8 

10 CH3CN 17.4 

11 C2H4 18.5 
a Me2Im = 1,3-dimethylimidazol-2-ylidine 

 

To more systematically probe the electronic influence of the L-type ligand on 

ΔGdisprop, we computationally examined a series of pyridine ligands containing diverse 

para substituents. As summarized in Table 2.4, more electron rich pyridines generally 

provided smaller values of ΔGdisprop. A Hammett plot of the data versus σ showed a 

modest correlation (R2 = 0.69), with a ρ value of –1.57 (Scheme 2.15). However, it is 

important to note that even with X = N(CH3)2, ΔGdisprop remained relatively large (nearly 

10 kcal/mol).  
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Table 2.4 DFT Hammett Study of the Effect of para-Substituted Pyridines on ΔGdisprop.  

                            

N
Pd

Cl

CH3
N

X

ΔGdisprop

X

N
Pd

CH3

CH3
N

X

X

N
Pd

Cl

Cl

N

X

X

+2

 

Entry X σ ΔGdisprop (kcal/mol) 

1 N(CH3)2 -0.32 9.9 

2 OCH3 -0.27 11.8 

3 H 0 11.7 

4 F 0.15 11.7 

5 Cl 0.24 12.4 

6 CF3 0.53 12.3 

7 NO2 0.73 13.3 

Scheme 2.15 Hammett Plot for Variation of the Para Substituent on the Pyridine Ligand. 

 
The influence of the X-type ligands on ΔGdisprop was also examined by DFT, using 

MeDAB as a chelating L-L ligand.  Again, ground-state structures were optimized in the 

gas phase for (MeDAB)Pd(CH3)(X), (MeDAB)Pd(CH3)2, and (MeDAB)Pd(X)2, and 

ΔGdisprop was determined on the basis of these data.  As summarized in Table 2.5, ΔGdisprop 

showed a reasonable correlation with the basicity of X. For example, with weakly basic X 

ligands such as iodide, bromide, chloride, and trifluoroacetate, ΔGdisprop was ≥ 11.7 

kcal/mol (entries 1-4). However, ΔGdisprop decreased by close to 8 kcal/mol upon moving 

to alkoxide and phenoxide ligands (entries 6 and 7). Furthermore, when X was changed 
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to a C-bound enolate, ΔGdisprop was only 1.2 kcal/mol (entry 8). This value corresponds to 

a Keq value of 0.14, indicating that the disproportionation should be readily detectable by 
1H NMR spectroscopy. 

Table 2.5 Effect of X-Type Ligands on ΔGdisprop. 

                     
N
Me

Me
N
Pd

X
CH3

N
Me

Me
N
Pd

CH3

CH3
N
Me

Me
N
Pd

X
X+

ΔGdisprop
2

 

Entry X pKa
a ΔGdisprop (kcal/mol) 

1 I -10 11.8 

2 Br -9 12.1 

3 Cl -8 11.7 

4 CF3CO2 -0.3 12.4 

5 CH3CO2 4.8 8.1 

6 C6H5O 10.0 4.4 

7 CH3O 15.5 2.0 

8 CH3C(O)CH2 26.5 1.2 

9 NH2 38 0.1 
a pKa of the conjugate acid of X 

 

To further study the effect of the X-type ligand on ΔGdisprop, DFT calculations 

were carried out on the complexes (MeDAB)Pd(CH3)(OAr), where OAr is a series of 

para-substituted phenoxides. An excellent correlation was observed between ΔGdisprop and 

the σ value of the para substituent, with ρ = –3.21 (R2 = 0.94) (Table 2.6 and Figure 

2.16). This indicates that disproportionation is strongly favored with more electron rich 

alkoxide ligands. All of the observed trends in ΔGdisprop as a function of X can be rationa-

lized on the basis that as this ligand becomes more and more similar to CH3 
-[pKa = 48, 

ΔGdisprop = 0 (by definition)], the free energy for disproportionation approaches zero.  



 

 25 

Table 2.6 DFT Hammett Study of the Effect of para-Substituted Phenoxides on ΔGdisprop. 

                   

N
Me

Me
N

Pd
OAr
CH3

N
Me

Me
N

Pd
CH3

CH3
N
Me

Me
N

Pd
OAr
OAr+

ΔGdisprop

OAr = O Y

 

Entry Y σ ΔGdisprop (kcal/mol) 

1 N(CH3)2 -0.32 2.9 

2 OCH3 -0.27 2.7 

3 H 0 4.4 

4 F 0.15 4.0 

5 Cl 0.24 4.7 

6 NO2 0.78 7.7 

 

Scheme 2.16 Hammett Plot for Variation of the para Substituent on the Phenoxide 
Ligand. 

 
The DFT calculations above suggested that the disproportionation equilibrium 

should be detectable with X = CH2COCH3, and we sought to experimentally confirm this 

by studying the PdII methyl enolate complex (tBu-bpy)Pd(CH3)(CH2COCH3) (9). An 

analytically pure sample of 9 was prepared by the reaction of (tBu-bpy)Pd(CH3)(I) with 

1.5 equiv of Ag2O in acetone at room temperature in the absence of light (Scheme 

2.17).19 
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Scheme 2.17 Synthesis of Methyl Acetonyl Complex 9. 
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Monitoring the monomethyl complex 9 by 1H NMR spectroscopy for 7 h at 25 °C 

showed no reaction.  Heating monomethyl complex 9 for 50 °C for 3 h in the absence of 

light also gave no evidence for disproportionation.  However, when complex 9 was 

dissolved in THF-d8 at 25 °C in a Teflon®-sealed NMR tube in ambient (room) light, 

disproportionation was observed to generate a 86:1:1.4 ratio of 9:6:(tBu-

bpy)Pd(CH2COCH3)2 (10) after 6 h and a 36:1:1.2 ratio of 9:6:10 after 24 h, as 

determined by 1H NMR spectroscopy (Scheme 2.18). The observed ratio 9:6 after 24 h 

would correspond to ΔG = 4.2 kcal/mol; however, competing decomposition of 6 over 

the course of the disproportionation means that this can only serve as an estimate of the 

thermodynamics associated with this reaction.  To confirm the decomposition of 6 under 

the reaction conditions, solutions of independently synthesized 6 were subjected to the 

conditions of the disproportionation reaction for 24 h and were analyzed by 1H NMR 

spectroscopy.  Table 2.7 shows the amount of 6 remaining after standing in ambient light 

for 24 h in acetone-d6, benzene-d6, and tetrahydrofuran-d8.   

Scheme 2.18 Disproportionation of 9 to Generate Dimethyl Complex 6. 

                     

Pd
CH3N

N

t-Bu

t-Bu
O
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Pd
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N
N

t-Bu

t-Bu
O

O

6

10

+
acetone-d6

25 ºC
24 h

hν2

 

Table 2.7 Decomposition of Dimethyl Complex 6 Under Ambient Light After 24 h. 

 Solvent 

 acetone-d6 benzene-d6 tetrahydrofuran-d8 

% 6 Remaining 47 13 63 
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For comparison to the observed disproportionation, DFT calculations were 

performed on multiple methyl-acetonyl-palladium models for 9 (Table 2.8). The closest 

approximation to 9, (4,4´-dimethyl-2,2´-dipyridyl)Pd(CH3)(CH2COCH3) (Table 2.8, 

Entry 3) predicts ΔGdisprop = 1.6 kcal/mol for disproportionation.  Further application of 

an IEFPCM (integral equation formalism of the polar continuum model) solvent 

correction in THF predicts ΔGdisprop = 2.8 kcal/mol, which is in reasonable agreement 

with our experimental data (Scheme 2.19). 

Table 2.8 Calculation of  ΔGdisprop for Models of Complex 9. 

                 

Pd
CH3N

N

O

Pd
CH3
CH3N

N
Pd

N
N

O

O

+
ΔGdisprop

2

 

Entry Ligand ΔGdisprop (kcal/mol) 

1 N
N

CH3

CH3

 
1.2 

2 N
N

H

H

 
2.2 

3 N
N

H3C

H3C

 
1.6 

Scheme 2.19 Summary of Computational and Experimental Measurements of ΔGdisprop. 

                      

Pd
CH3N

N

R

R
O

Pd
CH3

CH3N
N

R

R

Pd
N
N

R

R
O

O
+

ΔGdisprop
2

R = CH3; ΔGdisprop [DFT, gas phase] = 1.6 kcal/mol
R = CH3; ΔGdisprop [DFT, IEFPCM(THF)] = 2.8 kcal/mol
R = t-Bu; ΔGdisprop [experimental] = ~4.2 kcal/mol  

 

The importance of light in the disproportionation of 9 is not fully understood, and 

to my knowledge, no detailed photochemical studies of palladium alkyl complexes have 
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been undertaken that provide a sufficient explanation of the photomchemistry observed 

for complex 9.  One hypothesis that explains the requirement of light is that light is 

necessary to labelize a ligand to facilitate disproportionation.  In support of this 

hypothesis, Kaim, in the process of elucidating the electronic structure Pt(II)-dialkyl and 

Pt(IV)-tetraalkyl complexes with cis-chelating diimine ligands,  has observed light-

induced platinum-methyl bond homolysis in the Pt(IV) examples that is attributed to the 

lowest energy electronic transition from a axial Pt–CH3 σ-bonding orbital (HOMO) to a 

π* ligand orbital (LUMO).38  Under the same conditions, the square planar Pt(II) 

complexes are stable.  Not surprisingly, the lowest energy transition for the Pt(II) 

complexes is that of a metal based d orbital (presumbably the dz2 orbital) to a π* ligand 

orbital.  While the Pt(II)-dialkyl complexes reported are stable, the related Pd(II)-alkyl 

complexes including (tBu-bpy)PdII(CH3)(CH2COCH3) are expected to have higher-lying 

Pd–C σ-bonding orbitals, thus requiring less energy for excitation of electrons from the 

Pd–C bonding orbitals and potentially enabling photolabelization of the carbon ligands.  

In fact, there are several examples of Pd-alkyl complexes that undergo 

photodecomposition in chlorinated solvents.39–41 What remains unclear are the relative 

destabilization of the Pd–CH3 bond versus the Pd–X bond in complexes of the general 

formula (tBu-bpy)PdII(CH3)X and whether light-induced bond homolysis in these 

platinum examples can be extended to arguments about photolabelization of Pd–C bonds.  

In the case of 9 specifically, it is unclear whether the highest occupied Pd–C σ-bonding 

orbital is Pd–CH3 or Pd–CH2COCH3 in character.  Analysis of the ground state molecular 

orbitals suggests that the filled σ-bonding orbitals for Pd–CH3 and Pd–CH2COCH3 are 

nearly degenerate.  However, to fully characterize the electronic transitions from the Pd–

CH3 or Pd–CH2COCH3 σ-bonding orbitals to the LUMO or other unoccupied orbitals 

will require that time dependent density functional theory calculations (TD-DFT) 

calculations be employed. 

These studies offer valuable insights into the influence of ligands on the 

thermodynamics of methyl disproportionation. However, it is important to note that if the 

dimethyl species is kinetically accessible, only small equilibrium concentrations of 

(L)2Pd(CH3)2 should be required to achieve catalytic turnover via the mechanism in 

Scheme 2.8. This is exemplified by the oxidative coupling of benzene catalyzed by 
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(bpy)Pd(OAc)2. This transformation proceeds efficiently, despite an unfavorable 

calculated ΔGdisprop of 1.7 kcal/mol for (bpy)Pd(Ph)(OAc). In this case, the dispropor-

tionation equilibrium is believed to be rapid and reversible and a subsequent irreversible 

C－C bond-forming step drives the reaction in the forward direction (Scheme 2.20). 

Scheme 2.20 Ph−Ph Bond Coupling Driving a Disproportionation Equilibrium. 

Pd
OAc
PhN

N
Pd

Ph
PhN

N
Pd

OAc
OAcN

N
+2 Ph Ph

 
 

As such, for monomethyl palladium complexes, (tBu-bpy)Pd(CH3)X, where 

ΔGdisprop
 was computed to be unfavorable (>7 kcal/mol) we attempted to drive the 

disproportionation equilibrium toward products by thermally decomposing the product, 

(tBu-bpy)Pd(CH3)2 (6).  Under these conditions, if 6 was formed in small quantities via 

disproportionation, subsequent decomposition of this dimethyl complex would drive the 

disproportionation equilibrium toward products (Scheme 2.21).   

Scheme 2.21 Formation of Ethane Driving a Disproportionation Equilibrium. 
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Monomethyl palladium complexes 11 and 12 and cationic complex 13 were 

chosen for comparison to the reactivity of dimethyl complex 6 (Scheme 2.22).  Iodide 

complex 11 was chosen due to its similarity to monoaryl iodide palladium complexes 

studied by Osakada in aryl disproportionation reactions.15 Osakada has shown that 

monophenyl iodide palladium complex 14 is stable in acetone-d6 (Scheme 2.23).  

However, upon abstraction of iodide with AgBF4, spontaneous C−C bond formation is 

observed after 1 h at 25 ºC.  He hypothesized that abstraction of the iodide facilitates 

disproportionation to make a diphenyl intermediate that undergoes reductive elimination 

to form a new C−C bond (Scheme 2.8). Hence, cationic complex 13 was also studied.  

Acetate complex 12 was chosen because it is the methyl analogue of aryl complexes 

proposed as intermediates in the homocoupling of arenes.42,43 
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Scheme 2.22 Monomethyl Complexes Studied in Thermolysis Reactions. 
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Scheme 2.23 Stability of Monoaryl Complex 14 Toward Disproportionation.15 

                        

PdII
I

N
N acetone, 25 °C

no rxn

14  
 

These monomethyl palladium(II) complexes and dimethyl complex 6 were 

thermolyzed at 100 °C for 24 h in Teflon®-sealed J. Young NMR tubes either under 1 

atm N2 or under 1 atm O2, and the results were analyzed by 1H NMR spectroscopy. The 

results are reported in Table 2.9 (under N2) and Table 2.10 (under O2).  It should be noted 

that for monomethyl starting materials, the maximum yield of ethane is 50% because two 

equiv of the starting complex are required to form 1 equiv of ethane.  A calibration for 

determining the total amount of ethane produced in these had previously been determined 

for ethane-producing reactions in acetone-d6.44   
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Table 2.9 Yields of Decomposition Products for Thermolysis of PdII-Methyl Complexes 
Under N2. 

      
PdII

X
CH3N

N

t-Bu

t-Bu
acetone, 100 °C, 24 h

C2H6 + CH4/
CDH3

+ CH3X + PdII
X
XN

N

t-Bu

t-Bu

+
N
N

t-Bu

t-Bu

N2

 

Entry X 
Starting 

Material 
C2H6 

CH4/ 

CDH3 
CH3X 

PdX2(tBu

-bpy) 

tBu-

bpy 

1 CH3 0 20 9 – – 103 

2 I 63 0 0 19 6 30 

3a OAc 0 15 1 0 0 64 

4b 

Solvent 

(0.9 equiv 

Ag+) 

0 13 4 0 39 60 

5b,c 

Solvent 

(1.1 equiv 

Ag+) 

0 5 3 0 47 0 

a55% HOAc and 30% (tBu-bpy)Pd(OAc)(CD2COCD3) were also identified. 
bYields of inorganic products were determined after additon of 4 equiv. KI. 
cAn unidentified symmetric inorganic product was observed in 51% yield. 
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Table 2.10 Yields of Decomposition Products for Thermolysis of PdII-Methyl Complexes 
Under O2. 

       
PdII

X
CH3N

N

t-Bu

t-Bu
acetone, 100 °C, 24 h

C2H6 + CH3OH + CH3X + PdII
X
XN

N

t-Bu

t-Bu

+ N
N

t-Bu

t-Bu

O2

 

Entry X 
Starting 

Material 
C2H6 CH3OH CH3X 

PdX2(tBu

-bpy) 

tBu-

bpy 

1 CH3 0 2 48 – – 75 

2 I 26 0 22 0 6 0 

3 OAc 0 18 21 0 0 63 

4 

Solvent 

(0.9 equiv 

Ag+) 

41 4 27 6 57 0 

5 

Solvent 

(1.1 equiv 

Ag+) 

0 0 41 0 51 49 

 

For iodide complex 11, thermolysis under N2 produced starting material (63%) 

and (tBu-bpy)PdI2 (15, 6%) as the only inorganic products observed.  Free tBu-bpy (30%) 

was also observed along with deposition of metallic palladium on the NMR tube 

suggesting that free bipyridine is the result of reduced palladium products being formed. 

Methyl iodide (19%) was the only product derived from the CH3 ligand identified in this 

reaction.  Methyl halogen reductive elimination has been observed in the Shilov process 

for methane functionalization, and the topic of C−halogen reductive elimination from PdII 

and PtII has recently been reviewed.45 However, it is interesting to note that C−halogen 

reductive elimination typically has been show to occur for PdIV and PtIV complexes.  

Reductive elimination of sp2 C−halogen from PdII bonds generally requires bulky 

ancillary ligands.46–49 

Thermolysis of 11 under O2 lead to incomplete conversion of the starting material 

(74% conversion), and methanol was the only organic product observed (22%).  A trace 

of (tBu-bpy)PdI2 (15, 6%) and an asymmetric, bipyridine-ligated product (51%) were the 

major inorganic byproducts.  The asymmetric complex had two inequivalent pyridine and 
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no related methyl resonance, and the product had been observed before in the imcomplete 

reaction of 15 with Ag2O to synthesize diacetonyl complex 10 (Scheme 2.24).  It is 

proposed to be (tBu-bpy)Pd(CD2COCD3)I (16). Complex 16 is the result of loss of a CH3 

ligand from 11 and activation of the acetone solvent. 

Scheme 2.24 Proposed Intermediate in the Synthesis of 10 Related to Thermolysis of 11. 
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For acetate complex 12, thermolysis at 100 °C for 24 h under N2 (entry 3, Table 

2.9) resulted in complete consumption of 12.  Ethane (15%) and methane (~1%) were 

produced in low yields, and free tBu-bpy (63%) and metallic palladium were observed.  

An inorganic product containing asymmetric bipyridyl rings and an acetate ligand was 

also observed (30%).  Subjection of the NMR sample to mass spectral analysis gave 

evidence for (tBu-bpy)Pd(CD2COCD3)OAc (17, Scheme 2.25) as the identity of the 

asymmetric product.  Complex 17 is directly analogous to complex 16 formed in the 

thermolysis of (tBu-bpy)Pd(CH3)I (11) under O2.  Acetic acid (55%) was also a 

byproduct of this reaction. 

Scheme 2.25 Thermolysis of (tBu-bpy)Pd(CH3)OAc (12). 
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The analogous thermolysis of 12 under O2 (entry 3, Table 2.10) provided ethane 

(18%) in slightly higher yield than the reaction of 12 under N2 and methanol in 21%.  

When comparing the ethane formed in this reaction (18%) versus them amount formed in 

the thermolysis of 12 under N2 (15%) this result is somewhat surprising. All other 

thermolyses performed under O2 gave lower yields of ethane than the related reactions 

under N2.  Free tBu-bpy (63%), 17 (23%) and acetic acid (72%) were also observed.   
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Cationic complex 13 was synthesized via iodide abstraction from 11 in acetone-

d6.  Iodide complex 11 was reacted with AgOTf for 30 min in acetone-d6, and the 

resulting mixture was filtered through Celite to remove AgI.  The filtrate was then 

dispensed into a Teflon®-sealed J. Young NMR tube and thermolyzed.  This reaction 

was run with both a substoichiometric amount (0.9 equiv) and a superstoichiometric 

amount (1.1 equiv) of AgOTf.  The rationale for using a substoichiometric amount of 

AgOTf was that residual iodide could act as a bridging ligand for two palladium centers, 

potentially facilitating methyl transfer (Scheme 2.26).  Related structures have been 

proposed as intermediates in comproportionation reactions of Group 10 metal 

complexes.17,28   

Scheme 2.26 Rationale for Using a Substoichiometric Amount of AgOTf               
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Thermolysis of these two solutions under N2 generated ethane and methane as 

organic products as well as free tBu-bpy.  Resonances related to inorganic byproducts 

were significantly broadened at room temperature, presumably due to exchange 

processes.  In order to ease characterization, KI (4 equiv) was added to convert all 

cationic inorganic products into monomethyl iodide complex 11 and (tBu-bpy)PdI2 (15). 

In the reaction where 0.9 equivalents of AgOTf were used (entry 4, Table 2.9), 11 (8%) 

and 15 (39%) were observed along with free tBu-bpy (60%).  However, in the reaction 

where 1.1 equiv of AgOTf (entry 5, Table 2.9) was used, 11 and tBu-bpy were not 

observed.  Diiodide complex 15 (47%) and an unidentified complex (53%) were formed 

instead.  The unidentified complex had equivalent pyridine rings by 1H NMR suggesting 

symmetry about the palladium center, and no related methyl resonance was detected.  
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Interestingly, the reaction containing residual iodide produced more ethane (13%) than 

reaction with no iodide present (5%). 

For thermolysis under O2, complete abstraction of the iodide (1.1 equiv AgOTf, 

entry 5, Table 2.10) gave better conversion (100%) compared to the reaction with 

residual iodide (59% conversion based on yield of 11).  Methanol was formed in higher 

yield (41% versus 27%) and after quenching with KI, diiodide complex 15 (51%) and 
tBu-bpy (49%) were the only other observed products of the reaction where 1.1 equiv of 

AgOTf were used (entry 5, Table 2.10).  In the reaction with residual iodide (entry 4, 

Table 2.10), addition of KI after thermolysis afforded only 11 (41%) and 15 (57%) as 

inorganic products.  Small amounts of ethane (4%), CH4 (~2%), and methyl iodide (6%) 

were also formed in this reaction.  

When dimethyl complex 6 was thermolyzed for 24 h, complete consumption of 6 

was observed.  Free bipyridine ligand (103%), ethane (20%), CH4 (~9%) were observed 

as decomposition products (entry 1, Table 2.9).  Reaction of 6 at analogous conditions 

under 1 atm of O2 led to complete decomposition after 24 h with methanol (48%) being 

formed as the major organic product (entry 1, Table 2.10).  Goldberg and coworkers have 

shown that related complex (bpy)Pd(CH3)2 reacts with O2 in benzene to give methyl 

peroxide complex 18 (Scheme 2.27).50  This complex decomposes to methoxy complex 

19 in benzene, but in acetone the bpy analogue of acetonyl complex 9 is formed.51  This 

is proposed to occur via deprotonation of the acetone solvent by the methoxide product 

(Scheme 2.28). In our system, when allowed to stand for 1 h under 1 atm of O2, no 

change was observed in starting dimethyl complex 6 by 1H NMR spectroscopic analysis.  

From our studies it is unclear whether methanol formation is the result of the 

intermediacy of a methyl peroxo complex or by methyl radical trapping by O2.   

Scheme 2.27 Reaction of (bpy)Pd(CH3)2 with O2 to Form a Methyl-Peroxo Species. 
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Scheme 2.28 Decomposition of 16 in Acetone to Produce an Acetonyl Complex. 

      

PdII
OOCH3

CH3N
N

decompositon
PdII

OCH3

CH3N
N

H
O

PdII
CH3N

N

O

+ O CH3
H

19  
 

The results of these experiments suggest that thermolysis is not an effective 

means of ethane production, even for dimethyl complex 6.  While ethane is produced by 

thermolysis of monomethyl complexes, as in the case of 6, the low overall yields of 

gaseous products and simultaneous formation of CH4 and CDH3 in the reaction do not 

allow a definitive conclusion of whether the products are the result of disproportionation 

to form 6 in situ. Side reactions, such C−heteroatom bond formation and solvent 

activation, further complicate establishing whether disproportionation is occurring during 

thermolysis of monomethyl complexes. 

 

2.3 Conclusions 
 

In summary, we have conducted DFT calculations to gain insights into the 

influence of supporting ligands on the disproportionation chemistry of cis-

(L)2Pd(CH3)(X). In general, these calculations predict that strongly electron donating L 

and X ligands will afford the largest equilibrium populations of the disproportionation 

products. On the basis of these calculations, we have identified the first experimental 

example of methyl disproportionation at PdII, with (tBu-bpy)Pd(CH3)(CH2COCH3) (9) as 

the starting material.  

Attempts to trap (tBu-bpy)Pd(CH3)2 (6) as a product of monomethyl 

disproportionation via thermolysis showed poor yields of ethane.  The formation of other 

gaseous products, CH4 and CDH3, suggest that methyl radicals are involved in the 

thermal decomposition of the methyl-palladium complexes. Thermolysis in the presence 

of O2 generated methanol as the major organic product, in most cases suppressing the 

formation of ethane.  In order to proceed toward a system for oxidative oligomerization 

of methane, it was evident that further studies toward the efficient production of ethane 

were necessary.  Details of that exploration are presented in Chapter 3. 
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2.4 Experimental Procedures 
 

2.4.1 Instrumentation 
 

NMR spectra were obtained on a Varian Inova 500 (499.90 MHz for 1H; 125.70 

MHz for 13C) or a Varian Inova 400 (399.96 MHz for 1H; 100.57 MHz for 13C) 

spectrometer. 1H NMR chemical shifts are reported in parts per million (ppm) relative to 

TMS with the residual solvent peak used as an internal reference. Multiplicities are 

reported as follows: singlet (s), doublet (d), and doublet of doublets (dd). Infrared spectra 

were obtained on a Perkin-Elmer FT-IR Spectrum BX spectrometer. Microanalyses were 

performed by Atlantic Microlab, Inc.  Mass spectra were collected on a Micromass 

Electrospray-ionization-time of flight mass spectrometer. 

 

2.4.2 Materials and Methods 
 

All manipulations were performed using standard Schlenk or glovebox 

procedures unless otherwise noted. Acetone and acetone-d6 (Cambridge Isotopes) were 

refluxed over calcium sulfate overnight and then distilled, freeze-pump-thaw degassed, 

and stored over 4 Å molecular sieves. All other solvents were purchased from Fisher or 

EMD and dispensed from an Innovative Technologies solvent purification system 

equipped with columns packed with activated alumina, copper catalyst, and molecular 

sieves. 4,4´-Di-tert-butyl-2,2´-bipyridine (tBu-bpy) was purchased from Aldrich, Ag2O 

was purchased from Alfa Aesar, Na2PdCl4 was purchased from Pressure Chemical, and 

all other materials were used as purchased from Aldrich or Acros. Ambient light refers to 

light emitted from two fluorescent tube lights in a fume hood. 

J. Young NMR tubes were Norell (# S-5-600-7) brand purchased from 

Chemglass®.  These tubes match the internal volume of those used in production of the 

calibration curve for ethane in acetone-d6 produced previously.44 Because of the large T1 

of ethane and the internal standards used, the following acquisition parameters were used 

for 1H NMR spectroscopic analysis: scans = 2, acquisition time = 5 s, and relaxation 
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delay = 180 s.  At these long relaxation delays, steady state scans are not needed, and that 

parameter was set to zero. 

 

2.4.3 Computational Methods 
 

All density functional theory (DFT) calculations were carried out using the 

Gaussian 03 suite of programs.52 The B3LYP (Becke’s three-parameter hybrid 

functional53 using the LYP correlation functional containing both local and nonlocal 

terms of Lee, Yang, and Parr)54 functional, Stevens (CEP-31G) valence basis sets, and 

effective core potentials were employed.55,56 The CEP-31G valence basis sets are valence 

triple-ζ for palladium and double-ζ for main group elements. All main group elements 

were augmented with a d-polarization function: ξd = 0.8 for carbon, nitrogen, oxygen, 

and fluorine; ξd = 0.55 for phosphorus; ξd = 0.65 for sulfur; ξd = 0.75 for chlorine; ξd = 

0.451 for bromine; and ξd = 0.302 for iodine. The closed-shell (diamagnetic) complexes 

were modeled using the restricted Kohn−Sham formalism. All geometries were 

optimized without symmetry constraint and were confirmed as minima by the absence of 

imaginary frequencies.  Thermochemistry was determined at 298.15 K and 1 atm using 

unscaled B3LYP/CEP-31G(d) vibrational frequencies.  Solvent corrections were 

performed as single-point energy calculations on optimized gas-phase structures using the 

integral equation formalism of the polarizable continuum model (IEFPCM).57–60 

 

2.4.4 Syntheses 
 

The Pd complexes (tBu-bpy)Pd(CH3)2 (6),61 (tBu-bpy)Pd(CH3)(I) (11)61, and (tBu-

bpy)Pd(I)2 (15)62 were prepared by analogous procedures to those reported in the 

literature for the corresponding derivatives containing unsubstituted 2,2′-bipyridine, and 

spectroscopic data matched those of previous reports for 6,63 11,44 and 15.64 (tBu-

bpy)Pd(Cl)2 (7) was prepared according to literature procedure.65  
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Pd
Cl
CH3N

N

t-Bu

t-Bu  
(tBu-bpy)Pd(CH3)(Cl) (8): (tBu-bpy)Pd(CH3)2 (51 mg, 0.126 mmol, 1.1 equiv), (tBu-

bpy)Pd(Cl)2 (51 mg, 0.114 mmol, 1 equiv), acetone (15 mL), and a magnetic stirbar were 

added to a 20 mL vial. The reaction vessel was wrapped in foil and heated at 50 °C for 18 

h. After removing the vial from the glovebox, the reaction mixture was filtered through a 

plug of Celite into a 100 mL round bottom flask, and hexanes was added to precipitate 

the product. The pale yellow precipitate was collected on a frit, washed with hexanes, and 

dried under vacuum to afford 8 as a pale yellow powder (81 mg, 84% yield). This 

complex has been previously synthesized, and the characterization data match those 

reported in the literature.66 

 

Pd
CH3N

N

t-Bu

t-Bu
O  

(tBu-bpy)Pd(CH3)(CH2COCH3) (9): (tBu-bpy)Pd(CH3)(I) (212 mg, 0.41 mmol, 1 

equiv) was suspended in dry acetone (10 mL). Ag2O (124 mg, 0.61 mmol, 1.5 equiv) and 

a magnetic stir bar were added, and the reaction was stirred for 24 h at 25 °C. The 

resulting suspension was passed through a plug of Celite. The filtrate was concentrated, 

pentanes (15 mL) was added, and the solution was cooled to –32 °C overnight. The 

resulting yellow precipitate was collected on a frit, washed with cold pentanes, and dried 

under vacuum to afford 9 as a yellow powder (75 mg, 41% yield). 1H NMR (acetone-d6): 

δ 9.37 (d, J = 6.0 Hz, 1H), 8.61 (d, J = 6.0 Hz, 1H), 8.51 (d, J = 1.5 Hz, 1H), 8.46 (d, J = 

2.0 Hz, 1H), 7.73 (dd, J = 6.0 Hz, 1.5 Hz, 1H), 7.70 (dd, J = 6.0 Hz, 2.0 Hz, 1H), 2.37 (s, 

2H), 1.98 (s, 3H), 1.44 (two peaks, 18H), 0.52 (s, 3H). 13C NMR (acetone-d6): δ 208.4, 

164.0, 163.5, 156.7, 155.3, 151.2, 148.2, 124.1, 123.9, 120.5, 119.8, 36.2, 36.1, 30.5, 

30.4, 29.7. The 13C signals for the two different tert-butyl groups appear to be 

coincidentally overlapping. IR (KBr) 1611 cm-1 (C=O). Anal. Calcd for C22H32N2OPd: C, 

59.12; H, 7.22; N, 6.27.  Found: C, 59.29; H, 7.15; N, 6.27. 
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Pd
N
N

t-Bu

t-Bu
O

O

 
(tBu-bpy)Pd(CH2COCH3)2 (10): (tBu-bpy)Pd(I)2 (269 mg, 0.43 mmol, 1 equiv), Ag2O 

(422 mg, 1.82 mmol, 4.3 equiv), dry acetone (5 mL) and a magnetic stir bar were loaded 

into a 25 mL Schlenk flask. The reaction mixture was refluxed for 24 h, then filtered 

through Celite and concentrated under vacuum. The red-brown residue was dissolved in 

benzene (4 mL) and filtered through a plug of Celite. This solution was then layered with 

pentanes (15 mL) and stored at –32 °C overnight. The resulting yellow precipitate was 

collected on a frit, washed with cold pentanes, and dried under vacuum to afford 10 as a 

yellow powder (24.9 mg, 12% yield). 1H NMR (acetone-d6): δ 9.31 (d, J = 5.7 Hz, 2H), 

8.49 (d, J = 1.8 Hz, 2H), 7.75 (dd, J = 5.7 Hz, 1.8 Hz, 2H), 2.56 (s, 4H), 2.07 (s, 6H), 

1.45 (s, 18H). 13C NMR (acetone-d6): δ 209.5, 164.3, 156.2, 151.2, 124.1, 120.3, 36.2, 

30.5, 30.4, 30.1. IR (KBr) 1612 cm-1 (C=O). Anal. Calcd for C24H34N2O2Pd: C, 58.59; H, 

7.01; N, 5.73.  Found: C, 58.82; H, 6.98; N, 5.77. 

 

Pd
OAc
CH3N

N

t-Bu

t-Bu  
(tBu-bpy)Pd(CH3)(O2CCH3) (12): (tBu-bpy)Pd(CH3)(I) (121 mg, 0.23 mmol, 1 equiv) 

was suspended in dry acetone (10 mL). AgOAc (40 mg, 0.24 mmol, 1 equiv) and a 

magnetic stir bar were added, and the reaction was stirred for 3 h at 25 °C. The resulting 

suspension was passed through a plug of Celite. The acetone filtrate was concentrated 

under vacuum, and the residue was dissolved in benzene (5 mL).  The benzene solution 

was passed through a plug of Celite, and filtrate was cooled to -32 °C.  The frozen 

benzene solution was dried under vacuum to afford 12 as a pale yellow solid (78 mg, 

75%). 1H NMR (acetone-d6): δ 8.53 (d, J = 2.0 Hz, 1H), 8.52 (d, J = 6.0 Hz, 1H), 8.51 (d, 

J = 1.5 Hz, 1H), 8.41 (d, J = 5.5 Hz, 1H), 7.72 (dd, J = 5.5 Hz, 1.5 Hz, 1H), 7.69 (dd, J = 

6.0 Hz, 2.0 Hz, 1H), 1.91 (s, 3H), 1.44 (s, 9H), 1.43 (s, 9H), 0.68 (s, 3H). 13C NMR 

(acetone-d6): δ 175.4, 164.3, 164.1, 157.8, 153.8, 150.2, 148.7, 124.5, 124.3, 121.4, 

120.0, 36.3, 30.5, 30.3, 24.7, -0.9. The 13C signals for the two different tert-butyl groups 
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appear to be coincidentally overlapping. Anal. Calcd for C22H32N2OPd: C, 56.19; H, 

6.74; N, 6.24.  Found: C, 55.90; H, 6.70; N, 6.10. 

 

Pd
acetone
CH3N

N

t-Bu

t-Bu

+

 
[(tBu-bpy)Pd(CH3)(acetone)]OTf (13): (tBu-bpy)Pd(CH3)(I) (14 mg, 27 µmol, 1 equiv) 

was suspended in dry acetone-d6 (5.0 mL) to give a 5.4 mM solution. AgOTf (7.7 mg, 30 

µmol, 1.1 equiv) and a magnetic stir bar were added, and the reaction was stirred for 30 

min at 25 °C. The resulting suspension was passed through a plug of Celite, and the 

acetone-d6 filtrate (0.55 mL) was directly dispensed into NMR tubes for thermolysis 

experiments. 1H NMR (acetone-d6): δ 8.69 (d, J = 2.0 Hz, 1H), 8.68 (d, J = 2.0 Hz, 1H), 

8.57 (d, J = 6.0 Hz, 1H), 8.24 (d, J = 6.0 Hz, 1H), 7.83 (dd, J = 6.5 Hz, 2.0 Hz, 1H), 7.77 

(dd, J = 5.5 Hz, 2.0 Hz, 1H), 1.46 (s, 9H), 1.44 (s, 9 H), 0.83 (s, 3H).  Note: The presence 

of any residual iodide or H2O cause the peak at 8.24 ppm to broaden into the baseline 

and the Pd–CH3 peak at 0.834 ppm to shift up to 0.1 ppm.  

 

2.4.5 Reaction Details 
 

N
N

t-Bu

t-Bu

Pd
CH3

CH3 +
acetone-d6
50 °C, 18 h

N
N

t-Bu

t-Bu

Pd
Cl
CH3

6 8

Pd
Cl
ClN

N

t-Bu

t-Bu 7

2

 
Comproportionation of 6 and 7. A solution of complex 6 (0.1 mL, 3.7 mg in 1.0 mL 

acetone-d6, 9.1 mM), a solution of complex 7 (0.4 mL, 3.1 mg in 3.0 mL acetone- d6, 2.2 

mM) and a solution of 1,3,5-trimethoxybenzene (internal standard, 50 µL of a 20.2 mM 

solution in acetone-d6) were added to a screw cap NMR tube that was then sealed with a 

Teflon-lined cap. The reaction was monitored by 1H NMR spectroscopy at room 

temperature. When not in the NMR spectrometer for data acquisition, the sample was 

maintained at 50 °C and in the absence of light. After 18 h, complex 8 was the only 

product observed in 99% yield relative to the internal standard. 
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Pd
Cl
CH3N

N

t-Bu

t-Bu 8
Pd

CH3

CH3N
N

t-Bu

t-Bu

Pd
Cl
ClN

N

t-Bu

t-Bu6 7
+

acetone-d6
50 ºC

2

 
Disproportionation of 8. (with light) Complex 8 (2.3 mg, 5.4 µmol) was weighed into a 

screw cap NMR tube. Acetone-d6 (0.5 mL) and 1,3,5-trimethoxybenzene (internal 

standard, 50 µL of a 20.2 mM solution in acetone-d6) were added, and the tube was 

sealed with a Teflon-lined cap. The reaction was monitored by 1H NMR spectroscopy at 

room temperature. When not in the NMR spectrometer for data acquisition, the sample 

was maintained at 50 °C and was exposed to ambient (room) light. After 18 h in acetone-

d6, 8 remained (71% relative to the starting integration of this material versus the internal 

standard). Some decomposition of 8 had also clearly taken place.  The dichloride 

complex 7 (7%), free tBu-bpy (6%), and two other unidentified tBu-bpy products were 

also observed along with CH4 and CH3D after 18 h. However, the dimethyl complex 6 

was not observed at any time during the course of the reaction. (without light) Above 

procedure is followed, but NMR tube is wrapped in foil when not in the NMR.  In the 

absence of light, 101% 8 remained by 1H NMR, indicating no disproportionation and no 

decomposition had occurred. 

 

Pd
CH3N

N

t-Bu

t-Bu
O
9

Pd
CH3

CH3N
N

t-Bu

t-Bu

Pd
N
N

t-Bu

t-Bu
O

O

6 10
+

acetone-d6
23 – 25 ºC

2

 
Disproportionation of 9. Complex 9 (2.4 mg, 5.4 µmol) was weighed into a screw cap 

NMR tube. Acetone-d6/THF-d8 (0.5 mL) and 1,3,5-trimethoxybenzene (internal standard, 

50 µL of a 20.2 mM solution in acetone-d6/THF-d8) were added, and the tube was sealed 

with a Teflon-lined cap. The reaction was monitored by 1H NMR spectroscopy at room 

temperature. When not in the NMR spectrometer for data acquisition, the sample was 

maintained at between 23 and 25 °C and was exposed to ambient (room) light.  

 
† Decomposition of 6 was observed in all solvents tested under the reaction conditions.  

Specifically, light induced decomposition of 6.  This decomposition prohibited 

establishment of a stable equilibrium, and therefore any ΔG or Keq values derived from 
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experimental data are only estimates at a given time.  Because decomposition of 6 is 

minimized in THF, disproportionation in THF provided the best experimental estimates 

of Keq.  In contrast, decomposition studies in acetone showed that small amounts of 9 are 

formed as 6 decomposed making acetone a particularly challenging solvent in which to 

study disproportionation.  

 

 
Decomposition Studies of 6 and 10. Decomposition studies were completed in various 

deuterated solvents. The appropriate palladium complex (7.4 µmol) was dissolved in the 

appropriate solvent (1 mL) and this stock solution was used immediately. A portion of 

this stock solution (50 µL) was combined with 1,3,5-trimethoxybenzene (internal 

standard, 25 µL of a 20.2 mM solution in the corresponding deuterated solvent) and the 

deuterated solvent (450 µL) in a screw cap NMR tube. The tube was sealed with a 

Teflon-lined cap. The reaction was monitored by 1H NMR spectroscopy at room 

temperature. When not in the NMR spectrometer for data acquisition, the sample was 

maintained at 23 – 25 °C and was exposed to ambient (room) light.  

 

N
N

t-Bu

t-Bu

Pd
CH3

CH3 +
acetone-d6
23 – 25 °C

N
N

t-Bu

t-Bu

Pd
CH3

6 5

Pd
N
N

t-Bu

t-Bu
O

O

10
O

2
hν

 
Comproportionation of 6 and 10. Complexes 6 (1.1 mg, 2.7 µmol) and 10 (1.3 mg, 2.7 

µmol) were weighed into a screw cap NMR tube. Acetone-d6 (1.0 mL) and 1,3,5-

trimethoxybenzene (internal standard, 50 µL of a 20.2 mM solution in acetone-d6) were 

added, and the tube was sealed with a Teflon-lined cap. The reaction was monitored by 
1H NMR spectroscopy at room temperature. When not in the NMR spectrometer for data 

acquisition, the sample was maintained at 23 and 25 °C and was exposed to ambient 

(room) light.  
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2.4.6 Thermolysis Reaction Details 
 

PdII
X
CH3N

N

t-Bu

t-Bu
acetone-d6, 100 °C, 24 h

N2

 
Thermolysis of Complexes 6, 11, and 12 Under N2: The palladium complex (3.0 µmol) 

was weighed into a J. Young NMR tube.  Acetone (0.65 mL) was added along with 1,1,2-

trichloroethane‡ (internal standard, 15 µL of 215 mM solution in acetone-d6) or 1,3,5-

trimethoxybenzene (internal standard, 15 µL of 48 mM solution in acetone-d6), and the 

tube was sealed with a Teflon stopcock.  The solutions were protected from light, and 

initial NMR spectra were recorded. The tubes were heated at 100 °C in a foil-wrapped in 

Erlenmeyer flask filled with silicon oil in a darkened fume hood.  After heating for 24 h, 

NMR spectra were recorded to determine yields decomposition products versus the initial 

spectra. 

 

PdII
X
CH3N

N

t-Bu

t-Bu
acetone-d6, 100 °C, 24 h

O2

 
Thermolysis of Complexes 6, 11, and 12 Under O2: The palladium complex (3.0 µmol) 

was weighed into a J. Young NMR tube.  Acetone (0.65 mL) was added along with 1,1,2-

trichloroethane‡ (internal standard, 15 µL of 215 mM solution in acetone-d6) or 1,3,5-

trimethoxybenzene (internal standard, 15 µL of 48 mM solution in acetone-d6), and the 

tube was sealed with a Teflon stopcock.  Each tube was frozen with N2(l), evacated, and 

thawed.  This was repeated for a total of three cycles, and the tubes were backfilled with 

O2.  The solutions were protected from light, and initial NMR spectra were recorded. The 

tubes were heated at 100 °C in a foil-wrapped Erlenmeyer flask filled with silicon oil in a 

darkened fume hood.  After heating for 24 h, NMR spectra were recorded to determine 

yields of decomposition products versus the initial spectra. 

 

Thermolysis of Complex 13 Under N2 or O2: (tBu-bpy)Pd(CH3)(I) (14 mg, 27 µmol, 1 

equiv) was suspended in dry acetone-d6 (5.0 mL) to give a 5.4 mM solution. AgOTf, 

either 0.9 equivalents (6.5 mg, 25 µmol) or 1.1 equivalents (7.7 mg, 30 µmol), and a 
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magnetic stir bar were added, and the reaction was stirred for 30 min at 25 °C. The 

resulting suspension was passed through a plug of Celite, and the acetone-d6 filtrate (0.55 

mL) was directly dispensed into NMR tubes for thermolysis experiments.  Further setup 

follows procedures for Complexes 6, 11, and 12 under N2 and O2.  

 
‡ Importantly, reaction of Complexes 6 and 11 with 1,1,2-trichloroethane as an internal 

standard resulted in decomposition of the internal standard and formation of chlorinated 

products 7 and 8.  In these reactions, 1,3,5-trimethoxybenzene was used as the internal 

standard to derive the yield of the decomposition products. 
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CHAPTER 3 

 

Carbon−Carbon Bond Formation from (tBu-bpy)Pd(CH3)2 in the 
Presence of Electron-Deficient Olefins and One-Electron Oxidants  

 

3.1 Background and Significance 
 

In designing a homogenous catalyst for the oxidative oligomerization of methane, 

we have proposed the necessary fundamental steps to be 1) C−H activation of methane to 

give a monomethyl-metal complex, 2) formation of a dimethyl intermediate via 

disproportionation, 3) C−C bond-forming reductive elimination of ethane, and 4) 

reoxidation of the metal (Scheme 3.1).  Studies shown in Chapter 2 focused on 

accomplishing the formation of a PdII-dimethyl intermediate but also uncovered the need 

to develop new chemistry for efficiently achieving C–C coupling to generate ethane from 

dimethyl-palladium complexes. 

Scheme 3.1 Proposed Catalytic Cycle for Oxidative Oligomerization of Methane. 
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Carbon−carbon bond formation at palladium centers is one of the most important 

transformations in organometallic chemistry, as it serves as the product forming step in 

Pd-catalyzed cross-couplings, allylic substitutions, C–H functionalizations, and numerous 
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other processes.1 There are three general pathways for palladium-mediated C–C bond 

formation from PdII(R)2 intermediates (R = alkyl or aryl): 1) direct C–C bond-forming 

reductive elimination (Path A, Scheme 3.2), 2) C–C bond-forming reductive elimination 

promoted by electron deficient olefins (Path B, Scheme 3.2), or 3) oxidatively-induced 

C–C coupling (Path C, Scheme 3.2).  

Scheme 3.2 Common Pathways for C–C Bond Formation. 
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In Chapter 2, thermolysis of (tBu-bpy)Pd(CH3)2 (1) was discussed (Scheme 3.3). 

Direct C−C bond-forming reductive elimination was shown to be inefficient with 20% 

H3C−CH3 being formed at 100% conversion of 1 over 24 h at 100 °C in acetone-d6.  

Reaction of a similar diphosphine-ligated complex 2 was reported to occur over the 

course of three weeks at 80 °C in acetone-d6 (Scheme 3.4),2 highlighting the inefficiency 

of direct sp3−sp3 C−C bond formation from cis-chelated PdII complexes.   

Scheme 3.3 Thermolysis of (tBu-bpy)Pd(CH3)2 (1). 
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Scheme 3.4 Ethane Formed by C–C Bond Reductive Elimination from PdII.2 
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Hartwig has reviewed rates of C–C bond-forming reductive elimination and found 

that sp2–sp2 couplings are generally faster than sp3–sp3 couplings for complexes bearing 

monodentate ligands.3 For example, spontaneous reductive elimination of biphenyl (sp2–

sp2 coupling) is known to occur from bipyridine-ligated palladium(II).4 So while direct 

C−C bond formation is facile for sp2−sp2 C−C couplings and sp2−sp3 C−C couplings, 

development of efficient methods of sp3−sp3 C−C bond formation from cis-chelated 

complexes still requires significant study.   

In palladium-catalyzed reactions to form new C−C bonds, several common 

additives have been shown to promote C–C bond-forming reductive elimination.  Two 

prevalent classes of additives include electron deficient olefins5–12 and one-electron 

oxidants such as Ag(I) 13–17 or Ce(IV).18  

Amongst electron deficient olefins, 1,4-benzoquinone (BQ) is ubiquitous as a 

promoter of C–C reductive elimination.5–12 A study from the Sanford lab showed BQ to 

be crucial in the rate-determining C–C bond-forming step during the catalytic oxidative 

coupling of arenes (Scheme 3.5).5,7 In this system, kinetic studies indicated that BQ 

induced reductive elimination after binding PdII within the square plane palladium diaryl 

complex (Complex 3, Scheme 3.5).  
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Scheme 3.5 Oxidative Coupling of 2-phenylpyridine to Arenes Promoted By BQ.5 
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A computational and experimental study by Espinet showed that BQ underwent 

ligand substitution of PPh3 in the dimethyl complex (PPh3)2Pd(CH3)2 (4) in a related 

process to promote subsequent reductive elimination of ethane (Scheme 3.6).6 The effect 

of BQ binding was proposed to be stabilization of the reductive elimination transition 

state, lowering the kinetic barrier for C–C bond formation. Strikingly, these computations 

showed that the ΔG‡ for reductive elimination from four-coordinate BQ complex 5 is 7.3 

kcal/mol lower than 3-coordinate complex 6, which is related to the generally accepted 

intermediates involved in aryl cross-coupling reductive elimination (Scheme 3.7).3 

Subsequently, kinetic studies of complex 4 were performed at 23 °C in acetone-d6 with 

and without BQ.  The results show 100% conversion of 4 within 17 minutes in the 

presence of BQ while the analogous reaction without BQ reached only 60% conversion 

after 2 h.   

Scheme 3.6 BQ-Promoted Reductive Elimination from a PdII-Dimethyl Complex.6 
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Scheme 3.7 Computed ΔG‡ for Ethane Reductive Elimination.6 
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One-electron oxidants, such as AgI are common additives in Pd-catalyzed 

transformations,13–17 but often their role is attributed to functions other than oxidation.  

However, AgI has been shown to induce C−C bond formation from PdII–R complexes 

(Scheme 3.8).19,20 For example, dimethyl complex (dmpe)Pd(CH3)2 (7) reacted with AgI 

in acetonitrile for 1 h at room temperature to generate cationic monomethyl complex 8 

and ethane.20 The mildness of these reaction conditions compared to thermolysis of 

related complex 2 is remarkable (Scheme 3.4).  The reaction was proposed to occur via 

one-electron oxidation of the Pd–C bond followed by trapping of the alkyl radical by a 

proximal Pd–C bond (Scheme 3.9).   

Scheme 3.8 Reaction of AgI with Complex 7 to Ethane.20 
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Scheme 3.9 Oxidative Pd–CH3 Bond Cleavage to Afford Ethane.20 
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In a related Pd-catalyzed C−N bond-forming reaction, the one-electron oxidant 

CeIV was used to promote the C−N bond formation (Scheme 3.10).18 The one-electron 

oxidation of PdII to PdIII or two sequential one-electron oxidations to give PdIV from PdII 

are proposed to facilitate subsequent C–N bond formation.  These precedents suggest that 

withdrawing electron density from the a PdII metal center, either by binding of an 

electron-deficient olefin or by oxidation, should also facilitate ethane formation from 

(L2)Pd(CH3)2 complexes relevant to the oligomerization of methane to occur under mild 
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conditions.  It was our goal to identify the most effective promoting agents for C–C bond 

formation from (L2)Pd(CH3)2 and study mechanisms of reactivity in these systems.   

Scheme 3.10 CeIV Oxidatively-Induced Reductive Elimination of a C–N Bond.18 
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3.2 Results and Discussion 
 

In choosing a dimethyl complex for study of C−C bond formation, it was 

important to consider the entire proposed catalytic cycle for oxidative oligomerization of 

methane. Thus, the model complex needed a ligand framework that was relevant to C−H 

activation and disproportionation. Diimine complexes are known to promote C–H 

activation of methane21–23 and act as supporting ligands in disproportionation 

reactions.24,25  Specifically, our stoichiometric studies toward methyl disproportionation 

focused on complexes of tBu-bpy (4,4´-ditertbutyl-2,2´-bipyridine).24  Hence, dimethyl 

complex (tBu-bpy)Pd(CH3)2 (1) was identified as a model complex for study of C−C 

bond formation in the presence of promoters. 

The structure of 1 prompted a number of questions in regard to the action of 

promoters.  In the examples of BQ-promoted C−C formation discussed above, BQ is 

proposed to displace a ligand in the square plane of the metal before inducing C−C bond 

reductive elimination.  In complex 1, no ligand appears labile enough to allow BQ to 

ligate the complex within the square plane, so it was unclear whether BQ could promote 

ethane formation from 1.   

With regard to AgI-promoted C−C bond formation, studies of (diimine)PtII(CH3)2 

complexes indicated that AgI was able to act as a Lewis acid by binding to the dz2 orbital 

of the metal (Scheme 3.11).26,27  These crystallographically characterized complexes were 

stable at room temperature.  For complex 1, similar reactivity would require Ag+ to bind 

via the Pd dz2 orbital.  Precedent for such interaction at Pd was unknown, and it was 

further questioned whether AgI binding the palladium dz2 orbital as a Lewis acid would 

induce C−C bond formation by reducing the electron density at PdII or whether single-
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electron oxidation by AgI would cause C−C bond formation analogous to the oxidation of 

7 (Scheme 3.12). In the former case, AgI could be used catalytically as a Lewis acid to 

promote reductive elimination.  In the latter case, AgI would be a stoichiometric oxidant.   

Scheme 3.11 AgI Binding to the dz2 Orbital of (diimine)Pt(CH3)2 Complexes.26 
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Scheme 3.12 Alternate Pathways for AgI-Promoted Reductive Elimination. 
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3.2.1 1,4-Benzoquinone-Promoted C−C Bond Formation 
 

Initially, dimethyl complex 1 was reacted with benzoquinone (BQ) in acetone-d6. 

Over the course of 9 h at 25 °C, the reaction generated ethane (89%), and a symmetric 

palladium complex (94%).  The symmetric palladium complex was identified by Dr. 

Michael Lanci as (tBu-bpy)Pd0(BQ) (9) (Scheme 3.13).  Only 3.5% hydroquinone (HQ), 

the two-electron reduced form of BQ, was observed in this reaction.  These results 

suggested that BQ-promoted C–C bond formation occurred from a single metal center, 

without oxidation 1.    

Scheme 3.13 Reaction (tBu-bpy)Pd(CH3)2 (1) with BQ to Afford Ethane.  
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Crossover studies were performed to confirm that ethane elimination occurred 

from a single metal center.  The reaction of 1 and 1-d6 with BQ was performed by Dr. 

Michael Lanci, and at initial timepoints there was no evidence for crossover to form 

ethane-d3 (Scheme 3.14).  Initially, only ethane-d0 and ethane-d6 were observed.  These 

studies were complicated, however, by methyl exchange between starting material 1 and 

1-d6 to form the mixed label 1-d3 complex at longer reaction times.  This scrambling 

occurred in the absence and in the presence of BQ (Scheme 3.15). Protection from light 

slowed the scrambling process between 1 and 1-d6, but did not eliminate 1-d3 from 

forming at longer reaction times. 

Scheme 3.14 Crossover Study for the Formation of Ethane Promoted by BQ. 
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Scheme 3.15 Scrambling of Methyl Groups in 1 and 1-d6. 
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These studies demonstrated that BQ is an effective promoter of C−C bond 

formation, even in the case of 1 although the mechanism of this reaction was not 

apparent.  BQ has been shown to oxidize Pd0 to PdII with concomitant formation of 

hydroquinone (HQ) (Scheme 3.16).28  Bäckvall has shown that in the catalytic 

diacetoxylation of 1,3-dienes, Pd0 is reoxidized to PdII by BQ.  In this system, BQ is used 

catalytically because HQ is reoxidized by O2 through an electron relay (MLm) such as a 

metal phthalocyanine.  When considering the role of BQ in promoting reductive 

elimination from complex 1, it is unclear though whether BQ (E0 = -0.41 V vs Fc/Fc+ in 

MeCN)29 is a strong enough oxidant for oxidations of PdII to PdIII (E0 (10) = -0.33 V vs. 

Fc/Fc+ in MeCN) (Scheme 3.17).30 Complex 10 is the only dialkyl group 10 complex that 

produces a reversible oxidation wave, presumably because of the stabilizing pendant 
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amine groups in the ligand.  However, it is unclear to what extent the presence of the 

pendant amine groups affects the oxidation potential of 10 vs 1. When Dr. Lanci 

performed cyclic voltammetry experiments of 1, an irreversible oxidation wave at +0.58 

V (vs. Fc/Fc+ in acetone) was observed.  If the irreversible potential for oxidation of 1 is 

indicative of the potential for oxidation of 1, one-electron oxidation of 1 by BQ would 

have a Keq of 1.9 x 10-17.  Even if the oxidation potential of 1 can be approximated by that 

of 10, Keq for electron transfer would be 4.5 x 10-2.  These electrochemical studies, the 

small quantities of HQ observed, and observation of 9 suggested that oxidation of 1 by 

BQ is not occurring.   

Scheme 3.16 Oxidation of Pd0 to PdII by 1,4-Benzoquinone.28 
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Scheme 3.17 One-Electron Oxidation Potential for a PdII/III Couple.30 
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Related studies of ethane reductive elimination from square planar (bpy)Ni(CH3)2 

complexes have shown that electron deficient arenes promote ethane formation (Scheme 

3.18).31  These complexes are stable at 25 °C, however, in the presence of electron 

deficient arenes, ethane is liberated.  The authors proposed arene binding to the NiII 
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center as the means by which the electron deficient arenes promoted ethane elimination.  

Our results in the crossover study of 1 and 1-d6 showed the C−C bond formation occurred 

from a single metal center much like the methyl coupling from NiII.  This suggests that a 

similar, bimolecular interaction between 1 and BQ could lead to ethane formation from 1 

(Scheme 3.19).  

Scheme 3.18 Ethane Formation from NiII Promoted by Electron-Deficient Arenes.31 
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Scheme 3.19 Proposed Binding of 1,4-Benzoquinone to Complex 1. 
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3.2.2 Calculations of Pd–BQ Binding 
 

To further understand BQ interaction with 1, density functional theory (DFT) 

calculations were carried out.  (bpy)Pd(CH3)2 was used as a simplified model of 1 for the 

purposes of the calculations.  Two BQ-bound structures were optimized as potential 

intermediates (Scheme 3.20).  The exact computed geometries of structures I and II 

depended on the electronic configuration (singlet vs. triplet) applied in the calculation.  

However, generally, intermediate I was a five-coordinate complex of BQ and 

(bpy)Pd(CH3)2, and intermediate II was a four coordinate complex where BQ had 

displaced an arm of the bipyridine ligand. 
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Scheme 3.20 General Structures for Computed (bpy)Pd(CH3)2–BQ Intermediates. 
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To identify whether interaction of BQ with palladium was an oxidative process, 

intermediates I and II were calculated as restricted singlet (denoted as I1 or II1), 

unrestricted singlet, and triplet electronic configurations (denoted as I3 or II3) (Scheme 

3.21).  Unrestricted singlet calculations allow open-shell electronic states with a singlet 

spin state.  For all singlet calculations, restricted and unrestricted calculations produced 

exactly the same geometries and energies, so discussion of singlet calculations will be 

limited to the restricted calculations.  Preference for a singlet state would imply that 

interaction of BQ and palladium occurs via dative olefin coordination to palladium.  In 

contrast, preference for the triplet state would indicate a charge-separated state where an 

electron was promoted from palladium to BQ to generate a species with a delocalized 

radical π-anion and a cationic palladium(III) metal center.    

Scheme 3.21 Singlet and Triplet Electronic States of Pd–BQ Complexes. 
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Density functional calculations, specifically those applying the functional B3LYP, 

are the most commonly applied computations in similar calculations.  Examples include 

modeling of ethane elimination from dimethyl-palladium(II) phosphine complexes,6 

charge separation in ruthenium-ortho-quinone complexes,32,33 charge separation in 

uranium-benzophenone complexes,34 and orbital occupancies in iridium(I) complexes of 

dithio-p-benzoquinone.35  Thus, we sought to calculate BQ binding to (bpy)PdII(CH3)2 

using the functional B3LYP and CEP-31G(d) basis set combination we had previously 

employed for modeling of methyl disproportionation at palladium(II). 
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Singlet intermediate I1 was calculated as a trigonal bipyramidal palladium center 

with BQ, one methyl, and one pyridine in the trigonal plane and the second methyl and 

second pyridine as the axial ligands (Scheme 3.22).  Compared to the Pd–CH3 bond 

lengths of (bpy)Pd(CH3)2 (2.05 Å), the axial methyl Pd–CH3 bond (2.06 Å) in I1 is only 

0.01 Å longer.  In contrast, the Pd–CH3 bond in trigonal plane is 2.11 Å, substantially 

longer. The bound C=C bond of BQ (1.42 Å) was elongated in comparison with the C=C 

double bonds of unbound BQ (1.37 Å), while the unbound C=C bond of BQ in I1 was 

unaffected (1.37 Å).  Key bond lengths for all calculated intermediates are tabulated in 

Table 3.1. 

Scheme 3.22 Calculated (bpy)Pd(CH3)2–BQ Intermediate I1. 

 

Table 3.1 Calculated Bond Lengths for (bpy)Pd(CH3)2–BQ Intermediates. 

 Bond Length (Å) 

Complex Pd–C1 Pd–C2 BQ C=Ca BQ C=Cb 

(bpy)PdII(CH3)2 2.05 – – – 

[(bpy)PdIII(CH3)2]+ 2.06 – – – 

BQ – – 1.37 – 

I1 2.11c 2.06d 1.42 1.37 

I3 2.08e 2.07d 1.41 1.39 

II1 2.09e 2.07d 1.40 1.37 

 a bound to palladium 
 b unbound 
 c in the trigonal plane 
 d trans to pyridine 
 e trans to BQ 
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The triplet state, I3 was calculated as a square pyramidal palladium center with 

one arm of the bipyridine ligand acting as the axial ligand (Scheme 3.23).  Palladium–

CH3 bond lengths of [(bpy)PdIII(CH3)2]+ (2.06 Å) were calculated for comparison to I3.  

The Pd–CH3 bond trans to BQ (2.08 Å) was elongated slightly in comparison to the Pd–

CH3 bond trans to pyridine (2.07 Å).  In contrast to I1, the C=C bond lengths of BQ in I3 

were elongated for both bound (1.41 Å) and unbound (1.39 Å) as expected for a 

delocalized π-anion radical.  Attempts to find minimum energy geometry of the II3 

always resulted in minimization to I3. 

Scheme 3.23 Calculated (bpy)Pd(CH3)2–BQ Intermediate I3. 

           
Intermediate II1 was calculated as a square planar complex presenting cis BQ and 

pyridine ligands (Scheme 3.24).  Clearly only one arm of the bipyridine ligand is 

coordinated to palladium as the torsional angle between the pyridine groups is 35º.  Upon 

binding of BQ, the Pd–CH3 bond trans to BQ (2.09 Å) was elongated as was the trans-

pyridine Pd–CH3 bond (2.07 Å).  Like I1, the bound BQ C=C bond (1.40 Å) was 

elongated while the length of  the unbound C=C bond (1.37 Å) was unaffected. 
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Scheme 3.24 Calculated (bpy)Pd(CH3)2–BQ Intermediate II1. 

               
Table 3.2 summarizes ΔH and ΔG for BQ binding to palladium for all 

intermediates calculated.  The large difference in ΔH and ΔG is the result of the added 

unfavorable entropy correction in ΔG from a decrease in entropy caused by producing 

one complex from two separate molecules.  I1 is substantially favored over the triplet 

state I3 by 18.9 kcal/mol (ΔH) and 18.8 kcal/mol (ΔG).  I1 is only marginally favored 

over II1 by 1.1 kcal/mol (ΔH) and 0.8 kcal/mol (ΔG).  Inclusion of solvation calculations 

on ΔG raised the energies of I1 and II1 by 3.8 kcal/mol and 7.1 kcal/mol respectively 

while only lowering the ΔG of I3 by 2.2 kcal/mol.  With solvation, the minimum 

difference in energy between I3 and II2 still disfavored I3 by 8.7 kcal/mol. 

Table 3.2 Calculated ΔH and ΔG for BQ binding to (bpy)Pd(CH3)2. 

Intermediate ΔH (kcal/mol) ΔG (kcal/mol) ΔG+solv (kcal/mol) 

I1 2.6 14.4 18.2 

I3 21.5 33.2 31.0 

II1 3.7 15.2 22.3 

 

Transition structures were calculated for reductive elimination of ethane from 

(bpy)Pd(CH3)2(BQ) and for direct ethane elimination from (bpy)Pd(CH3)2.  Like the 

calculations for Pd–BQ intermediates, transition structures were calculated for five-

coordinate Pd–BQ complexes (TS-I) and four-coordinate Pd–BQ complexes (TS-II).  

The calculations were performed on singlet (TS-X1) and triplet (TS-X3) electronic 

energies. 
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TS-I1 and TS-I3 are pictured in Scheme 3.25 and Scheme 3.26 respectively.  

Reductive elimination in TS-II1 occurs from a pseudo-tetrahedral geometry like those 

reported by Espinet for 4-coordinate transition states of ethane reductive elimination from 

related (PPh3)(BQ)Pd(CH3)2 (Scheme 3.27).6 Attempts to calculate TS-II3 always 

resulted in minimization to the same geometry as TS-I3. 

Scheme 3.25 Calculated (bpy)Pd(CH3)2–BQ Transition State TS-I1. 

 

Scheme 3.26 Calculated (bpy)Pd(CH3)2–BQ Transition State TS-I3. 
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Scheme 3.27 Calculated (bpy)Pd(CH3)2–BQ Transition State TS-II1. 

         
Energies for reductive elimination transition states are recorded in Table 3.3 as 

the difference in energy between the transition state and starting materials, (bpy)Pd(CH3)2 

and BQ or in the case of elimination from (bpy)Pd(CH3)2, the difference in energy 

between (bpy)Pd(CH3)2 and [(bpy)Pd(CH3)2]‡.  Triplet transition state, TS-I3
 is 

substantially higher in energy than TS-I1 and TS-II1, while direct reductive elimination 

from [(bpy)Pd(CH3)2]‡ is enthalpicly 15.4 kcal/mol less favorable thane TS-I1 but only 

3.0 kcal/mol less favorable in free energy.  Reductive elimination from [(bpy)Pd(CH3)2]‡  

is a unimolecular process while elimination from TS-I1 requires BQ to bind to palladium.  

The entropic penalty paid is enough to make the transition states only differ by 3.0 

kcal/mol in free energy.  TS-I1 and TS-II1 are only separated by 1.0 kcal/mol (ΔH‡) and 

0.4 kcal/mol (ΔG‡) in favor of TS-II1.  A suitable transition state for direct reductive 

elimination from [[(bpy)PdIII(CH3)2]+]‡ could not be found.  All of the transition states 

are characterized by increasing Pd–CH3 bond lengths, contracting H3C–CH3 bond 

lengths, and elongating C=C bond lengths for the bound BQ double bond. 
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Table 3.3 Calculated ΔH‡ and ΔG‡ for BQ-induced ethane elimination. 

Transition State ΔH‡ (kcal/mol) ΔG‡ (kcal/mol) ΔG+solv
‡ (kcal/mol) 

[(bpy)Pd(CH3)2]‡ 34.4 33.3 36.0 

TS-I1 19.0 30.3 34.5 

TS-I3 37.7 49.2 45.4 

TS-II1 18.0 29.9 33.3 

 

Transition state calculations including solvation effects on ΔG were also 

performed.  Similar to calculation of (bpy)Pd(CH3)2(BQ) intermediates, solvation 

decreased the difference in energy between the singlet energy transition states and triplet 

transition state TS-I3.  The difference in energy between TS-I1 and TS-I3, 11.1 kcal/mol, 

still suggests the singlet state is substantially favored the over triplet state reaction 

pathway.  With solvation effects, the difference in ΔG‡ between singlet transition states 

TS-I1 and TS-II1 and direct reductive elimination from (tBu-bpy)Pd(CH3)2 is narrowed to 

1.5 kcal/mol and 2.7 kcal/mol for the BQ-ligated transition states.  Favored by 2.7 

kcal/mol, reaction proceeding through TS-II1 is predicted to occur at rate approximately 

two orders of magnitude faster than direct elimination from [(bpy)Pd(CH3)2]‡ by the 

Eyring equation. 

Natural bond orbital charge analysis was pursued as a further characterization of 

benzoquinone’s interaction with palladium (Table 3.4).36  The charge on palladium in 

(bpy)PdII(CH3)2 and the olefinic carbons of BQ were calculated as benchmarks for 

interpreting Pd–BQ complexes.  The charge of BQ olefinic carbons is reported as the 

average of the two carbons for each double bond.  Charge analysis was limited to the 

singlet state computations.  Increasing positive charge indicates electron density is being 

removed from the atom in question.  In contrast, as the charge becomes more negative 

electron density increases on the atoms in question. 



 

 65 

Table 3.4 Computed Atomic Charges for (bpy)Pd(CH3)2–BQ and [(bpy)Pd(CH3)2–BQ]‡  

 Computed Atomic Charge 

Complex Pd BQ–Cbound
a BQ–Cunbound

a 

(bpy)PdII(CH3)2 +0.48 – – 

BQ – -0.22 – 

I1 +0.73 -0.35 -0.22 

II1 +0.57 -0.29 -0.22 

TS-I1 +0.57 -0.38 -0.23 

TS-II1 +0.56 -0.38 -0.22 
                   a atomic charge shown is the average of charge for the two olefinic carbons 

 

Upon binding of BQ, the charge on palladium clearly increases relative to 

(bpy)Pd(CH3)2 (+0.48) in both I1 (+0.73) and II1 (+0.57).  The effect of BQ binding on 

the palladium charge is significantly more profound in I1.  A commensurate decrease in 

charge is observed for the bound olefinic carbons in I1 (-0.35) and II1 (-0.29) relative to 

unbound BQ (-0.22).  The increasing charge on palladium and decreasing charge on BQ 

carbon atoms bound to palladium indicate that BQ is removing electron density from Pd 

in the Pd–BQ complexes and the charge is building up on the carbons of the bound olefin 

carbons.  This buildup charge is consistent with the elongated C=C bonds calculated for 

the bound BQ, which can be described by the Dewar-Chatt-Duncanson model for olefin 

binding to metals (Scheme 3.28).37,38 In this description, electron density is donated from 

the metal into the C=C π* orbital, elongating the C=C double bond.   

Scheme 3.28 Two Components of Olefin Binding to a Metal. 

                              

[M]

σ - Donation
from Olefin

[M]

π - Donation
from Metal  

In comparison, the analogous transition structures TS-I1 and TS-II1 show 

decreased charge on palladium (+0.57 and +0.56 respectively) and diminished charge on 

the bound C=C bond carbons (-0.38 for both transition structures).  The decreased charge 

on palladium is expected because elimination of H3C–CH3 is a reductive process on the 
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metal, reducing the oxidation state of palladium(II) to palladium(0).  The increase in 

electron density on BQ indicates BQ is acting as reservoir for electron density, accepting 

electron density from the metal into C=C π* orbitals. 

In summary, these calculations suggest that BQ promotes reductive elimination of 

ethane from (bpy)Pd(CH3)2 by removing electron density from the metal center rather 

than by acting as an oxidant.  This is in agreement with experimental observations.  

However, the calculations do not show a clear energetic preference for reductive 

elimination from a four- versus five-coordinate intermediate.  Strictly based on the 

numbers, BQ binding to (bpy)Pd(CH3)2 would form I1 in an endothermic reaction.  

Dissociation of one pyridine in I1 would lead to II1, and elimination of ethane would 

occur from four-coordinate transition state TS-II1.  

Unfortunately, the calculations fail to accurately predict the difference in energy 

between direct ethane elimination from 1 and BQ-induced elimination from 1.  

Experimentally, the ΔG‡ for ethane elimination is roughly estimated to be 21 kcal/mol (at 

298 K) for BQ-induced elimination and 32 kcal/mol (at 373 K) for direct ethane 

elimination based on the total time of reaction.  These computations (at 298 K) suggest 

that the overall difference between direct ethane elimination and elimination occurring 

through TS-II1 is only 2.7 kcal/mol.  This discrepancy between theory and experiment 

suggests two scenarios: 1) the calculations are improperly calibrated to describe BQ-

induced reductive elimination, or 2) our limited understanding of how BQ interacts with 

(tBu-bpy)PdII(CH3)2 led us to improperly model the reaction.  Regarding the former 

point, as noted above similar methods (functionals and basis sets) have been used to 

compute BQ adducts of transition metals.  Specifically, our values for ΔG‡ of ethane 

elimination track well with those calculated by Espinet.6 However, changes in the basis 

set employed have given markedly different results for orbital occupancies in calculations 

of Ir(I)(dithio-p-BQ) complexes.35 Similarly, computations on the mechanism of 

hydrogen atom transfer between O2 and reduced quinone species calculated with 

complete active space self consistent field (CASSCF) methods provides results that better 

paralleled experiment than related computations employing DFT.39 These precedents 

suggest that further optimization of method (DFT functional or higher levels of theory) or 

basis sets should be pursued to confirm similar trends in computations of ethane 
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elimination from (tBu-bpy)PdII(CH3)2.  Alternatively, the methods by which unrestricted 

calculations (open shell, singlet) were performed could be more thoroughly explored.  

DFT calculations have an inherent bias for spin pairing, and more effort may be 

necessary to optimize the open shell singlet geometries for BQ-induced elimination of 

ethane.  In regard to the second reason posited for the discrepancy between theory and 

experiment, a better understanding of the reactions kinetics could shed light on the 

interactions between (tBu-bpy)PdII(CH3)2 and BQ that would allow more accurate 

modeling to be accomplished. As an example, in computations of a Vitamin E-BQ donor-

acceptor complex, it was important to model the excited state behavior of the complex to 

accurately model charge transfer between the donor and acceptor.40  Finally, optimization 

of ground state (bpy)PdII(CH3)2-BQ complexes was challenging because of the 

propensity for BQ dissociation during the course of the optimization.  Although many 

geometries and conformations were calculated, perhaps a lower-energy conformation 

could be calculated with further probing. 

In summary, DFT calculations employing the B3LYP/CEP-31G(d) 

functional/basis set combination failed to accurately predict the difference in ΔG‡ 
between direct ethane elimination from (bpy)PdII(CH3)2 and BQ-induced ethane 

elimination from (bpy)PdII(CH3)2 that is estimated from experimental values.  The 

calculated value for ΔG+solv
‡ (36.0 kcal/mol) of direct ethane elimination is only +4 

kcal/mol from the experimental estimate (32.0 kcal/mol), while the calculated ΔG+solv
‡ of 

BQ-induced ethane elimination (33.3 kcal/mol) is +12.3 kcal/mol from the experimental 

estimate (21 kcal/mol). These results suggest the computations are accurate for modeling 

ethane elimination in the absence of BQ, but are ill-suited or incorrect in modeling the 

interactions between (bpy)PdII(CH3)2  and BQ. 

 

3.2.3 Driving Equilibrium Formation of (tBu-bpy)Pd(CH3)2 with BQ 
 

In Chapter 2, experiments were described that attempted to show 

disproportionation to form 1 from monomethyl palladium complexes (Scheme 2.21).  

The conclusion of those studies was that thermolysis was not an effective means for 

decomposition of 1, so interpretations suggesting disproportionation to 1 from 
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monomethyl complexes were unable to be made. Now knowing that BQ effectively 

promotes decomposition of 1 to generate ethane and well-defined inorganic products, we 

sought to drive disproportionative formation of 1 from monomethyl complexes by 

decomposing 1 with BQ (Scheme 3.29).   

Scheme 3.29 Disproportionation of (tBu-bpy)Pd(CH3)X Followed by BQ-Induced 
Elimination 

Pd
X
CH3N

N

t-Bu

t-Bu

Pd
CH3
CH3N

N

t-Bu

t-Bu

Pd
X
XN

N

t-Bu

t-Bu 1
+2 BQ

H3C CH3Pd0
N
N

t-Bu

t-Bu

O

O

+

 
 

Acetonyl complex (tBu-bpy)Pd(CH3)(CH2COCH3) (11), which was shown to 

undergo disproportionation to form 1,24 was reacted with BQ at 25 °C in acetone-d6. 

After 24 h, 11 (30% conversion) decomposed to form diacetonyl complex 12 (5%), and 

ethane (11%) (Scheme 3.30).  Neither Pd0−BQ complex 9 nor other C–C coupled 

products (for example, 2-butanone and 2,5-hexane-di-one) were not observed.  Over 72 h, 

11 (62% conversion) reacted further to produce 12 (14%), ethane (13%), and 9 (25%) 

(Scheme 3.31).  In the absence of light, no reaction between 11 and BQ occurred under 

these conditions.  These results suggested that other (tBu-bpy)Pd(CH3)X complexes, 

where disproportion to form 1 was not observed spectroscopically, may react with BQ if 

rapid, reversible disproportionation to form 1 was occurring. If 1 was formed and able to 

react with BQ on the timescale of disproportionation, BQ-induced elimination of ethane 

should drive the disproportionation equilibrium toward formation of Pd0−BQ, ethane, and 

(tBu-bpy)PdX2. 

Scheme 3.30 Reaction of (tBu-bpy)Pd(CH3)(CH2COCH3) (11) with BQ – 24 h. 
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Scheme 3.31 Reaction of (tBu-bpy)Pd(CH3)(CH2COCH3) (11) with BQ – 72 h. 
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To that end, monomethyl complexes (tBu-bpy)Pd(CH3)I (13), (tBu-

bpy)Pd(CH3)OAc (14) and (tBu-bpy)Pd(CH3)OTf (15) were reacted with BQ at 25 °C for 

72 h in acetone-d6 in J. Young NMR tubes under ambient light.  The results of these 

reactions are recorded in Table 3.5.  No reaction of 13 or 14 was observed in the absence 

of light.  Triflate complex 15 decomposed similarly under ambient light and in the 

absence of light.  
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Table 3.5 Products of (tBu-bpy)Pd(CH3)X Disproportionation and BQ-Induced 
Elimination 

   

Pd X
CH3N

N

t-Bu

t-Bu

X = CH2COCH3 11
       I                   13
       OAc             14
       OTf              15

Pd
X
XN

N

t-Bu

t-Bu
acetone-d6

25 ºC
72 h

hν, BQ
+ H3C CH3 + Pd0

N
N

t-Bu

t-Bu

O

O

+ Inorganic
Products

 
  % Yield 

Entry Complex C2H6 CH3X 
Starting 

Material 

(tBu-

bpy)Pd(X)2 

(tBu-

bpy)Pd(BQ) 

(13) 

Other 

Inorganic 

Products 

1 
11 

(CH2COCH3) 
13 0 38 14 25 0 

2 
13 

(I) 
0 21 70 10 0 14a 

3 
14 

(OAc) 
22 0 39 14 0 38b,c 

4 
15 

(OTf) 
0 0 22 0 0 – 

a free tBu-bpy (14%) + Pd(0) 
b (tBu-bpy)Pd(CH3)(CH2COCH3) – 10% 
c (tBu-bpy)Pd(CH2COCH3)OAc – 28% 
 

NMR spectroscopic analysis of the reactions of iodide complex 13 and triflate 

complex 15 after 72 h showed 30% and 78% conversion respectively.  No ethane or 9 

(Pd0–BQ) were observed in these reactions, but 21% methyl iodide was formed in the 

reaction of 13.   

When triflate complex 15 was reacted with BQ at 25 °C an initial 1H NMR 

spectrum showed no shift of the resonances for 15, suggesting that room temperature 

binding of BQ to the complex was not occurring to a measurable extent.  In fact, only one 

well-characterized example of BQ binding to PdII has been reported.41  In acetone 

solvent, this likely indicates preferential binding of solvent or triflate over BQ (Scheme 

3.32).  Reaction of 15 (78% conversion) over 72 h at 25 °C produced no identifiable 
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inorganic products and no ethane while reaction of 13 produced (tBu-bpy)Pd(I)2 (10%) 

and free tBu-bpy (14%). 

Scheme 3.32  Preference for Solvent or Triflate Binding Over BQ at PdII. 
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When acetate complex 14 and BQ stood at 25 °C for 72 h, 61% of 14 reacted to 

give ethane (22%), (tBu-bpy)Pd(OAc)2 (14%), and acetonyl complexes 11 (10%) and 

(tBu-bpy)Pd(CH2COCH3)(OAc) (16, 28%) (Scheme 3.33).  Interpretation of the source of 

ethane in this reaction is complicated by the presence of 11, but surprisingly, more ethane 

is formed in this reaction than the reaction 11 with BQ.  Pd0–BQ complex 13 was not 

observed.  One explanation could be that 13, in the presence of OAc-, is unstable to 

oxidation by BQ. In fact, in the reaction of 15 with BQ shows 54% BQ converted to HQ 

suggesting BQ acted as an oxidant in the reaction. Jutand has shown by electrochemical 

experiments that oxidation addition of an aryl halide to Pd0 in cross-coupling reactions 

could proceed by first forming an anion Pd0–X complex (Scheme 3.34).42  Likewise, 

oxidation of Pd0 by BQ may be facilitated by the presence of OAc-. 

Scheme 3.33 Reaction of (tBu-bpy)Pd(CH3)OAc (15) with BQ. 
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Scheme 3.34 Proposed Oxidation of ArI to Anionic Pd0 Species. 
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In summary, reaction of 11 with BQ proceeded as expected.  Complex 11 

disproportionationated slowly to 1 and 12 as previously shown, followed by BQ-induced 

elimination of ethane from 1.  However, mass balance for this reaction was poor (77% 

Pd, 64% CH3, and 66% CH2COCH3).  Gratifyingly, ethane was also formed in the 

reaction of acetate complex 14 with BQ.  Mass balance is excellent in this latter reaction 

(91% Pd, 93% CH3, 94% OAc), but the observation of acetonyl complexes 11 and (tBu-

bpy)Pd(CH2COCH3)OAc (16) derived from solvent activation complicated 

interpretations of the origin of ethane.  Similarly, the lack of Pd0–BQ complex 9 is not in 

agreement with BQ-induced elimination of ethane from 1.  The presence of an 1:1.2 ratio 

of HQ to BQ suggests BQ is acting as an oxidant in this reaction, reoxidizing Pd0 to PdII, 

and it was proposed that OAc- facilitated the reoxidation by forming an anionic Pd0–OAc 

complex. 

 

3.2.4 AgI-Promoted C−C Bond Formation  
 

Dimethyl palladium complex 1 was reacted with AgOTf in acetone-d6 in a J. 

Young NMR tube and results of the reaction were analyzed by 1H NMR spectroscopy.  

After 0.5 h at 25 °C, ethane (51%) and cationic monomethyl palladium complex (17, 

88%) were observed along with deposition of metallic Ag0 (Scheme 3.35).  It should be 

noted that in this reaction 50% yield of ethane is quantitative, because each metal center 

contributes only one CH3 group to the ethane product.  Therefore, two equivalents of 

starting complex are needed to make one equivalent of ethane.   

Scheme 3.35 Reaction of Complex 1 with AgOTf. 
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Subsequently, Dr. Michael Lanci observed the formation of a new species upon 

the reaction of AgPF6 with 1 by 1H NMR spectroscopy at 25 °C after 20 min.  This 

species was postulated to be Pd−Ag adduct 18, but the complex was too unstable to be 
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isolated (Scheme 3.36).  After 75 min, the reaction was observed to give ethane and 17 

Ag0 (silver mirror).  Further, he reacted dimethyl complex 1 with TlBF4 to produce a 

similar species by 1H NMR spectroscopic analysis that was stable enough to be isolated. 

X-ray diffraction of a single crystal showed a Pd−Tl sandwich complex (19) with two Tl 

bound to the dz2 orbitals of three molecules of 1 (Scheme 3.37).43 Selected bond distances 

and angles are given in Table 3.6. 

 

Scheme 3.36 Postulated Pd–Ag Adduct in the Reaction 1 with AgPF6. 
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Scheme 3.37 Molecular Structure of [[(tBu-bpy)Pd(CH3)2]3Tl2](PF6)2 (19). 

                                 

Table 3.6 Selected Bond Distances (Å) and Bond Angles (°) for 19. 

Bond Lengths (Å) Bond Angles (º) 

Tl1–Pd1 2.7963(9) Pd1–Tl1–Pd2 132.93 

Tl1–Pd2 2.9320(6) Tl1–Pd2–Tl2 170.92 

Tl2–Pd2 2.9942(6) Pd2–Tl2–Pd3 131.39 

Tl2–Pd3 2.8299(7)   

 

Formation of monomethyl complex 17 suggested that the reactivity of Pd−Ag 

complex 18 was more complicated than a unimolecular, Lewis acid induced reductive 

elimination to yield ethane.  Deposition of metallic Ag0 suggested that AgI, upon binding 

PdII, was acting as an inner sphere oxidant in this reaction (Scheme 3.38).  These results 
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directly parallel the reaction of phosphine-ligated complex 7 with AgBPh4 (Scheme 

3.8).20  

Scheme 3.38 Proposed Inner Sphere Oxidation of PdII by AgI. 
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We desired to compare the reactivity of 1 with AgI to that reported for 

(dmpe)Pd(CH3)2 (7) with AgI, where ethane formation was proposed to be the result of 

oxidative cleavage of the Pd–CH3 bond.  Although Ag+ binding to the Pd dz2 orbital 

followed by electron transfer was suggested by these studies, further mechanistic 

analyses proved challenging.  The stability of intermediate 18 at low temperatures 

hindered attempts to observe any subsequent intermediates along the reaction pathway.  

Therefore in further experiments, we sought to oxidize 1 by one electron via an outer 

sphere mechanism to circumvent intermediates such as 18 and gain further mechanistic 

understanding of one-electron oxidation of 1. 

 

 

3.2.5 Fc+-Promoted C−C Bond Formation 
 

It should be noted at the outset, that all reactions of 1 and one-electron oxidant 

ferrocenium hexafluorphosphate (Fc+) (Scheme 3.39) and related reactions were 

conducted by Dr. Michael Lanci43 but are included here for the importance of further 

mechanistic discussion regarding the oxidative oligomerization of methane. 

Scheme 3.39 One-Electron Oxidant, Ferrocenium Hexafluorophophate. 

                                              
Fc+ = FeIII

PF6

 
 

Reaction of an acetone-d6 solution of 1 with a deep blue acetone solution of Fc+ 

resulted in rapid bleaching of the blue color of Fc+ on the timescale of diffusion.  The 
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reaction was analyzed by 1H NMR spectroscopy and showed formation of ethane (49%), 

cationic monomethyl complex 17 (101%) and ferrocene as the only observable products 

(Scheme 3.40).  These reaction products are directly analogous to those observed in the 

reaction of 1 with AgI. 

Scheme 3.40 One-Electron Oxidation of 1 to Produce Ethane. 
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Subsequent reaction of 1 and Fc+ in a septum-sealed NMR tube at -80 °C in the 

NMR spectrometer resulted in the formation of 0.5 equivalents of [(tBu-

bpy)PdIV(CH3)3(solvent)]+ (20) and 0.5 equivalents of 17, as observed by 1H NMR 

spectroscopy.  Upon warming to -30 °C, PdIV complex 20 reductively eliminated ethane 

over 40 min to give an additional 0.5 equivalents of 17 (Scheme 3.41).  Independent 

synthesis of 20 by addition of 1 to an acetone-d6 solution of Me3OBF4 at -80 °C verified 

the identity of 20 (Scheme 3.42).   

Scheme 3.41 Formation of a PdIV-Trimethyl Intermediate Upon One-Electron Oxidation. 
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Scheme 3.42 Independent Synthesis of PdIV Complex 20. 
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The reaction of 1 with Fc+ was proposed to proceed through a PdIII intermediate 

that further reacted with a second equivalent of 1 and Fc+ to give products 20 and 17 
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where a methyl transfer had taken place (Scheme 3.43).  Similar reactivity and 

mechanistic proposals were published by Tilset for the reaction of related 

(diimine)Pt(CH3)2 (21) complexes with Fc+ (Scheme 3.44).44  Subsequent to our work, 

Mirica published an elegant synthesis of the first isolated mononuclear organometallic 

PdIII complex (10) (Scheme 3.45).30 The reaction models our proposed PdIII well, giving 

further credence to the participation of a PdIII intermediate in the one-electron oxidation 

of 1.   

Scheme 3.43 Proposed Mechanism for Generating Complexes 20 and 17 Via One-
Electron Oxidation. 
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Scheme 3.44 One-Electron Oxidation of Dimethyl-platinum Diimine Complexes.44 
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Scheme 3.45 Synthesis of an Isolable Mononuclear PdIII Complex.30 
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3.3 Conclusions 
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Reaction of (tBu-bpy)PdII(CH3)2 (1) with BQ or AgI each induced elimination of 

ethane.  BQ-promoted reaction of 1 was demonstrated to be a bimolecular process 

between BQ and 1 resulting in the formation of 89% ethane and Pd0 product (tBu-

bpy)Pd(BQ) (9, 94%).  Complex 1 and AgI reacted to form an intermediate proposed to 

be a PdII−Ag adduct which further underwent an electron transfer process to generate 

ethane (51%) and cationic monomethyl complex [(tBu-bpy)Pd(CH3)(acetone)]+ (17, 

88%).  Further studies with outer sphere, one-electron oxidant, ferrocenium 

hexafluorophosphate, demonstrated that oxidation of 1 by one electron resulted in an 

oxidative methyl transfer process to generate [(tBu-bpy)PdII(CH3)(acetone)]+ (17) and 

[(tBu-bpy)PdIV(CH3)3(acetone)]+ (20) with subsequent elimination of ethane from 20. 

These mechanistic studies fundamentally altered the way in which we thought 

about accomplishing oxidative oligomerization of methane.  Because one-electron 

oxidation was shown to drive methyl transfer (Path A, Scheme 3.46) it is possible that we 

could circumvent the need to drive disproportionation between PdII complexes by 

thermodynamics of the methyl transfer event (Path B, Scheme 3.47).  Thus, one-electron 

oxidation provides a possible solution to the challenge of methyl disproportionation 

between metal centers while also inducing subsequent C–C bond formation. 

Scheme 3.46 Two Concepts for Facilitating Methyl Transfer Between Pd Complexes. 
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Based on the observed reactivity of 1 with Fc+, we proposed a new catalytic cycle 

for methane oligomerization (Scheme 3.47).  In this cycle, a cationic monomethyl 

complex III would perform C−H activation of CH4 to form a dimethyl complex (IV).  

Complex IV can then undergo a one-electron oxidation to generate 0.5 equivalents of III 
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and 0.5 equivalents of PdIV trimethyl complex V.  Reductive elimination of ethane from 

V then affords another 0.5 equivalents of III. 

Scheme 3.47 Proposed Catalytic Cycle For Methane Oligomerization Based on One-
Electron Oxidation. 
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In this proposal, oxidation not only reoxidizes the metal but also provides a 

driving force for methyl transfer to generate an intermediate that can undergo subsequent 

elimination of ethane.  However, one key challenge in this proposal is development of 

C−H activation conditions to afford a dimethyl intermediate (see Chapter 2 for a brief 

discussion of the challenges).  Alternatively, the knowledge that one-electron oxidation 

facilitates methyl transfer could be applied to systems where formation of a dimethyl 

species is not a prerequisite.  If one-electron oxidation of (tBu-bpy)PdII(CH3)X induced 

methyl transfer analogous to the oxidation of 1, ethane could be effectively produced 

from a monomethyl starting material (Scheme 3.48). Further discussion of the application 

of one-electron oxidation of monomethyl species toward oligomerization of methane can 

be found in Chapter 4. 
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Scheme 3.48 Concept for One-Electron Oxidation of Monomethyl Pd Complexes. 
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3.4 Experimental Procedures 
 

3.4.1 Instrumentation 
 

NMR spectra were obtained on a Varian Inova 500 (499.90 MHz for 1H; 125.70 

MHz for 13C) or a Varian Inova 400 (399.96 MHz for 1H; 100.57 MHz for 13C, 376.34 

MHz for 19F) spectrometer. 1H and 19F NMR chemical shifts are reported in parts per 

million (ppm) relative to TMS with the residual solvent peak used as an internal 

reference. 19F NMR spectra are referenced on a unified scale, whee the single primary 

reference is the frequency of the residual solvent peak in the 1H NMR spectrum.  

Multiplicities are reported as follows: singlet (s), doublet (d), doublet of doublets (dd), 

and doublet of doublet of doublets (ddd). 

 

3.4.2 Materials and Methods 
 

All manipulations were performed using standard Schlenk or glovebox 

procedures unless otherwise noted. Acetone and acetone-d6 (Cambridge Isotopes) were 

refluxed over calcium sulfate overnight and then distilled, freeze-pump-thaw degassed, 
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and shaken over 4 Å molecular sieves immediately before use.  1,1,2-Trichloroethane 

was refluxed over CaH2 overnight and then distilled, freeze-pump-thaw degassed and 

stored over 4 Å molecular sieves. All other solvents were purchased from Fisher or EMD 

and dispensed from an Innovative Technologies solvent purification system equipped 

with columns packed with activated alumina, copper catalyst, and molecular sieves. 4,4´-

Di-tert-butyl-2,2´-bipyridine (tBu-bpy) was purchased from Aldrich, silver triflate was 

purchased from Strem, Na2PdCl4 was purchased from Pressure Chemical, and all other 

materials were used as purchased from Aldrich or Acros.  Benzoquinone was sublimed 

before use.  

See Chapter 2 for specific NMR instrumentation settings and particular NMR 

tubes used in ethane-evolving reactions. 

 

3.4.3 Computational Methods 
 

See Chapter 2 for details on ground state and solvation calculations.  Transition 

states were optimized as saddle points using the Berny algorithm.45,46 Transition states 

were confirmed by visual inspection of the single imaginary frequency. Ground and 

transition state structures of Pd–BQ complexes were also calculated for unrestricted 

singlet and triplet electronic states.  For geometry optimizations of triplet state structures 

that produced markedly different geometries from the calculated singlet state structures, 

single point triplet energies were determined for the singlet state geometry optimized 

structures.  The energies were markedly higher than the geometry optimized triplet 

structures.  Natural bond orbital (NBO)36 analysis of atomic charge was carried on the 

optimized structures described above. 

 

3.4.4 Syntheses 
 

(tBu-bpy)Pd(CH3)2 (1) (tBu-bpy = 4,4'-di-tert-butyl-bipyridine) and (tBu-

bpy)Pd(CH3)I (13) were synthesized following previous published procedures.47  The 

syntheses of (tBu-bpy)Pd(CH3)OAc (14) and (tBu-bpy)Pd(CH3)(CH2COCH3) (11) were 

reported in Chapter 2. 
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3.4.5 Reaction Details – (tBu-bpy)Pd(CH3)2 + BQ/AgI 
 

(tBu-bpy)Pd(CH3)2 (1) + Benzoquinone (BQ) or silver triflate (AgOTf).  The 

palladium complex (3.0 µmol) was weighed into a J. Young NMR tube.  Acetone (0.55 

mL) was added along with 1,3,5-trimethoxybenzene (internal standard, 15 µL of 48 mM 

solution in acetone-d6). Benzoquinone (0.1 mL of a 31 mM solution in acetone-d6) or 

AgOTf (0.1 mL of a 31 mM solution in acetone-d6) was added, and the tube was sealed 

with a Teflon stopcock.  The solutions were protected from light, and initial NMR spectra 

were recorded.  Reactions proceeded at 25 °C and were monitored 1H NMR 

spectroscopy. 

 

3.4.6 Reaction Details – (tBu-bpy)Pd(CH3)X +BQ 
 
Reaction of Complexes (tBu-bpy)Pd(CH3)(CH2COCH3) (11), (tBu-bpy)Pd(CH3)I 

(13), (tBu-bpy)Pd(CH3)OAc (14), and (tBu-bpy)Pd(CH3)OTf (15) with BQ: The 

palladium complex (3.0 µmol) was weighed into a J. Young NMR tube.  Acetone (0.55 

mL) was added along with 1,1,2-trichloroethane (internal standard, 15 µL of 215 mM 

solution in acetone-d6) or 1,3,5-trimethoxybenzene (internal standard, 15 µL of 48 mM 

solution in acetone-d6). Benzoquinone (0.1 mL of a 31 mM solution in acetone-d6) was 

added, and the tube was sealed with a Teflon stopcock.  The solutions were protected 

from light, and initial NMR spectra were recorded. The NMR tubes were then exposed to 

ambient light of two fluorescent bulbs in a hood.  After standing for 24 h and 72 h, NMR 

spectra were recorded to determine yields decomposition products versus the initial 

spectra. 
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CHAPTER 4 

 

One-Electron Oxidation of Monomethyl Palladium(II) Complexes 
 

4.1 Background and Significance 
 

Oxidative oligomerization of methane is fundamentally a process that requires 

breaking of two C–H bonds and making a new C–C bond (Scheme 4.1).  The simplest 

example of this process is dimerization of methane to produce ethane.  

Scheme 4.1 Oligomerization of Methane.  

H3C H
catalytic [M]

H3C CH3CH3H+ higher alkanes and alkenes  
 

The first fundamental step in oligomerization of methane must be activation of an 

alkane C–H bond.  Many catalysts have been utilized for methane functionalization, and 

in cases where heterolytic C–H bond cleavage occurs, a monomethyl-metal intermediate 

is generally proposed.1,2 Typically, research efforts have focused on oxygenating the 

methyl ligand with the oxidant or solvent serving as a source of oxygen (Scheme 4.2).2,3  

Scheme 4.2 C–H Activation of Methane Followed by Oxygenation. 

              
H3C H

catalytic [M] X

− HX
[M] CH3

oxygen source
HO CH3

 
In the oligomerization of methane, the functionalization step requires formation of 

a new C–C bond (Scheme 4.3).  One of the significant challenges of this process is 

developing a method for generating a new C–C bond from a complex bearing only a 

single alkyl group.  One pathway that would allow this reactivity is a disporoportionative 

alkyl transfer between two alkyl-metal complexes (see Chapter 2 for a more detailed 

discussion of other possible pathways). 
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Scheme 4.3 C–C Bond Formation from a Monomethyl-Metal Complex. 

            [M] CH3 [M]H3C+ H3C CH3  
 

Two general methods for disproportionation of methyl ligands have been 

described: disproportionation driven by thermodynamics and disproportionation driven 

by one-electron oxidation.  Disproportionation driven by thermodynamics, which is 

typically an endergonic process, has been accomplished by carefully tuning the ligand 

environment of a monomethyl palladium complex  (Scheme 4.4).4  (tBu-

bpy)PdII(CH3)(CH2COCH3) (1, tBu-bpy = 4,4′-ditertbutyl-2,2′-bipyridine) was found to 

undergo an equilibrium CH3-for-CH2COCH3 metathesis to generate half an equivalent of 

(tBu-bpy)PdII(CH3)2.  However, this method of disproportionation limits supporting 

ligands that can be employed in the catalyst.  For example, when optimizing ΔG of 

disproportionation (ΔGdisprop) using density functional calculations, an acetonyl 

(CH2COCH3) ligand minimized ΔGdisprop for a model palladium system, 

(MeDAB)PdII(CH3)X (Scheme 4.5).  Acetate (OAc), which is a common ligand in related 

aryl homocouplings,5–10 provided a ΔGdisprop value 6.9 kcal/mol higher than CH2COCH3.  

Scheme 4.4 Disproportionation of (tBu-bpy)PdII(CH3)(CH2COCH3) (1).4 
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Scheme 4.5 Computational Optimization of  ΔGdisprop for (MeDAB)PdII(CH3)X. 
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Alternatively, we have shown that the one-electron oxidation of (tBu-

bpy)PdII(CH3)2 (2) with ferrocenium hexafluorophosphate (FcPF6) induces methyl 

transfer to produce 0.5 equivalents of  [(tBu-bpy)PdIV(CH3)3(acetone)]+ (3) and 0.5 

equivalents of [(tBu-bpy)PdII(CH3)(acetone)]+ (4) at -80 °C on the timescale of mixing 

(Scheme 4.6).11  At -30 °C, ethane was eliminated from 3 to produce an additional 0.5 

equivalents of 4.  In total, 0.5 equivalents of ethane and 1 equivalent of 4 were generated.  

Scheme 4.6 A Palladium(IV) Intermediate in the One-Electron Oxidation of 2.11 
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Only one CH3 group from 2 participated in generating ethane.  This result 

suggested one-electron oxidation of complexes of the general formula (tBu-

bpy)PdII(CH3)X could similarly afford ethane via methyl transfer.  Development of such 

chemistry would enable monomethyl complexes, derived from activation of methane, to 

transfer a methyl group, forming a reactive intermediate from which C–C bond formation 

could occur (Scheme 4.7).  Further, such a reaction could allow greater flexibility in the 

X-type ligands compared to disproportionation driven by thermodynamics. 
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Scheme 4.7 One-Electron Oxidation of (tBu-bpy)PdII(CH3)X. 
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Mirica provided preliminary evidence that one-electron oxidation could generate 

the desired reactivity.  The reaction of 2 with FcPF6, the reaction was proposed to 

proceed via an initial one-electron oxidation of 2 to generate palladium(III) complex 5 

(Scheme 4.8).11 Mirica demonstrated that one-electron oxidation of (N4)PdII(CH3)X (6, X 

= CH3, Cl) produced isolable PdIII organometallic complexes (Scheme 4.9).12  In this 

reaction, the presence of pendent coordinating amines stabilized the PdIII oxidation state, 

presumably hindering subsequent methyl transfer. 

Scheme 4.8 Proposed Palladium(III) in the One-Electron Oxidation of 2. 

             

PdII
CH3

CH3N
N

t-Bu

t-Bu

FcPF6

2

PdIII
CH3

CH3N
N

t-Bu

t-Bu 5

PF6

 

Scheme 4.9 Isolable Palladium(III)-Methyl Complexes.12 
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4.2 Results and Discussion 
 

Palladium complexes of tBu-bpy (tBu-bpy = 4,4′-ditertbutyl-2,2′-bipyridine) have 

served as good models for studies of disproportionation and one-electron oxidatively-

induced methyl transfer from starting dimethyl complex (tBu-bpy)PdII(CH3)2 (2).4,11 In an 

attempt to achieve analogous methyl transfer reactivity with a monomethyl palladium 
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complex we sought to only minimally perturb the system.  Monomethyl complex (tBu-

bpy)PdII(CH3)(CF3) (7) was identified as a target monomethyl complex that met this 

criterion (Scheme 4.10).  Replacing one CH3 with CF3 maintained the same N,N,C,C 

coordination sphere as 2.  Further, efficient C–CF3 bond formation is an ongoing 

challenge in organometallic catalysis.13–15 If [(tBu-bpy)PdII(CH3)2(CF3)(solvent)]+ (8) was 

formed by analogy to the one-electron oxidation of 2, we expected C–CH3 bond 

formation to outcompete C–CF3 bond formation.  Using Grushin’s method for synthesis 

of (L2)PdII(Ar)(CF3) complexes,16 (tBu-bpy)PdII(CH3)I was reacted with cesium fluoride 

and Ruppert’s reagent (CF3Si(CH3)3) in THF to provide 7 (Scheme 4.11). 

Scheme 4.10 Proposed One-Electron Oxidation of (tBu-bpy)PdII(CH3)(CF3) (7). 
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Scheme 4.11 Synthesis of (tBu-bpy)PdII(CH3)(CF3) (7). 

              

CsF, CF3SiMe3

THF, 25 °C, 3 h N
N

t-Bu

t-Bu

PdII
CH3

CF3
N
N

t-Bu

t-Bu

PdII
CH3

I

7, 56 %  
 

One-electron oxidation of 7 was carried out by reaction of this complex with 

ferrocenium tetrafluoroborate (FcBF4) in acetone-d6 in a J. Young NMR tube at room 

temperature (Scheme 4.12).  This reaction required 10 min whereas reaction of 2 with 

FcBF4 occurred within the time of mixing.  1H NMR spectroscopic analysis indicated 

ethane (11%) and an asymmetric (tBu-bpy)PdII complex were formed as products.  The 

asymmetric complex was consistent with [(tBu-bpy)PdII(CF3)(acetone)]BF4 by 1H and 19F 

NMR analysis.  This is analogous to the product 4 that is formed in the one-electron 

oxidation of 2.  Addition of NaI to the reaction solution produced (tBu-bpy)PdII(CF3)I (89 

%, 9), which matched an independently prepared sample of 9 (Scheme 4.13).17  It is 

important to note that two equivalents of starting complex are required to form one 
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equivalent of ethane in these reactions.  This limits the maximum yield of ethane to 50% 

relative to the number of moles of starting palladium complex. 

Scheme 4.12 One-Electron Oxidation of (tBu-bpy)PdII(CH3)(CF3) (7). 
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Scheme 4.13 Preparation of (tBu-bpy)PdII(CF3)I (9). 
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 In comparing the qualitative rates of oxidation of 2 and 7 by FcBF4, it was 

assumed that the higher oxidation potential for 7 provided a less favorable equilibrium 

oxidation of 7 compared to 2.  Studies of CF3 versus CH3 substitution of Ni–R and Cu–R 

complexes have indicated that the M–CF3 oxidation potentials are approximately 0.6 V 

higher than the corresponding M–CH3 analogues (Scheme 4.14).18 

Scheme 4.14 Effect of CH3 versus CF3 Substitution on Oxidation Potential.18 
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To counteract this unfavorable change in oxidation potential, we next used the 

stronger ferrocene-based oxidant acetylferrocenium tetrafluoroborate (AcFcBF4, Eº = 

0.27 V versus Fc/Fc+) in place of FcBF4 (Eº = 0 V).19  Treatment of 7 with AcFcBF4 

resulted in complete reaction within the time of mixing (Scheme 4.15).  1H NMR analysis 
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indicated both ethane (17 %) and 9 (93 %) were formed in higher yields than reaction of 

7 with FcBF4. 

Scheme 4.15 Oxidation of (tBu-bpy)PdII(CH3)(CF3) (7) with AcFcBF4. 
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The effect of larger pefluoralkyl groups was also studied.  Heptafluoroisopropyl 

(iPr-F7) complex (tBu-bpy)PdII(CH3)(iPr-F7) (10) was synthesized by reaction of (tBu-

bpy)PdII(CH3)2 with iPr-F7I (Scheme 5.16).  The reaction produced 10 along with minor 

amounts of (tBu-bpy)PdII(CH3)I (formed by oxidative addition of the CH3I byproduct to 

the starting material 2). 

Scheme 4.16 Synthesis of (tBu-bpy)PdII(CH3)(iPr-F7) (10). 
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One-electron oxidation of 10 with AcFcBF4 at room temperature in acetone-d6 

produced ethane (6%) and (tBu-bpy)PdII(iPr-F7)I (11, 10%) at 37% conversion of 10 after 

2 h (Scheme 4.17).   

Scheme 4.17 Oxidation of (tBu-bpy)PdII(CH3)(iPr-F7) (10) with AcFcBF4. 
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It is unclear where the CH3 group balance is in the reactions of 7 and 10 with one-

electron oxidants.  In the reaction of 7 with AcFcBF4, only 34% of the Pd–CH3 groups 

are accounted for based on the yield of ethane.  The high yield of [(tBu-

bpy)PdII(CF3)(acetone)]+ (93%) and lack of detectable CF3-containing organics suggests 

C–CF3 bond formation is not occurring.  Oxidative cleavage of the Pd–CH3 bond to 
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afford methane or methylated ferrocene is another possible path for loss of CH3 (Scheme 

4.18).20  However, methane isotopologues CH4 and CDH3 were not observed, and the 

peaks of the iron(II) product acetyl ferrocene are clearly observed without appearance of 

methylated ferrocene. 

Scheme 4.18 Oxidative Cleavage of the Pd–CH3 Bond in (tBu-bpy)PdII(CH3)(CF3) (7). 
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In order to pursue these results further and explore the generality of this one-

electron oxidation, complexes of the general formula (tBu-bpy)PdII(CH3)X were 

synthesized and reacted with AcFcBF4.  Syntheses of the complexes was accomplished 

either via reaction of (tBu-bpy)PdII(CH3)I (12) with an appropriate AgX salt (Method 1, 

Scheme 4.19) or comproportionation of (tBu-bpy)Pd(CH3)2 and (tBu-bpy)PdII(X)2 

(Method 2, Scheme 4.20).  (tBu-bpy)PdII(CH3)OAc (13, OAc = acetate) was prepared in 

34% yield by Method 1, and (tBu-bpy)PdII(CH3)Cl (14, 84%) and (tBu-

bpy)PdII(CH3)TFA (15, 73%, TFA = trifluoroacetate) were prepared by Method 2. 

Scheme 4.19 Synthesis of (tBu-bpy)PdII(CH3)OAc (13) by Method 1. 

           

I
CH3PdII

N

N

acetone, 30 °C, 3 h

AgOAc

t-Bu

t-Bu
13, 34 %

PdII
OAc
CH3N

N

t-Bu

t-Bu
 

Scheme 4.20 Synthesis of (tBu-bpy)PdII(CH3)X via Comproportionation (Method 2). 
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Oxidations of (tBu-bpy)PdII(CH3)X complexes with AcFcBF4 were performed 

under identical conditions to the reaction of 7 with AcFcBF4 (Table 4.1).  Strikingly, in 

all cases, except X = I, ethane was the major organic product with C–X bond formation 

occurring in <5% yield in all other cases (Scheme 4.21).  The reaction of 13 is especially 

notable, with 70% of the starting methyl group being accounted for as the desired ethane 

product while H3C–OAc was not observed. 

Table 4.1 One-Electron Oxidation of (tBu-bpy)PdII(CH3)X. 

          

N
N

t-Bu

t-Bu

PdII
CH3

X
acetone, 10 min, 25 °C

1) AcFcBF4
2) KI

N
N

t-Bu

t-Bu

PdII
I
I

+ H3C CH3

N
N

t-Bu

t-Bu

PdII
I
CH3 + HX

+ H3C X

 

Compound X C2H6 CH3X (N2)PdII(CH3)(I) (N2)PdII(I)2 HX tBu-bpy 

7 CF3 17 0 0 93a 0 0 

12 I 11 28 17b 77 - 0 

13 OAc 35 0 22 53 25 0 

14 Cl 15 < 5 36 67 - 0 

15 TFA 19 0 12 57 - 16 
a observed as (tBu-bpy)PdII(CF3)I (9) 
b (tBu-bpy)PdII(CH3)I (12) was not present before addition of I- 

Scheme 4.21 C–C versus C–X Bond Formation. 
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The identities of the inorganic products in reactions of (tBu-bpy)PdII(CH3)X (X = 

I, Cl, TFA) with AcFcBF4 were largely uninterpretable based on 1H NMR analysis of the 

crude reaction mixtures.  Resonances for the inorganic products were significantly 

broadened, presumably due to ligand exchange reactions of the cationic products 

occurring on the timescale of the NMR experiments.  Addition of NaI (4 equivalents) to 
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these solutions converted the inorganic products to (tBu-bpy)PdII(I)2 (16) and (tBu-

bpy)PdII(CH3)I (12).  Yields of 16 were interpreted as yields of [(tBu-

bpy)PdII(X)(solvent)]+ for the crude reaction (Scheme 4.22).  Similarly, the yield of 12 

was associated with [(tBu-bpy)PdII(CH3)(solvent)]+.  To explain the origin of the 

inorganic products and the preference for C–C bond formation, two general classes of 

reaction were considered: reactions involving oxidative cleavage of palladium-ligand 

bonds (Path 1, Scheme 4.23) or reactions involving methyl group transfer (Path 2, 

Scheme 4.23).   

Scheme 4.22 Addition of I- to Inorganic Products of One-Electron Oxidation. 
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Scheme 4.23 Proposed Pathways for Generating Observed Products Upon One-Electron 
Oxidation. 
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A mechanism involving oxidative cleavage of the Pd–C or Pd–X bond of (tBu-

bpy)Pd(CH3)X results from AcFcBF4 inducing homolytic cleavage of either the Pd–C or 

the Pd–X bond (Scheme 4.23, Path 1).20 Doing so affords either [(tBu-

bpy)PdII(X)(solvent)]+ and CH3 or [(tBu-bpy)Pd(CH3)(solvent)]+ and X.  The radical 

product could then dimerize with another radical, react with a nearby Pd–X or Pd–C 

bond, or abstract deuterium from solvent.  Reaction by this pathway should provide 

methane in addition to ethane. However methane is not observed in any of these 

reactions. 

To probe the presence of radicals, complexes 7 and 12–14 were reacted with 

AcFcBF4 in the presence of 1,4-cyclohexadiene (CHD) (Scheme 4.24).  CHD is an H 

atom donor known to react with methyl radicals at a rate of 1.3 x 105 in acetone.  A 

detailed analysis of similar reaction conditions for the reaction of 2 with FcPF6 in the 
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presence of CHD indicated a CH4:C2H6 ratio of >4:1 should be obtained if the reaction 

proceeded through a radical manifold.11 The yields of ethane with CHD differed by no 

more than ± 6% from the reactions without CHD.  No methane was observed. 

Scheme 4.24 Oxidation of (tBu-bpy)PdII(CH3)X in the Presence of 1,4-Cyclohexadiene. 
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  The one-electron oxidations of monomethyl complexes in the presence of CHD 

and lack of methane suggest that ethane and cationic complex [(tBu-

bpy)PdII(X)(solvent)]+ are not formed as the result of oxidative Pd–C bond cleavage.  

These studies do not rule out oxidative cleavage of the Pd–X bond leading to the 

generation of [(tBu-bpy)PdII(CH3)(solvent)]+ and HX. 

The second class of reaction mechanism (Scheme 4.23, Path 2) concerned 

oxidatively-induced transfer of a methyl group.  Mechanistic hypotheses for this class of 

reaction were inspired by our previous observations of disproportionation of (tBu-

bpy)PdII(CH3)X complexes (Chapter 2)4 and one-electron oxidation of (tBu-

bpy)PdII(CH3)2 (Chapter 3).11 The mechanistic descriptions presented next are idealized 

to explain ethane and [(tBu-bpy)PdII(X)(solvent)]+ formation.  Further discussion of the 

origin of [(tBu-bpy)PdII(CH3)(solvent)]+ and HX as reaction products will be addressed in 

the detailed study of 13 with AcFcBF4. 

In Mechanism A (Scheme 4.25), equilibrium disproportionation of two 

equivalents of (tBu-bpy)PdII(CH3)X yields one equivalent of (tBu-bpy)PdII(CH3)2 (2) and 

one equivalent of (tBu-bpy)PdII(X)2 (Step 1).  One-electron oxidation of 2 yields 

palladium(IV) complex 3 and [(tBu-bpy)PdII(CH3)(solvent)]+ (4) with subsequent 

elimination of ethane from 3 (Step 2). A ligand exchange equilibrium then occurs 

between 4 and (tBu-bpy)PdII(X)2 to generate [(tBu-bpy)PdII(X)(solvent)]+ and (tBu-

bpy)PdII(CH3)X (Step 3).  Further one-electron oxidations of (tBu-bpy)PdII(CH3)X could 
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proceed until all CH3 groups were consumed, resulting in production of 1 equivalent of 

[(tBu-bpy)PdII(X)(solvent)]+ and 50% ethane relative to the starting palladium complex.   

Scheme 4.25 Path 2, Mechanism A: Disproportionation Followed by Oxidation. 
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Mechanism B (Scheme 4.26) is directly analogous to one-electron oxidation of 

(tBu-bpy)PdII(CH3)2 (2).  In this mechanism, one-electron oxidation of (tBu-

bpy)PdII(CH3)X promotes an oxidative methyl transfer generating 0.5  equivalents of 

[(tBu-bpy)PdIV(CH3)2X(solvent)]+ (17X) and 0.5 equivalents of [(tBu-

bpy)PdIIX(solvent)]+ (18X).  Complex 17X eliminates ethane generating another 0.5 

equivalents of 18X. The reaction should yield a total of one equivalent 18X and 50% 

ethane relative to the starting palladium complex. 

Scheme 4.26 Path 2, Mechanism B: Oxidatively-Induced Methyl Transfer. 
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Because of the high yields of ethane and inorganic products in the one-electron 

oxidation of (tBu-bpy)PdII(CH3)OAc (13) and the stability of the inorganic product prior 

to trapping with I-, 13 was selected as an ideal candidate for further mechanistic study.  

At room temperature, the reaction of 13 with AcFcBF4 produced two complexes, a 

symmetric “[(tBu-bpy)PdII(OAc)]+” species (53% yield) and the unsymmetrical 

compound [(tBu-bpy)PdII(CH3)(solvent)]+ (22% yield).  Notably, [(tBu-

bpy)PdII(CH3)(solvent)]+ was formed in commensurate yield (22%) to acetic acid (25%).  

The yields of products suggest “[(tBu-bpy)Pd(OAc)]+” is formed upon ethane 

elimination, and [(tBu-bpy)Pd(CH3)(solvent)]+ is formed upon HOAc elimination. 

Based on the data collected, it was not possible to definitively assign the “[(tBu-

bpy)PdII(OAc)]+” product as [(tBu-bpy)PdII(κ-O,O-OAc)]+ (19) or acetate-bridged dimer 

[(tBu-bpy)PdII(µ-OAc)]2
2+ (20, Scheme 4.27).  In studies of (diimine)platinum-acetate 

complexes, Chen identified the monomeric κ-O,O-OAc as the favored structure (Scheme 

4.28).21 Bis-carbene-palladium-acetate complexes were found to be fluxional between 

dimeric and monomeric forms by 1H NMR but dimeric in the solid state (Scheme 4.29).22  

Based on these precedents and the characterization achieved so far, it is not possible to 

confirm the identify of the monoacetate product in the reaction of 13 with AcFcBF4 as 19 

or 20, but for ease of discussion, the monoacetate product will be referred to as the 

monomeric structure 19. 

Scheme 4.27 Monomeric versus Dimeric Monoacetate Palladium(II) Structures. 
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Scheme 4.28 Monomeric Platinum-Monoacetate Complex.21 
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Scheme 4.29 Equilbrium of Momomeric and Dimeric Palladium Monoacetate 
Complexes.22 
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If oxidation of 13 occurred by a methyl transfer mechanism (path 2), intermediate, 

high-valent palladium complexes should be formed.11 As depicted in Mechanism A, 

oxidatively-induced methyl transfer should give one of two scenarios: Mechanism A1, a 

1:1:1 ratio of [(tBu-bpy)PdIV(CH3)3(solvent)]+ (3),  19, and (tBu-bpy)PdII(OAc)2 (21, 

entry 1, Table 4.2), or Mechanism A2 a 1:2 ratio of (tBu-bpy)PdIV(CH3)3OAc (22) and  19 

(entry 2, Table 4.2).  The preference between Mechanisms A1 and A2 would be 

determined by the equilibrium of acetate transfer between 3 and 21 (Scheme 4.30).  

Mechanism B should produce a 1:1 ratio of [(tBu-bpy)PdIV(CH3)2OAc(solvent)]+ (17OAc) 

and 19 (entry 3, Table 4.2). The mechanisms should be distinguished by formation of 

either a trimethyl-palladium(IV) (Mechanism A) or a dimethyl-palladium(IV) 

(Mechanism B) and the ratios of inorganic products produced upon one-electron 

oxidation. 



 

 99 

Table 4.2 Proposed Palladium(IV) Intermediates in Path 2 Mechanism. 

PdII
CH3

OAcN
N

t-Bu

t-Bu

3 PdIV
CH3

CH3N
N

t-Bu

t-Bu

X1

X2

+

+
– 2 e–

I-1

+ PdII
OAc
OAcN

N

t-Bu

t-Bu
N
N

t-Bu

t-Bu

PdII
O
O

+

19 21  
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3 
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Scheme 4.30 Acetate Transfer Equilibrium between 3 and 21. 
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To probe for these intermediates, the reaction of 13 was carried out at low 

temperature in an NMR spectrometer, and the reactions were analyzed by 1H NMR 

spectroscopy.  Oxidation of 13 with AcFcBF4 at -80 °C in acetone-d6 produced an 

uninterpretable, broad spectrum.  Increasing the temperature to -60 ºC, gave a sharpened 

NMR spectrum, revealing ethane, [(tBu-bpy)Pd(CH3)(acetone)]BF4 (4), and a second Pd–

CH3 resonance (I-1, 0.69 ppm), which slowly decayed by 15%, while yielding 29% more 

ethane over 40 minutes at -60 °C (Scheme 4.31).  Cationic Pd–OAc species 19 was also 

observed in the initial NMR spectrum and grew in by 23% over 40 minutes at -60 °C.  A 

complex set of aromatic and aliphatic resonances precluded definitive assignment of a 

mechanism based on product ratio and also prohibited confirmation of the presence or 

absence of (tBu-bpy)PdII(OAc)2 (21). No starting complex 13 was observed.  Upon 

warming to room temperature, the 1H NMR spectrum simplified to a typical mixture of 

ethane, acetic acid, 19, and 4. 
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Scheme 4.31 Low Temperature Observation of Intermediates in Oxidation of 13. 
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As noted above, the presence of a trimethyl-palladium(IV) would be indicative of 

Mechanism A versus Mechanism B where a dimethyl-palladium(IV) should be observed.  

The observation of a single methyl resonance for I-1 suggests one of three scenarios: 1) a 

symmetric dimethyl complex was formed (entry 3, Table 4.2), 2) a trimethyl complex 

was formed and the axial and equatorial methyl resonances exchange on the NMR 

timescale (entries 1 or 2, Table 4.2), or 3) a trimethyl complex was formed and the 

second methyl resonance was obscured by a congested tBu region of the spectrum 

(entries 1 or 2, Table 4.2).  Of the trimethyl-palladium intermediates proposed, dynamic 

methyl exchange is most expected for 3.  However, complex 3 has been reported in the 

literuature, and at -60 °C in acetone-d6 the axial and equatorial Pd–CH3 resonances are 

observed as distinct resonances.  In the reaction of 13 with AcFcBF4, the reported 

diagnostic Pd–CH3 resonances for 3 are not observed, ruling out Mechanism A1.11   

For Mechanism A2, (tBu-bpy)PdII(CH3)3OAc (22) is the expected palladium(IV) 

intermediate (Scheme 4.32).  The benzoate analogue of 22 is known, and its 1H NMR 

spectrum has been reported in acetone-d6 (Scheme 4.33).23  The Pd–CH3 resonances were 

reported at 1.69 ppm for equatorial methyls and 0.61 ppm for the axial methyl of 

complex 23 at –70 ºC.  The equatorial resonances of 22 are shifted 0.08 ppm from the 

single observed Pd–CH3 resonance (0.69 ppm) observed on reaction of 13 and AcFcBF4 

in acetone-d6.  Warming benzoate complex 23 to -30 ºC resulted in exclusive formation 

of ethane and (bpy)PdII(CH3)(O2CPh) (24).  This precedent is supportive of Mechanism 

A2, but our experiments have yet to provide conclusive evidence for this mechanism in 

the one-electron oxidation of (tBu-bpy)PdII(CH3)3OAc.  
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Scheme 4.32 Reaction of 13 and AcFcBF4 Proceeding through Mechanism A2. 
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Scheme 4.33 Reductive Elimination of Ethane from (bpy)PdIV(CH3)3O2CPh (23). 
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In Mechanism B, [(tBu-bpy)PdII(CH3)2OAc(acetone)]+ (17OAc) is the expected 

intermediate (Scheme 4.34).  No palladium complexes with a similar coordination 

environment were known, so independent synthesis of 17OAc was necessary for 

comparison to the reaction mixture.  Preparation of 17OAc was attempted by reaction of 

13 with CH3OTf, in analogy to the synthesis of cationic trimethyl complex 3 (Scheme 

4.35).11 Surprisingly, reaction of 13 with CH3OTf at 25°C in methylene chloride-d2 

afforded CH3OAc and [(tBu-bpy)PdII(CH3)(acetone)]+ (4) exclusively.  These results are 

in direct contrast to one-electron oxidation of 13, which afforded ethane without any 

detectable CH3OAc.  Reaction of 13 with CH3OTf at -80 ºC showed that 13 converts to 4 

and CH3OAc without observed intermediates, suggesting that either no Pd(IV) was being 

formed in the reaction or that the Pd(IV) intermediate was too unstable to observe under 

these conditions.   

Scheme 4.34 Reaction of 13 and AcFcBF4 Proceeding through Mechanism A2. 
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Scheme 4.35 Attempted Synthesis of [(tBu-bpy)PdIV(CH3)2OAc(solvent)]+ (17OAc). 
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Reaction of 13 with CD3OTf was devised as a secondary test of whether 17OAc 

was formed in the reaction in the 13 with CH3OTf.  In the reaction of CD3I with 

(bpy)Pd(CH3)2 in acetone-d6 at -60 °C,  the methyl groups of the Pd(IV) product, 

(bpy)Pd(CH3)2(CD3)I, were shown to rapidly interconvert through a cationic intermediate 

(Scheme 4.36).11,24 Reductive elimination produced a mixture of H3C–CH3 and H3C–

CD3.11 By analogy, reaction of 13 with CD3OTf should provide a mixture of CH3OAc 

and CD3OAc if the assumption is made that the positions of CH3 and CD3 dynamically 

exchange for intermediate 17OAc.  The reaction of 13 with CD3OTf in methylene 

chloride-d2 at room temperature exclusively gave CD3OAc (Scheme 4.37).  This result is 

consistent with a mechanism involving direct attack of the OAc ligand of 13 (rather than 

generation of a PdIV intermediate).   

Scheme 4.36 Methyl Group Scrambling in (bpy)PdIV(CH3)3I.24   
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Scheme 4.37 Reaction of (tBu-bpy)PdII(CH3)OAc with CD3OTf. 
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Addition of an electrophilic source of acetate to (tBu-bpy)PdII(CH3)2 (2) is another 

conceptual synthetic route to proposed intermediate 17OAc (Scheme 4.38).  Iodobenzene 

diacetate (PhI(OAc)2) has been used to synthesize a number of isolable Pd(IV) 

complexes.25  However, the challenge for synthesis of cationic complex 17OAc is 

oxidation of 2 with an oxidant that delivers a single acetate and leaves an open 
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coordination site on palladium.  To my knowledge, there are no known two-electron 

oxidants that deliver a single acetate; thus, we were unable to pursue this route. 

Scheme 4.38 Synthesis of [(tBu-bpy)PdII(CH3)2OAc(acetone)]+ (17OAc) with an 
Electrophilic Source of Acetate. 
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Low temperature 1H NMR spectroscopic studies of one-electron oxidation of 13 

suggest the intermediates are too unstable to isolate.  In order to stabilize the observed 

intermediate, I-1 for isolation, we sought to modify the bipyridine ligand scaffold.  

Tripodal ligands have been previously shown to stabilize otherwise unstable high-valent 

metal complexes.  For example, Tilset has shown that platinum-hydride intermediates 

generated by protonation of a dimethyl-platinum complex bearing a bidentate diimine 

ligand are highly unstable (Scheme 4.39).26  Observation of the platinum-hydride was 

only possible in the presence of excess acetonitrile, but even then, these complexes were 

observed only as transient species at -40 °C, prior to reductive elimination of methane.  In 

contrast, Goldberg has shown that complex 25, bearing a tripodal ligand, undergoes C–H 

activation of alkanes to generate a similar hydride complex 26, which is stable up to 63 

°C (Scheme 4.40).27  The improved stability of 26 is attributed to the tridentate, facial 

ligand trispyrazolylborate (Tp*).   

Scheme 4.39 Low Temperature Observation of a Platinum(IV)-Hydride.26 
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Scheme 4.40 Use of a Facial Tridentate Tp* Ligand to Stabilize a PtIV-Hydride.27 
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Similarly, Canty has employed the tripodal ligand tris(2-pyridyl)methane to 

isolate the cationic intermediate proposed in oxidative addition of CH3I to (N–

N)PdII(CH3)2 complexes (Scheme 4.41).28  Whereas (bpy)PdIV(CH3)3I eliminated ethane 

at temperatures above -20 °C, [(tpm)PdIV(CH3)3]I was completely stable at room 

temperature.29 

Scheme 4.41 Isolation of a Stable Cationic Pd(IV) Complex.28 
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This same rationale was applied to stabilization of potential intermediate I-1.  

Palladium methyl acetate complex 28 was synthesized by metathesis of acetate for iodide 

between (tpa)Pd(CH3)I (tpa = tris(2-pyridyl)amine) and AgOAc (Scheme 4.42).  Iodide 

complex (27) was synthesized by ligand substitution of tpa onto starting complex 

[(SMe2)PdII(CH3)(µ-I)]2 (Scheme 4.43). 

Scheme 4.42 Synthesis of (tpa)PdII(CH3)OAc (28).  
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Scheme 4.43 Synthesis of (tpa)PdII(CH3)I (27). 
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1H NMR spectroscopic analysis of complex 28 showed a single methyl resonance 

and broadened aromatic peaks that coalesced into 4 peaks at 50 °C suggestive of dynamic 

exchange between all of the pyridine rings.  Complex 27 exhibited a set of four sharp 

aromatic resonances and broadened baseline aromatic resonances at 25 ºC.  This suggests 

that one of the three pyridines of the tpa ligand remains bound while the other two 

pyridyl ligands rapidly exchange (Scheme 4.44).  The pyridine trans to the strongest trans 

effect ligand will be the most labile and most likely to be in dynamic exchange.  For 

complex 27, the methyl ligand is a stronger trans effect ligand than acetate, suggesting 

the pyridine trans to the methyl ligand should be more more labile than the pyridine trans 

to acetate or iodide.  The free and bound pyridine groups could be resolved at -25 ºC for 

complex 27.   

Scheme 4.44 Dynamic Exchange of Pyridyl Groups in (tpa)PdII(CH3)X Complexes. 
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One-electron oxidation of 28 at 25 ºC provided a similar distribution of products 

to tBu-bpy complex 13 albeit in lower yields (Scheme 4.45).  Notably, no CH3OAc is 

formed in the one-electron oxidation of 28, but HOAc (13%) is formed along with ethane 

(14%) and [(tpa)PdII(CH3)(acetone)]+ (29, 41%). No monoacetate product, [(tpa)PdII(κ-

O,O-OAc)]+ (30) could be identified.   
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Scheme 4.45 One-Electron Oxidation of (tpa)PdII(CH3)OAc (28). 
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The formation of ethane along with decomposition of 28 upon oxidation with 

AcFcBF4 at 25 ºC demonstrates that methyl transfer intermediates are still not stable at 

ambient temperatures even with the stabilizing tpa ligand.  Reaction of 28 at -80 ºC in an 

NMR spectrometer showed only starting complex 28 (Scheme 4.46).  As the temperature 

was increased to -60 ºC, a minor set of acetate and methyl 1H NMR resonances began to 

grow in. At -40 ºC, the minor set became the dominant set although no formation of 30 

was observed. The methyl and acetate resonances were observed in a 2:1 ratio 

respectively and were assigned as intermediate I-2.  Further elevation of the temperature 

showed I-2 to be only stable up –40 °C before ethane and 29 began to form.  Importantly, 

no clear identification could be made for a monoacetate palladium product.  

Scheme 4.46 Low Temperature Oxidation of (tpa)PdII(CH3)OAc (28) with AcFcBF4. 

 
 

The 2:1 ratio of resonances, tentatively assigned as methyl and acetate 

resonances, respectively, suggest Mechanism B is operative.  If the reaction follows 

Mechanism B, 30 is the expected product of one-electron oxidation being formed in 50% 
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yield along with 50% [(tpa)PdII(CH3)2OAc]+ (31) (Scheme 4.47).  Decomposition of 31 

would then yield ethane and a full equivalent of 30.  Oxidation of 28 with AcFcBF4 

Proceeding through Mechanism B. 
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While the use of tpa in place of tBu-bpy did not stabilize the reaction 

intermediates enough to allow isolation, tpa could potentially facilitate independent 

synthesis of proposed intermediate complexes.  For example, in the synthesis of 

[(tpa)PdII(CH3)2OAc]+ by reaction of 28 with CH3OTf, the pendent arm of tpa could 

lower the energy of an oxidative addition pathway relative to a path where acetate 

directly attacks CH3OTf (Scheme 4.48).  Also, oxidation of (tpa)Pd(CH3)2 (32) with 

PhI(OAc)2 could allow synthesis of [(tpa)PdII(CH3)2OAc]OAc if the pendant pyridine 

arm of tpa outcompetes a second equivalent of acetate binding palladium (Scheme 4.49). 

Scheme 4.47 Two Pathways for Oxidation of (tpa)PdII(CH3)OAc by CH3OTf. 
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Scheme 4.48 Proposed Synthesis of [(tpa)PdIV(CH3)2OAc]OAc. 
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As with reactions of CH3OTf with (tBu-bpy)PdII(CH3)OAc (13), if intermediate I-

2 is formed in an independent synthesis of [(tpa)PdIV(CH3)2OAc]+, it should decompose 

to give products analogous to one-electron oxidation of (tpa)PdII(CH3)OAc (28).  

Reaction of 28 with CH3OTf in acetone-d6 at 25 ºC immediately proceeded to give 

monomethyl cationic complex 29 and CH3OAc as products (Scheme 4.50).  This 

exclusive selectivity for C–O bond formation parallels the reaction of 13 with CH3OTf, 

suggesting direct attack of the acetate ligand on CH3OTf. 

Scheme 4.49 Reaction of (tpa)PdII(CH3)OAc (28) with CH3OTf. 
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Oxidation of dimethyl complex 32 with PhI(OAc)2 in acetone-d6 at 25 °C gives a 

mixture of CH3OAc, ethane, and 29 within ten minutes (Scheme 4.51).  The formation of 

CH3OAc is in contrast to one-electron oxidation of 28.  Even if intermediate I-2 is 

produced in this reaction, the decomposition may be complicated by the second 

equivalent of acetate that would not be present in the one-electron oxidation of 28. 

Scheme 4.50 Reaction of (tpa)PdII(CH3)OAc (32) with PhI(OAc)2. 
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4.3 Conclusions 
 

One of the major challenges of methane oligomerization is carbon-carbon bond 

formation from monomethyl intermediates.  Development of a one-electron oxidation of 

monomethyl complexes provided an answer to that challenge.  Oxidation of complexes of 

the general formula (tBu-bpy)PdII(CH3)X with acetylferrocenium tetrafluoroborate 

(AcFcBF4) at 25 °C provided ethane within the time of mixing of the complex and the 
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oxidant.  The lack of methane, even in the presence of a radical trap, provided evidence 

against a mechanism where ethane was produced via a dimerization of methyl radicals.   

Further mechanistic studies suggested that one-electron oxidation of (tBu-

bpy)PdII(CH3)OAc (13) proceedes via an oxidatively-induced methyl transfer reaction to 

generate a high-valent palladium intermediate.  Two mechanistic pathways were 

proposed: 1) equilibrium disproportionation at PdII to give (tBu-bpy)PdII(CH3)2 which 

then subsequently undergoes an oxidatively-induced methyl transfer to generate (tBu-

bpy)PdIV(CH3)3OAc, and 2) oxidatively-induced methyl transfer from (tBu-

bpy)PdII(CH3)OAc to generate [(tBu-bpy)PdIV(CH3)2OAc(solvent)]+.  Low temperature 

oxidation of 13 allowed observation of a Pd–CH3 intermediate which slowly decomposed 

even at -60 °C, but the data collected precluded definitive identification of the 

intermediate or reaction pathway. 

To stabilize the observed intermediate, an (L2)PdII(CH3)OAc complex where L2 =  

the facial, tridentate ligand tris(2-pyridyl)amine (tpa) was prepared and oxidized.  The 

intermediate produced in the one-electron oxidation of (tpa)PdII(CH3)OAc was observed 

to be stable up -40 °C where onset of ethane elimination occurred.  While tpa did not 

stabilize the intermediate enough to allow isolation, the observed 2:1 ratio for 

integrations of the methyl:acetate resonances were suggestive of the presence of 

[(tpa)PdIV(CH3)2OAc]+. 

Future attempts to stabilize the observed intermediate will proceed along at least 

three avenues of study: 1) changing the stabilizing tridentate ligand from tpa to 

tris(pyrazolyl)methane, 2) changing the X-type ligand in (L2)PdII(CH3)X (L2 = facial 

tridentate ligand), or 3) appending stabilizing groups to the carboxylate ligand in (tBu-

bpy)PdII(CH3)(O2CR).  Changing the X in (tpa)PdII(CH3)X to X = CF3
13 or 

trifluoroacetate (TFA)30 could potentially stabilize the intermediate enough to allow 

isolation or further characterization.  In the system (tBu-bpy)PdII(CH3)(O2CR), R = 2-

pyridyl, oxidation of (tBu-bpy)PdII(CH3)(pic) (pic = picolinate) could generate [(tBu-

bpy)PdIV(CH3)2(pic)]+ (Scheme 4.52).  Similar neutral palladium(IV) complexes are 

stable at temperatures up to 25 °C when bearing a bis-bidentate ligand system.30,31  
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Scheme 4.51 Picolinate as a Supporting Ligand in One-Electron Oxidation. 

      

PdII
O
CH3N

N

t-Bu

t-Bu ON

2 – 2e–
PdIV CH3N

N

t-Bu

t-Bu

CH3 +

O

ON

PdII
N
N

t-Bu

t-Bu
N

O O
+

+

 
To make one-electron oxidation of (L2)PdII(CH3)X useful for the oligomerization 

of methane it is important to understand the origin of the HX/[(L2)PdII(CH3)(solvent)]+ in 

order to mitigate it.  Preliminarily, the low temperature oxidation of (tpa)PdII(CH3)OAc 

suggests that HOAc and [(tpa)PdII(CH3)(solvent)]+ are formed only after decomposition 

of the observed intermediate (Scheme 4.53).  Alternatively, HX and 

[(L2)PdII(CH3)(solvent)]+ could be generated from decomposition of the proposed 

palladium(III) intermediates (Scheme 4.54).  Preparation of stable intermediates could 

provide a foothold to more closely explore the details of these transformations.   

Scheme 4.52 HX and [(L2)PdII(CH3)(solvent)]+ Formation from a Pd Intermediate. 
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– e–

[(L2)PdIII(CH3)X]+
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Scheme 4.53 HX and [(L2)PdII(CH3)(solvent)]+ Formation from PdIII. 
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Development of one-electron oxidations of monoalkyl complexes has the 

potential to be an important part of catalyzing the oligomerization of methane (Scheme 

4.55).  In a single reaction, methyl transfer and elimination of ethane occur.  To complete 

the catalytic cycle, palladium must activate methane. 
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Scheme 4.54 Proposed Catalytic Cycle for Oligomerization of Methane. 

         

[Ox]+

[Ox]

1/2

Oxidative 
  Disproportionation

Reductive
Elimination

2

3

CH4 + base

C-H Activation1

Hbase+

PdII
solv
XN

N

+

PdII
CH3

XN
N

PdIV
CH3

XN
N

CH3

solv

+

H3C CH31/2

 

4.4 Experimental Procedures 
 

4.4.1 Instrumentation 
 

NMR spectra were obtained on a Varian Inova 500 (499.90 MHz for 1H; 125.70 

MHz for 13C) or a Varian Inova 400 (399.96 MHz for 1H; 100.57 MHz for 13C, 376.34 

MHz for 19F) spectrometer. 1H and 19F NMR chemical shifts are reported in parts per 

million (ppm) relative to TMS with the residual solvent peak used as an internal 

reference. 19F NMR spectra are referenced on a unified scale, where the single primary 

reference is the frequency of the residual solvent peak in the 1H NMR spectrum.  

Multiplicities are reported as follows: singlet (s), doublet (d), doublet of doublets (dd), 

and doublet of doublet of doublets (ddd).  

 

4.4.2 Materials and Methods 
 

All manipulations were performed using standard Schlenk or glovebox 

procedures unless otherwise noted. Acetone and acetone-d6 (Cambridge Isotopes) were 

refluxed over calcium sulfate overnight and then distilled, freeze-pump-thaw degassed, 

and shaken over 4 Å molecular sieves immediately before use. Methylene chloride-d2 
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(Cambridge Isotopes) and 1,1,2-trichloroethane were refluxed over CaH2 overnight and 

then distilled, freeze-pump-thaw degassed and stored over 4 Å molecular sieves.  Sodium 

iodide was dried at 150 °C under vacuum for 16 h.  All other solvents were purchased 

from Fisher or EMD and dispensed from an Innovative Technologies solvent purification 

system equipped with columns packed with activated alumina, copper catalyst, and 

molecular sieves. 4,4´-Di-tert-butyl-2,2´-bipyridine (tBu-bpy) was purchased from 

Aldrich, Na2PdCl4 and PdCl2 were purchased from Pressure Chemical, methyl triflate, 

ferrocene, PhI(OAc)2 and 2-heptafluoropropyl iodide were purchased from Acros, methyl 

triflate-d3 was purchased from Cambridge Isotopes, and all other materials were used as 

purchased from Aldrich or Acros.  

See Chapter 2 for specific NMR instrumentation settings and particular NMR 

tubes used in ethane-evolving reactions. 

 

4.4.3 Syntheses 
 

Acetylferrocene,32 FcBF4,19 AcFcBF4,19 tri(2-pyridyl)amine,33 (tBu-

bpy)PdII(OAc)2,34 (tBu-bpy)PdII(TFA)2,34  [(CH3)(SMe2)PdII(µ-I)]2,35 and 

[(pyridazine)PdII(CH3)2]n
35 were prepared according to literature procedures.  The Pd 

complexes (tBu-bpy)PdII(CH3)2 (2), [(tBu-bpy)PdII(CH3)(acetone)]OTf (4), (tBu-

bpy)PdII(CH3)I (12), (tBu-bpy)PdII(I)2 (16), (tBu-bpy)PdII(CH3)OAc (13), and (tBu-

bpy)PdII(CH3)Cl (14) were prepared as described in Chapter 2.    

 

PdII
CH3

CF3N
N

t-Bu

t-Bu  
(tBu-bpy)PdII(CH3)(CF3) (7): (tBu-bpy)PdII(CH3)(I) (188 mg, 0.37 mmol, 1 equiv)  and 

freshly ground and dried cesium fluoride (226 mg, 1.49, 4.1 equiv) were suspended in 

THF (8 mL) in a 25 mL Schlenk flask containing a magnetic stir bar.  (CH3)3Si(CF3) (55 

µL, 0.37 mmol, 1 equiv) was added via syringe and reaction was stirred vigorously for 4 

h.  Solvent was removed under vacuum, and the residue was suspended in CH2Cl2 (5 mL) 

and passed through a plug of Celite.  Pentanes (15 mL) was added to the filtrate and the 

solution was stored at -32 °C overnight.  The resulting solid was collected on a frit, 
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washed with cold pentanes, and dried under vacuum to afford 7 as a brown, 

microcrystalline solid  (94 mg, 56% yield). 1H NMR (500 MHz, acetone-d6): δ 8.94 (dd, 
3J = 6.0 Hz, JH-F = 1.5 Hz, 1H), 8.60 (d, 3J = 5.5 Hz, 1H), 8.56 (d, 4J = 1.5 Hz, 1H), 8.54 

(d, 4J = 2.0 Hz, 1H), 7.76 (dd, 3J = 5.5 Hz, 4J = 1.5 Hz, 1H), 7.75 (dd, 3J = 6.0 Hz, 4J = 

2.0 Hz, 1H), 1.45 (2 peaks, 18H), 0.62 (s, 3H). 19F NMR (376 MHz, acetone-d6): δ -21.3.  

 

N
N

t-Bu

t-Bu

PdII
I
CF3

 
(tBu-bpy)PdII(CF3)I (9): In air and with no attempt to avoid moisture, (tBu-

bpy)PdII(CH3)(CF3) (39 mg, 0.09 mmol, 1 equiv) was suspended in hexanes (10 mL), and 

I2 (23 mg, 0.09 mmol, 1.1 equiv.) was added.  A magnetic stir was added, and the 

reaction stirred for 2.5 h.  The resulting solid was filtered, washed with hexanes, and 

dried under vacuum to afford 9 as a tan solid (30.7 mg, 63% yield). 1H NMR (400 MHz, 

acetone-d6): δ 9.74 (d, 3J = 5.6 Hz, 1H), 8.84 (d, 3J = 6.0 Hz, 1H), 8.61 (d, 4J = 2.0 Hz, 

1H), 8.57 (d, 4J = 1.6 Hz, 1H), 7.90 (dd, 3J = 6.4 Hz, 4J = 2.0 Hz, 1H), 7.72 (dd, 3J = 6.0 

Hz, 4J = 2.0 Hz, 1H), 1.48 (s, 9H), 1.44 (s, 9H). 19F NMR (376 MHz, acetone-d6): δ -

12.7.  

 

N
N

t-Bu

t-Bu

PdII
Me

iPr-F7

 
(tBu-bpy)PdII(CH3)(iPr-F7) (10): (tBu-bpy)PdII(CH3)2 (200 mg, 0.50 mmol, 1 equiv) 

was suspended in pentanes (20 mL) in a 100 mL Schlenk flask.  2-heptafluoropropyl 

iodide (71 µL, 0.50 mmol, 1 equiv) was added, and the reaction stirred at 25 °C for 16 h.  

Solvent was removed under vacuum, and the residue was dissolved in acetone (5 mL).  

Pentanes (15 mL) was added and the resulting solid was filtered out.  The filtrate was 

condensed.  Benzene (5 mL) was added, frozen, and placed under vacuum leaving 10 as 

an orange powder (76 mg, 27% yield). 1H NMR (500 MHz, acetone-d6): δ 8.93 (dd, 3J = 

7.5 Hz, JH-F = 6.5, 1H), 8.62 (d, 3J = 6.0 Hz, 1H), 8.55 (d, 4J = 2.0 Hz, 1H), 8.52 (d, 4J = 

2.0 Hz, 1H), 7.79 (dd, 3J = 6.0 Hz, 4J = 2.0 Hz, 1H), 7.74 (ddd, 3J = 5.5 Hz, 4J = 1.0 Hz, 
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JH-F = 1.0 Hz). 19F NMR (376 MHz, acetone-d6): δ -67.5 (d, 3JF-F = 7.9 Hz, 6H), -196.8 

(septet, 3JF-F = 7.9 Hz).  

 

O
CH3PdII

N

N
t-Bu

t-Bu
F3C O  

(tBu-bpy)PdII(CH3)(TFA) (15): (tBu-bpy)PdII(TFA)2 (40 mg, 0.07 mmol, 1 equiv) and 

(tBu-bpy)PdII(CH3)2 (29 mg, 0.07, 1.1 equiv) were suspended in acetone (5 mL) in a 20 

mL vial containing a magnetic stir bar.  The reaction was stirred at 30 °C for 16 h.  

Pentanes (15 mL) was added, and the solution was stored at -32 °C for 2 h.  The resulting 

solid was filtered, washed with pentanes, and dried under vacuum to afford 15 as a white 

powder (48 mg, 73% yield). 1H NMR (400 MHz, acetone-d6): δ 8.58 (d, 4J = 1.6 Hz, 1H), 

8.57 (d, 4J = 1.6 Hz, 1H), 8.54 (d, 3J = 6.0 Hz, 1H), 8.26 (d, 3J = 5.6 Hz, 1H), 7.80 (dd, 3J 

= 5.6 Hz, 4J = 1.6 Hz, 1H), 7.74 (dd, 3J = 6.0 Hz, 4J = 2.4 Hz, 1H), 1.45 (s, 9H), 1.44 (s, 

9H), 0.77 (s, 3H). 13C NMR (100 MHz, acetone-d6): δ 165.0, 164.9, 161.6 (q, 2JC–F = 34.4 

Hz), 158.0, 153.8, 150.5, 148.1, 124.9, 124.8, 121.9, 120.6, 117.1 (q, 1JC–F = 290 Hz), 

36.4. 36.4, 30.5, 30.4, 0.3. 19F NMR (376 MHz, acetone-d6): δ -74.8. Anal. Calcd for 

C21H27F3N2O2Pd: C, 50.16; H, 5.41; N, 5.57.  Found: C, 50.18; H, 5.47; N, 5.52. 
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[(tBu-bpy)PdII(OAc)]+ (19): (tBu-bpy)PdII(OAc)2 (102 mg, 0.21 mmol, 1 equiv) was 

suspended in CH2Cl2 (5 mL), and a magnetic stir bar was added. Methyl triflate (24 µL, 

0.21 mmol, 1 equiv) was added and the solution was stirred for 1 h at 30 °C.  Pentanes 

(15 mL) was added to precipitate a yellow solid.  The solid was filtered, washed with 

pentanes, and dried under vacuum to afford 19 as yellow powder (105.1 mg, 87% yield). 

This yield includes 7% of an additional asymmetric impurity observed by 1H NMR.   1H 

NMR (500 MHz, acetone-d6): δ 8.41 (d, 4J = 2.5 Hz, 2H), 8.30 (d, 3J = 6.5 Hz, 2H), 7.79 

(dd, 3J = 6.0 Hz, 4J = 2.0 Hz, 2H), 2.42 (s, 3H), 1.32 (s, 18H).  1H NMR (400 MHz, 
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methylene chloride-d2): δ 8.12 (d, 3J = 7.5 Hz, 2H), 7.88 (d, 4J coupling was not resolved 

in this spectrum, 2H), 7.76 (dd, 3J = 8.0 Hz, 4J coupling was not resolved in this 

spectrum, 2H), 2.46 (s, 3H), 1.31 (s, 18H). 

 

PdII
I
CH3

N
N

N

N

 
(tpa)PdII(CH3)I (27): Without any precautions to avoid moisture, an acetone (5 mL) 

solution of [(CH3)(SMe2)PdII(µ-I)]2 (326 mg, 0.49 mmol, 1 equiv) containing a magnetic 

stir bar was sparged with N2 for 1 minute.  Tri(2-pyridyl)amine (240 mg, 0.97 mmol, 2 

equiv) was added to the solution and the reaction was stirred for 1 h.  The resulting 

solution was filtered through a plug of Celite.  Et2O (20 mL) was added to the filtrate, 

and the solution was stored at -32 °C for 2 h.  The resulting solid was collected on a frit, 

washed with Et2O, and dried under vacuum to afford 27 as a yellow powder (245 mg, 

51% yield). 1H NMR (400 MHz, acetone-d6, 50 °C): δ 0.73 (s, 3H). Four broad 

overlapping peaks, δ 9.00, 8.59, 8.01, 7.39.  1H NMR (400 MHz, acetone-d6, 25 °C): δ 

0.72 (s, 3H), broad peaks, δ 9.14 (1H), 8.65 (1H), [8.23, 8.12, 8.04, 7.93, 7.68, 7.50 

(multiple peaks, 8H)], 6.99 (1H), 6.70 (1H). 

PdII
O
CH3

N
N

N

N
O

 
(tpa)PdII(CH3)OAc (28): (tpa)PdII(CH3)(I) (97 mg, 0.20 mmol, 1 equiv) was suspended 

in dry CH2Cl2 (5 mL). AgOAc (33 mg, 0.20 mmol, 1 equiv) and a magnetic stir bar were 

added, and the reaction was stirred for 3 h at 25 °C. The resulting suspension was passed 

through a plug of Celite. Et2O (10 mL) was added to the filtrate and the solution was 

stored at -32 °C overight.  The precipitate was collected on a frit, washed with cold Et2O, 

dried under vacuum to afford 28 as a tan, microcrystalline solid (71 mg, 104% yield). 1H 

NMR (400 MHz, acetone-d6, -25 °C): δ 8.75 (d, 3J = 6.0 Hz, 1H), 8.63 (dd, 3J = 5.6 Hz, 
4J = 1.6 Hz, 1H), 8.22 (ddd, 3J = 7.6 Hz, 7.6 Hz, 4J = 1.6 Hz, 1H), 8.18 (d, 3J = 4.4 Hz, 
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1H), 8.14 (d, 3J = 7.6 Hz, 1H), 8.02 (d, 3J = 8.0 Hz, 1H), 7.96 (d, 3J = 7.6 Hz, 1H), 7.71 

(dd, 3J = 7.1 Hz, 7.1 Hz, 1H), 7.60 (ddd, 3J = 7.4 Hz, 5.6 Hz, 4J = 1.2 Hz, 1H), 7.55 (dd, 
3J = 5.6 Hz, 1H), 7.02 (dd, 3J = 6.1 Hz, 5.2 Hz, 1H), 6.79 (d, 3J = 8.4 Hz, 1H), 1.78 (s, 

3H), 0.59 (s, 3H).   

 

PdII
solvent
CH3

N
N

N

N

+

 
[(tpa)PdII(CH3)(acetone)]OTf (29): A solution of (tpa)PdII(CH3)(OAc) (0.5 mL of a 5 

mM solution in acetone-d6) and methyl triflate (0.1 mL of a 27 mM solution in acetone-

d6) were added to a screw cap NMR tube which was sealed with Teflon®-lined cap.  1H 

NMR (400 MHz, acetone-d6, –60 °C): δ 9.73 (dd, 3J = 5.6 Hz, 4J = 1.6 Hz, 1H), 8.80–

8.75 (2 peaks, 2H), 8.70 (dd, 3J = 6.0 Hz, 4J = 1.6 Hz, 1H), 8.27 (ddd, 3J = 7.2 Hz, 6.0 

Hz, 4J = 1.6 Hz, 1H), 8.12 (ddd, 3J = 8.8 Hz, 7.2 Hz, 4J = 1.6 Hz, 1H), 7.72 (dd, 3J = 5.6 

Hz, 4J = 1.2 Hz, 1H), 7.59 (ddd, 3J = 8.8 Hz, 7.2 Hz, 4J = 1.6 Hz, 1H), 7.55 (ddd, 3J = 7.2 

Hz, 7.2 Hz, 4J = 1.2 Hz, 1H), 7.48 (d, 3J = 8.4 Hz, 1H), 6.95 (dd, 3J = 6.8 Hz, 6.8 Hz, 

1H), 6.90 (d, 3J = 8.8 Hz, 1H), 0.80 (s, 3H).  

 

PdII
CH3
CH3

N
N

N

N

 
(tpa)PdII(CH3)2 (32): [(pyridazine)Pd(CH3)2]n (21mg, 0.10 mmol, 1 equiv), tri(2-

pyridyl)amine (27 mg, 0.11 mmol, 1.1 equiv) and a magnetic stir bar were added to a 20 

mL vial.  Acetone (1 mL) was added, and the reaction was stirred for 1 hr.  The acetone 

solution was filtered through a plug of Celite and washed with acetone (2 mL).  Pentanes 

(15 mL) was added to the filtrate to precipitate a white solid.  The precipitate was 

collected on a frit, washed with pentanes, and dried under vacuum to afford 32 as a 

flocculent, white solid (21 mg, 46% yield). 1H NMR (400 MHz, acetone-d6, –20 °C): δ 

8.63 (dd, 3J = 5.2 Hz, 4J = 1.6 Hz, 2H), 8.15-8.10 (two peaks, 3H), 7.92 (d, 3J = 8.4 Hz, 
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2H), 7.63 (ddd, 3J = 8.4 Hz, 7.2 Hz, 4J = 2.0 Hz, 1H), 7.56 (ddd, 3J = 7.2 Hz, 5.6 4J = 1.2 

Hz, 2H), 6.92 (dd, 3J = 6.8 Hz, 5.2 Hz, 1H), 6.60 (d, 3J = 8.8 Hz, 1H), 0.03 (s, 6H).  1H 

NMR (400 MHz, acetone-d6, 25 °C): δ 0.05 (s, 6H) Four broad peaks, δ 8.63, 8.08, 7.87, 

7.51. 

 

4.4.4 Reaction Details 
 

N
N X

CH3PdII FcBF4 or AcFcBF4 N
N X

solv
PdII

+
H3C CH3+

acetone-d6, 25 °C  
One-Electron Oxidation of 7, 12–15, 28 with FcBF4 or AcFcBF4. Solutions of 

complex (0.5 mL of a 5 mM solution in acetone-d6) and 1,1,2-trichloroethane (internal 

standard, 15 µL of a 215 mM solution in acetone-d6) were added to a J. Young NMR 

tube, and an initial 1H NMR spectrum was taken.  A solution of oxidant (0.1 mL of a 25 

mM solution in acetone-d6) was added, and the J. Young tube was immediately sealed 

with a Teflon® stopcock.  After NMR spectroscopic analysis was performed, the NMR 

tube was returned to the glovebox, and ~ 4 equiv. NaI or KI was added to the reaction to 

quench remaining oxidant and trap cationic products.  The resulting solutions were 

analyzed by NMR spectroscopy. 

 

N
N

t-Bu

t-Bu

PdII
CH3

X
acetone, 10 min, 25 °C

AcFcBF4

 
One-Electron Oxidation of 7, 12–15, 28 with AcFcBF4 in the Presence of 1,4-

Cyclohexadiene.  Procedure for one-electron oxidation with FcBF4 or AcFcBF4 was 

followed, only 2.5 µL of 1,4-cyclohexadiene was added prior to one-electron oxidation of 

the monomethyl starting material.   

 

O
CH3PdII

N

N
t-Bu

t-Bu
O

CH3OTf or CD3OTf

acetone-d6, 10 min, 25 °C solvent
CH3PdII

N

N
t-Bu

t-Bu

+
+

O

O
CH3/CD3
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Reaction of 13 with Methyl Triflate and Methyl Triflate-d3.  The general procedure 

for synthesis of [(tpa)PdII(CH3)(acetone)]+ (28) was followed using methylene chloride-d2 

as solvent. 

 

N
N X

CH3PdII AcFcBF4

acetone-d6, -80 °C  
Low Temperature Reactions of 13 and 28 with AcFcBF4. Solutions of complex (0.5 

mL of a 5 mM solution in acetone-d6) and 1,1,2-trichloroethane (internal standard, 15 µL 

of a 215 mM solution in acetone-d6) were added to a J. Young NMR tube, and an initial 
1H NMR spectrum was taken.  The solutions were frozen, and a solution of oxidant or 

methyl triflate (0.1 mL of a 25 mM solution in acetone-d6) was layered on the frozen 

complex solution and frozen.  The solutions were thawed at -78 °C (acetone/CO2(s) bath) 

and added to a spectrometer that had been preequilibrated at -80 °C.  The temperature of 

the spectrometer was raised in 20 °C intervals until a reaction was observed. 

 

PdII
CH3

CH3
N
N

N

N

acetone-d6, 10 min, 25 °C

I
OAc

OAc

 
Reaction of (tpa)PdII(CH3)2 (32) with PhI(OAc)2.  The procedure for oxidation by one-

electron oxidants was followed only a solution of PhI(OAc)2 was substituted for the 

solution of the one-electron oxidant.  The reaction was complete within 10 minutes. 
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CHAPTER 5 

 

Stoichiometric Studies of Disproportionation, One-Electron Oxidation 
and Reductive Elimination at Platinum. 

 

5.1 Background and Significance 
 

In the late 1960s, Shilov demonstrated the first oxidation of methane to methanol 

by a homogenous, transition metal catalyst (Scheme 5.1).1–3 Chloride salts of platinum 

were proposed to afford methanol by C–H activation of methane to generate a Pt–CH3 

intermediate with subsequent oxygenation of the CH3 ligand (Scheme 5.2).1,2 Since that 

time, substantial efforts have been made toward understanding the fundamental steps of 

methane oxidation in the “Shilov system” with particular attention being paid to the 

activation of methane by platinum complexes. 

Scheme 5.1 Oxygenation of Methane Catalyzed by Platinum Salts.1 

                     

catalytic [PtIICl4]2−
[PtIVCl6]2−

H2O, 120 °C, 0.25 -  5 h
H3C H H3C OH H3C Cl+

 

Scheme 5.2 Proposed Mechanism for Shilov System for Oxygenation of Methane.1 
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The Bercaw and Tilset groups in particular have undertaken mechanistic studies 

of methane activation using platinum complexes bearing 1,4-diaza-1,3-butadiene (DAB) 

ligands.4 Their studies have shown platinum(II)-DAB complexes to be competent at 

stoichiometric C–H activation of methane (Scheme 5.3).  Because these DAB ligands are 

shown throughout this chapter, a general abbreviation, XDAB, is introduced here 
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(Scheme 5.4).  In this abbreviation, X = the substituent on the nitrogen.  For example, 

ligand 1 is abbreviated as 4-MePhDAB. 

Scheme 5.3 C–H Activation of Methane by Pt(II)-Diimine Complexes.4 

           
N
N
Ar

PtII
13CH3

OCD2CF3

Ar

D 12CH4
TFE-d3 N

N
Ar

PtII
OCD2CF3

12CH3

Ar D

+ 13CH4

+ +

 

Scheme 5.4 Abbreviation System for 1,4-diaza-1,3-butadiene (DAB) Ligands. 

                     

XDAB =
N

N

X

X
4-MePhDAB =

N
N

Me

Me

1  
 

Activation of methane is the key first step not only in methane oxygenation but in 

any functionalization methane.  Our focus is the oligomerization of methane to give 

heavier, liquid alkanes (Scheme 5.5).  Similar to oxygenation of methane, C–H activation 

of methane is required for homogeneous oxidative oligomerization of methane.  Because 

platinum has such rich precedent for alkane activation, we desired to study its application 

in the toward homogenous oligomerization of methane.  

Scheme 5.5 C–H Activation as a First Step in Oligomerization of Methane. 

     
H3C H

catalytic [M] X

− HX
[M] CH3 H3C CH3 higher alkanes and alkenes

 
 

Initial studies toward design of a platinum catalyst for oxidative oligomerization 

of methane were inspired by the related palladium-catalyzed oxidative homocoupling of 

arenes (Scheme 5.6).5–9 In this system, the palladium catalyst is proposed to 1) C–H 

activate the arene, 2) perform an Ar-for-X metathesis called disproportionation, 3) 

reductively eliminate the biaryl product, and 4) be reoxidized from Pd(0) to Pd(II). 
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Scheme 5.6 Proposed Catalytic Cycle for Pd(II)-Catalyzed Homocoupling of Arenes. 
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Palladium has substantial precedent for the C–H activation of sp2 C–H bonds 

required to perform this reaction,10 but there are only a limited number of examples of 

methane activation by palladium.11–15 Gas phase and computational studies of methane 

activation by Group 10 [(bpy)M(CH3)]+ (2,2′-bipyridine) complexes showed only the 

platinum complex to be competent for methane activation (Scheme 5.7).16 

Scheme 5.7 Methane Activation by [(bpy)Pt(CH3)]+.16 

           

MII CH3N
N

CD4

M = Ni, Pd, Pt

+

MII CHnD4-nN
N

+

+ CHnD4-n

only observed for PtII  
 

Compelled by this C–H activation precedent for platinum, we undertook studies 

toward the fundamental steps of oxidative oligomerization of methane by platinum that 

were guided by our previous successes toward palladium-catalyzed oxidative 

oligomerization of methane.  One of the most substantial challenges met in our studies of 

palladium toward oxidative oligomerization of methane was generation of a dimethyl 

intermediate from which C–C formation could occur.  Two distinct pathways to 

overcome this challenge identified in the course of these studies were: disproportionation 

at palladium(II) (Path A, Scheme 5.8)17 and one-electron oxidatively-induced methyl 

transfer (Path B, Scheme 5.8).18 
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Scheme 5.8 Two Pathways for Formation of a “Dimethyl”-Platinum Intermediate. 
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 Reported studies of platinum toward path A, methyl disproportionation, were 

limited to the microscopic reverse comproportionation reaction (Scheme 5.9).19–22 

Puddephatt had shown in multiple cases, reaction of (L)2Pt(CH3)2 with (L)2(Pt)(X)2 

produced two equivalents of (L)2Pt(CH3)X.  Initial reports showed that in the reaction of 

monodentate phosphine complexes (P(CH3)2Ph)2Pt(CH3)2 and (P(CH3)2Ph)2Pt(X)2, X-

type ligands had a substantial impact on the rate of the reaction (Scheme 5.10).20 When X 

= iodide, the reaction was complete in 24 h, while when X = chloride, transfer of a 

methyl group occurred over two days, and subsequent cis-trans isomerization occurred 

over 3 weeks.  Based on the isomers observed in the reaction, the authors proposed 

methyl transfer occurred through a transition state with two five-coordinate platinum 

centers (Scheme 5.11).  Additionally, the authors suggested that the bridging halide in the 

transition state was responsible for the dramatic difference in rates observed.  They 

posited that iodide was a superior bridging ligand in comparison to chloride, thereby 

facilitating the interaction of two platinum centers that is required for methyl transfer to 

occur. 

Scheme 5.9 Comproportionation of (L)2Pt(CH3)2 with (L)2(Pt)(X)2. 
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Scheme 5.10 Effect of Halide on Comproportionation Reaction.19 
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Scheme 5.11 Proposed Transition State for Methyl Transfer between Platinum 
Complexes.19 
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In a related system, Puddephatt and coworkers studied the kinetics of 

comproportionation (Scheme 5.12).23  Comproportionation of (SMe2)Pt(CH3)2 and 

(SMe2)Pt(X)2 was shown to occur via equilibrium loss of the labile L-type ligand, SMe2.  

It is not clear whether this mechanism is general to the monodentate phosphine systems 

or whether the identity of the L-type ligand influenced the mechanism of the reaction.  

This leaves open the possibility that either phosphine dissociation or X-type ligand 

dissociation could also lead to methyl transfer (Scheme 5.13). 

Scheme 5.12 Mechanism of Comproportionation of  (SMe2)2Pt(CH3)2 and 
(SMe2)2Pt(X)2.23 
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Scheme 5.13  X-type Versus L-type Ligand Dissociation in Methyl Transfer Reactions. 

        

L-Type Ligand Dissociation

CH3

CH3PtII
R3P

R3P
− PR3 CH3

CH3PtII
R3P

X
PR3PtII

R3P

X

CH3

PR3PtII
R3P

X
2

X-Type Ligand Dissociation

X
X

PtII
R3P

R3P
− X CH3

PR3PtII
R3P

X
2X

PtII
R3P

R3P CH3

CH3PtII
R3P

R3P

 
  

 Path B, oxidatively-induced methyl transfer, had been previously reported for 

platinum (Scheme 5.14).24 Tilset showed that (4-MePhDAB)PtII(CH3)2 underwent an 

oxidatively-induced methyl transfer upon reaction with one-electron oxidant, ferrocenium 

tetrafluoroborate (FcBF4).  The reaction in acetonitrile yielded stable platinum products, 

[(4-MePhDAB)PtIV(CH3)3(MeCN)]BF4 (2) and [(4-MePhDAB)PtII(CH3)(MeCN)]BF4. 

Scheme 5.14 One-Electron Oxidatively-Induced Methyl Transfer from Pt(II).24 
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An additional challenge in the platinum system is C–C bond formation to produce 

ethane.  Specifically, the diimine PtIV complexes, like 2 produced in the one-electron 

oxidation performed by Tilset are resistant to reductive elimination.25–28 More generally, 

six coordinate PtIV-trimethyl complexs bearing chelating sp2 nitrogen donor ligands have 

not been shown to undergo reductive elimination of ethane.  Studies of reductive 

elimination from related phosphine-ligated complexes, (dppe)Pt(CH3)3X (3) (dppe = 1,2-

bis(diphenylphosphio)ethane), indicated reductive elimination proceeds through a five-

coordinate intermediate produced by dissociation of X (Scheme 5.15).29–32 Subsequently, 

carefully designed five-coordinate (N–N)PtIV(CH3)3 complexes were isolated, but even 

these five coordinate complexes undergo reductive eliminate only at high temperatures 
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(Scheme 5.16).33–35 For example, diketiminate complex 4 underwent reductive 

elimination in benzene to form monomethyl complex 5 only after heating to 150 °C.  

Complex 5 went on to react with solvent and was not isolated.  Importantly, all of the 

stable five-coordinate PtIV complexes synthesized to date bear chelating sp2 nitrogen-

donor ligands, illustrative of the stability imparted by such ligands.36  So while there is 

precedent for diimine ligands promoting C–H activation of methane and one-electron 

oxidatively-induced methyl transfer, the stability that they impart on Pt(IV)-trimethyl 

complexes restricts elimination of ethane. 

Scheme 5.15 Mechansim of Ethane Elimination from PtIV-Phosphine Complexes. 
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Scheme 5.16 Elimination of Ethane from Five-Coordinate PtIV with sp2 Nitrogen 
Chelates.33 
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This chapter focuses on addressing the challenges put forth for oxidative 

oligomerization of methane by platinum.  Studies of methyl disproportionation of 

platinum(II)-methyl complexes were conducted as were studies of one-electron 

oxidatively-induced methyl transfer.  Lastly, we designed simple diimine ligands to 

promote ethane elimination from platinum(IV). 

5.2 Results and Discussion 
 

5.2.1 Disproportionation of PtII-Monomethyl Complexes 
 

Density functional theory (DFT) calculations previously led to the first example 

of methyl disproportionation at PdII.17 By systematically varying ancillary L-type and X-

type ligands, in a (L)2Pd(CH3)X model, the disproportionation thermodynamics were 

minimized to show L = sp2 nitrogen ligands and X = CH2COCH3 provided a favorable, 
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albeit uphill, value for methyl disproportionation.  These studies lead to the subsequent 

synthesis of (tBu-bpy)Pd(CH3)(CH2COCH3) (6) which underwent disproportionation in 

THF-d8 (Scheme 5.16).   

Scheme 5.17 Disproportionation of (tBu-bpy)Pd(CH3)(CH2COCH3).17 
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By analogy, DFT calculations were employed on the related PtII system to 

minimize ΔG of disproportionation (ΔGdisprop).  The functional (B3LYP) and basis set 

(CEP-31G(d)), shown to be effective for predicting the PdII system, were extended to the 

study of the present PtII system.  Chelating diimine ligands were selected for initial 

examination because they are known to promote C–H activation at group 10 metals4,37–41 

and were shown to be sufficient model ligands with palladium(II)17 and platinum(II).42 

Initial calculations on PtII focused on modifying the X ligand in a (MeDAB)PtII(CH3)X 

model to minimize ΔGdisprop (Table 5.1).  Interestingly, the thermodynamics for 

disproportionation were 3.6–4.5 kcal/mol more favorable than the related PdII 

disproportionation for all X-type ligands calculated. 

Table 5.1 Comparison of ΔGdisprop for PtII and PdII Systems. 

                
N
Me

Me
N

M
X
CH3

N
Me

Me
N

M
CH3

CH3
N
Me

Me
N

M
X
X+

ΔGdisprop
2

 

 ΔGdisprop (kcal/mol) 

X PtII PdII 

I 8.1 11.8 

Br 7.6 12.1 

Cl 7.5 11.7 

OAc 4.5 8.1 
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Since ΔGdisprop was calculated to be lowest for X = OAc, synthesis of the related 

complex (tBu-bpy)PtII(CH3)OAc (8) was carried out to test for disproportionation.  (tBu-

bpy)PtII(CH3)OAc (8) was synthesized by reacting (tBu-bpy)PtII(CH3)I (7) with AgOAc 

(Scheme 5.18).   

Scheme 5.18 Synthesis of (tBu-bpy)PtII(CH3)OAc.  
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Complex, 8 was weighed into a screw cap NMR tube under N2, dissolved in 

acetone-d6 and heated to 50 °C. The reaction was monitored by 1H NMR spectroscopy 

over 16 h.  If disproportionation were to occur, the monomethyl platinum complex would 

generate equilibrium concentrations of (tBu-bpy)PtII(CH3)2 (9) and (tBu-bpy)PtII(OAc)2 

(Scheme 5.19).  No reaction was observed.  Further heating of the complex at 90 °C over 

24 h again showed no evidence for disproportionation. 

Scheme 5.19 Disproportionation of (tBu-bpy)PtII(CH3)X . 
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Complex 8 had the most favorable ΔGdisprop (4.5 kcal/mol) of the complexes 

studied, but this ΔG corresponds to an unfavorable Keq of 5.0 x 10-4.  This suggests that 

either the equilibrium concentration of 9 is too small to observe or the kinetic barrier to 

methyl transfer is too large to observe methyl transfer from (tBu-bpy)PtII(CH3)X.  To 

differentiate these two hypotheses, the related comproportionation reaction was run 

(Scheme 5.20).  As the microscopic reverse of disproportionation, the 

comproportionation reaction should be downhill thermodynamically.  Because 

disproportionation was calculated to be least thermodynamically favored for X = I, we 

reasoned that comproportionation of 9 and (tBu-bpy)PtII(I)2 would be the most likely 

comproportionation reaction to succeed (ΔGcomprop = -ΔGdisprop). Importantly, the related 
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palladium comproportionation reaction gave the expected monomethyl product (Chapter 

2) after heating for 16 h at 50 °C.  However, when 9 was reacted with platinum complex 

(tBu-bpy)PtII(I)2 for 16 h at 50 °C no reaction occurred.  Further heating at 90 °C for 24 h 

produced only 10% yield of (tBu-bpy)PtII(CH3)I (7).  These results suggest that although 

the thermodynamics of disproportionation of PtII-methyl compounds is more favorable 

compared to that of PdII-methyl disproportionation, the kinetic barrier for 

disproportionation at PtII is significantly higher than that at PdII.    

Scheme 5.20 Comproportionation of (tBu-bpy)PtII(CH3)2 and (tBu-bpy)PtII(X)2. 
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DFT calculations of the methyl transfer mechanism were pursued to further 

analyze the origin of the observed high kinetic barrier to methyl transfer between PtII 

centers.  Diimine complex (MeDAB)PtII(CH3)Cl was chosen as a model for its simplicity 

and analogy to thermodynamic calculations.  Two mechanisms were considered: a direct 

exchange of CH3-for-Cl from five-coordinate Pt (TS-IPt, Scheme 5.21) like that proposed 

by Puddephatt (Scheme 5.11) and methyl transfer between two square planar platinum 

complexes where previous dissociation of Cl- from one platinum center had occurred 

(TS-IIPt, Scheme 5.21).  Calculation of TS-IIPt required inclusion of solvation energy 

and diffuse basis functions to accurately model the charged species.  As such, geometry 

optimizations for all complexes were calculated in a vacuum using B3LYP/CEP-31G(d).  

Then single point energy calculations were run with diffuse functions (CEP-31G(d)+) 

added to all chloride atoms.  Solvent corrections were employed using the integral 

equation formalism of the polar continuum model (IEFPCM) to model the system in 

acetone solvent.  All free energies reported for transition state calculations incorporate 

these modifications. 
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Scheme 5.21 Proposed Transition State for Direct Exchange of CH3-for-Cl. 
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Scheme 5.22 Transition State for Methyl Transfer Following Cl- Dissociation. 
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In transition state TS-IPt, two PtII centers in square pyramidyl geometries were 

bridged by a methyl and chloride atoms in a Pt–Cl–Pt–Me diamond core (Scheme 5.23).  

Visual inspection of the single imaginary frequency showed the expected transfer of 

methyl between the two Pt centers, while the bridging chloride atom remained static.  

This calculation suggested that Cl bridges the two PtII centers, orienting them for transfer 

of methyl group.  Moving the methyl group along the reaction coordinate toward 

products followed by geometry optimization produced the expected (MeDAB)PtII(CH3)2 

and (MeDAB)PtII(Cl)2 products.  Similarly, two (MeDAB)PtII(CH3)Cl complexes were 

observed when moving the CH3 group toward its starting complex.  Importantly, although 

motion of the chloride was not observed in the transition state, the chloride atom breaks 

its bond with the newly formed (MeDAB)PtII(CH3)2 unit to give the expected (Me-

DAB)Pt(Cl)2 product.   

Scheme 5.23 Methyl Transfer Transition State TS-IPt. 
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Optimization of TS-IIPt gives two square planar PtII complexes bridged only by a 

methyl group (Scheme 5.24).  The reaction coordinate analysis described for TS-IPt was 

also applied to TS-IIPt and confirmed this to be a methyl transfer transition state. 

Scheme 5.24 Methyl Transfer Transition State TS-IIPt. 

                  
 

Energies of transition states TS-IPt and TS-IIPt can be found in Table 5.2.  The 

energies are defined as ΔGdissoc for dissociation of a chloride from one starting complex 

and ΔG‡ for the energy required to reach the transition state for methyl transfer.  For 

transition state TS-IPt, where no chloride dissociation occurs, ΔG‡ = ΔG‡
tot, and ΔG‡

tot is 

78.1 kcal/mol.  At this ΔG‡
tot, the Eyring equation predicts the rate to be approaching 

zero (3.5 x 10-45 mol/s).  ΔG‡
tot

 for TS-IIPt is a component energy made up of chloride 

dissociation plus the energy required to reach the methyl transfer transition state.  The 

majority of the energy required to reach transition state TS-IIPt is that required for 

dissociation of Cl- (ΔGdissoc = 31.3 kcal/mol). 
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Table 5.2 Transition State Energies from Methyl Transfer at PtII. 

               

PtII
Cl
CH3N

N
PtII

CH3N
N

+ Cl–

PtII
Cl
CH3N

N

PtII
Cl
CH3N

N PtII
Cl
CH3N

N
+ TS-IPt

ΔG‡
tot

TS-IIPt+
ΔG‡ΔGdissoc

 
                

Transition State ΔGdissoc (kcal/mol) ΔG‡ (kcal/mol) ΔG‡
tot (ΔGdissoc + ΔG‡) 

TS-IPt – 78.1 78.1 

TS-IIPt 31.3 5.0 36.3 

 

These calculations suggest direct CH3-for-X transfer (TS-IPt) is not energetically 

accessible for the disproportionation of methyl groups between platinum atoms. Of the 

transition states optimized, TS-IIPt, which requires initial dissociation of chloride, is the 

favored pathway.  If this dissociative pathway is the path by which methyl transfer 

occurs, palladium should have a lower ΔGdissoc than platinum because, palladium, and 

second row transition metal in general, undergo ligand substitution reactions faster than 

their third row congeners.43 If ΔGdissoc is lower for palladium than platinum, then ΔG‡
tot 

should be lower as well, barring a commensurate rise in ΔG‡.  Experiment supports this 

hypothesis, as comproportionation between (tBu-bpy)Pd(CH3)2 and (tBu-bpy)Pd(Cl)2 

occurs at 50 °C in acetone-d6 (Scheme 5.25).17  

Scheme 5.25 Comproportionation of (tBu-bpy)Pd(CH3)2 and (tBu-bpy)Pd(Cl)2. 
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To see if theory also supports this hypothesis, transition state TS-IIPd (Scheme 

5.26) was optimized and dissociation of chloride from (MeDAB)PdII(CH3)Cl was 

calculated by analogy to the PtII system.  A transition state for direct CH3-for-Cl 
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exchange, TS-IPd, could not be found for comparison to TS-IPt.  As with the platinum 

system, dissociation of Cl- gives T-shaped PdII complex [(MeDAB)PdII(CH3)]+.  Bridging 

of CH3 from (MeDAB)PdII(CH3)Cl to the T-shaped intermediate gave methyl transfer 

transition state  TS-IIPd.  

Scheme 5.26 Methyl Transfer Transition State TS-IIPd. 

              
 

Optimized energies are shown in Table 5.3.  The calculations demonstrate a lower 

ΔGdissoc and ΔG‡
tot for methyl transfer at PdII.  However, while ΔGdissoc is 9.9 kcal/mol 

lower for palladium, an increase of 7.4 kcal/mol was calculated for ΔG‡ to form TS-IIPd.  

These calculations suggest the slow rate of methyl transfer between platinum centers is 

due in large part to the poor equilibrium for Cl- dissociation from platinum.  

Table 5.3 Transition State Energies from Methyl Transfer at PdII and PtII. 

  
MII

Cl
CH3N

N
MII CH3N

N

+ Cl–

MII
Cl
CH3N

N
TS-IIM

 

Transition State ΔGdissoc (kcal/mol) ΔG‡ (kcal/mol) ΔG‡
tot (ΔGdissoc + ΔG‡) 

TS-IIPd 21.4 12.4 33.8 

TS-IIPt 31.3 5.0 36.3 

 

The combination of these theoretical and experimental data suggest that, while 

PtII-monomethyl complexes have more favorable thermodynamics for disproportionation 

than the analogous palladium complexes, the kinetic barrier associated with the methyl 

transfer is sufficiently large to hinder disproportionation.  Calculations indicate that the 

energy required to dissociate chloride from platinum makes up the majority of the energy 

cost for methyl transfer. 
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These hypotheses are borne out by the research of Osakada on 

comproportionation of Pt-aryl systems (Scheme 5.27).44,45 Over the course of 3 h, 

monophenyl complex 10 was produced in 73% yield.  After 24 h, 93% yield of 10 was 

formed.  In this system, COD (1,5-cylcooctadiene) was proposed to labilize the trans X-

type ligands and facilitate aryl transfer.  Addition of chloride completely inhibited 

formation of 10.  Conversely, removal of the chloride ligands from (COD)PtII(Cl)2 with 

AgBF4 allowed monophenyl complex 11 to be formed in 94% yield within 3 h (Scheme 

5.28). Further, when 2,2′-bipyridine (bpy) was used as the chelating ligand for the 

starting dihalide, no reaction occurred under the same conditions (Scheme 5.29).  

However, when (bpy)PtII(Ph)2 was reacted with (COD)PtII(Cl)2, the reaction proceeded 

smoothly to give 11 and (bpy)PtII(Ph)Cl (Scheme 5.30). Osakada’s findings further 

support the proposed mechanism of halide dissociation followed by methyl transfer, and 

show that in phenyl transfer reactions, Pt-bpy complexes do not sufficiently facilitate 

halide dissociation to allow aryl transfer. 

Scheme 5.27 Comproportionation of Phenyl to Give (COD)PtII(Ph)Cl.45 
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Scheme 5.28 Comproportionation between (COD)PtII(Ph)2 and [(COD)PtII(acetone)2]+.45 
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Scheme 5.29 Comproportionation between (COD)PtII(Ph)2 and (bpy)PtII(Cl)2.45 
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Scheme 5.30 Comproportionation between (bpy)PtII(Ph)2 and (COD)PtII(Cl)2.45 

      
PtII Cl

Cl
+

CH2Cl2, 25 °C
PtII

Ph
PhN

N
PtII Ph

Cl
+PtII

Cl
PhN

N
 



 

 135 

 

5.2.2 Methyl Transfer from PtII to PdII 
 

The computational and experimental studies described above show that 

disproportionation of monomethyl-PtII complexes to form the important dimethyl-PtII 

intermediate is kinetically unfavorable.  However it was still important to consider how 

C–H activation at PtII, to yield a Pt-monomethyl complex, could be used productively 

toward oxidative oligomerization of methane.  In light of this, we considered multiple 

ways to facilitate methyl transfer from monomethyl-platinum complexes.  One method 

considered was the tandem catalysis between platinum and palladium, where CH3 would 

be transferred from platinum to palladium, followed by subsequent C–C bond from 

palladium (Scheme 5.31).  In this scheme, methane is activated by platinum to form a 

platinum-monomethyl complex.  A formal disproportionation with a palladium 

monomethyl would then yield a palladium dimethyl intermediate from which ethane 

elimination is induced by one-electron oxidation.  The oxidation event would also 

regenerate the palladium-monomethyl for further disproportionation. 

Scheme 5.31 Tandem Palladium and Platinum System for Methane Oligomerization. 
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Although methyl transfer at PtII bearing a bpy chelate was shown to be kinetically 

unfavorable, disproportionation at the analogous PdII complexes had been achieved.17 

Also, chloride dissociation was calculated to be the largest contributor to ΔG‡
tot for 

methyl transfer between platinum centers.  In transfer of a methyl to palladium, the 

palladium methyl complex should be the complex undergoing dissociation of an X-type 

ligand, which was computed to be more favorable than for the platinum analogue 
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(Scheme 5.32).  Based on these observations, it is reasonable to propose that methyl 

transfer from PtII to PdII should be more favorable kinetically than methyl 

disproportionation between two platinum centers.  However, it was unclear whether 

methyl transfer to generate dimethyl-platinum or dimethyl-palladium would be 

thermodynamically preferred. 

Scheme 5.32 Methyl Transfer from (tBu-bpy)PdII(CH3)Cl to (tBu-bpy)PtII(CH3)Cl. 
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To answer this question, the thermodynamics for formation of a 

(MeDAB)PdII(CH3)2 (Table 5.4) or a (MeDAB)PtII(CH3)2 (Table 5.5) complex from 

(MeDAB)PtII(CH3)X and (MeDAB)PdII(CH3)X were calculated.  The computations show 

that formation of (MeDAB)PtII(CH3)2 is more favorable than formation of 

(MeDAB)PdII(CH3)2 for all X ligands calculated.   

Table 5.4 Methyl Transfer from Pt to Pd to Generate (Me-DAB)Pd(CH3)2. 

           
N
Me

Me
N
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X
CH3

N
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N
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CH3

CH3
N
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XΔGdisprop

N
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N
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X ΔGdisprop (kcal/mol) 

I 14.3 

Br 13.6 

Cl 13.1 

OAc 10.3 
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Table 5.5 Methyl Transfer from Pd to Pt to Generate (Me-DAB)Pt(CH3)2. 

        
N
Me

Me
N
Pt

X
CH3

N
Me

Me
N
Pt

CH3

CH3
N
Me

Me
N
Pd

X
XΔGdisprop

N
Me

Me
N
Pd

X
CH3 + +

 

X ΔGdisprop (kcal/mol) 

I 5.6 

Br 6.1 

Cl 6.1 

OAc 2.3 

 

A comparison of dimethyl and dichloro complexes of palladium and platinum was 

done by DFT computation to understand the origin of the thermodynamic preference for 

platinum-dimethyl formation (Scheme 5.33).  The (Me-DAB)Pt(CH3)2 and (Me-

DAB)Pd(Cl)2 were shown to be 7.0 kcal/mol more favorable than (Me-DAB)Pd(CH3)2 

and (Me-DAB)Pt(Cl)2.  Presumably, this speaks to the greater thermodynamic stability of 

(Me-DAB)Pt(CH3)2 compared to (Me-DAB)Pd(CH3)2  rather than the greater stability of 

(Me-DAB)Pd(Cl)2 compared to its platinum analogue.   

Scheme 5.33 Comparsion of Thermodynamic Stability of Pt versus Pd Complexes. 
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Even though methyl transfer from palladium to platinum was computed to be 

more thermodynamically favorable than methyl transfer from palladium to platinum, the 

discussion of methyl transfer kinetics given above suggested methyl transfer to platinum 

should be kinetically unfavorable.  Based on the mechanism above, (L2)PtII(CH3)X would 

still need to dissociate X (ΔGdissoc = 31.3 kcal/mol) to allow methyl transfer to occur.  

However, it was interesting to consider whether transfer of a methyl from palladium to 

platinum rather than from platinum to platinum would require less energy (ΔG‡
tot). 

Calculations of methyl transfer transition states for palladium-to-platinum transfer 

(TS-IIPd-Pt, Scheme 5.34) and platinum-to-palladium (TS-IIPt-Pd, Scheme 5.35) were 
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performed as described above for TS-IIPt and TS-IIPd.  Values for ΔGdissoc, ΔG‡, and 

ΔG‡
tot are tabulated in Table 5.6.  

Scheme 5.34 Methyl Transfer Transition State TS-IIPd-Pt. 

               

Scheme 5.35 Methyl Transfer Transition State TS-IIPt-Pd. 

        

Table 5.6 Transition State Energies from Methyl Transfer between PdII and PtII. 
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Transition State ΔGdissoc (kcal/mol) ΔG‡ (kcal/mol) ΔG‡
tot (ΔGdissoc + ΔG‡) 

TS-IIPd-Pt (M = Pt, 

M′  = Pd) 
31.3 1.4 32.7 

TS-IIPt-Pd (M = 

Pd, M′  = Pt) 
21.4 17.1 38.5 

 

A clear disparity was observed for ΔG‡.  Transfer of a methyl from palladium to 

platinum (ΔG‡) was calculated to be 1.4 kcal/mol higher in energy than ΔGdissoc for the 

Cl- dissociation from platinum.  Remarkably, this lowered ΔG‡
tot for palladium-to-

platinum methyl transfer (32.7 kcal/mol) below ΔG‡
tot calculated for methyl transfer 
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between two palladium centers (33.8 kcal/mol).   However, in the desired direction of 

CH3 transfer from platinum to palladium, ΔG‡ is substantially less favorable. 

These computational results suggested that disproportionation of (L2)PtII(CH3)X 

and (L2)PdII(CH3)X would always prefer formation of the (L2)PtII(CH3)2 over 

(L2)PdII(CH3)2.  Transition state calculations also indicated transfer of a methyl from 

palladium to platinum was kinetically favored over methyl transfer from platinum to 

palladium.  However, methyl transfer from platinum to palladium is necessary to take 

advantage of the ability of platinum(II) to C–H activate methane.  Preferential methyl 

transfer from palladium to platinum would require a palladium catalyst to C–H activate 

methane and a platinum catalyst to perform C–C coupling.  Both of these processes are 

less favorable than the alternative platinum-mediated C–H activation and the palladium-

mediated C–C coupling. 

As an alternative to palladium-platinum disproportionation, transfer of a methyl 

from a monomethyl platinum complex to a Pd(X)2 species could alleviate the challenges 

of performing a disproportionative methyl transfer between two monomethyl species 

(Scheme 5.36).  The thermodynamic energy difference between (L2)PtII(CH3)X versus 

(L2)PdII(CH3)X is expected to be less than the related difference between (L2)PtII(CH3)2 

versus (L2)PdII(CH3)2 because the additional stability of the Pt–CH3 bond is imparted on 

only one CH3 group rather than two. This could allow a significant equilibrium 

concentration of (L2)PdII(CH3)X to be generated.  

Scheme 5.36 Methyl Transfer from (L2)PtII(CH3)X to (L2)PdII(X)2. 
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If methyl transfer from Pt to Pd were achieved, one could envision the dual 

catalyst system pictured in Scheme 5.37.  In this proposed system, a PtII catalyst C–H 

activates methane to form a Pt-monomethyl complex.  Then platinum transfers a CH3 

group to a PdII(X)2 catalyst from which ethane is generated via a one-electron oxidation.  
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Scheme 5.37 Tandem Palladium and Platinum System for Methane Oligomerization. 
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Based on the discussion of (MeDAB)PtII(CH3)2 versus (MeDAB)PdII(CH3)2 

stability given above, we expected an equilibrium of (MeDAB)PtII(CH3)X versus 

(MeDAB)PdII(CH3)X to favor the (MeDAB)PtII(CH3)X.  Indeed calculations of methyl 

transfer between (MeDAB)PtII(CH3)X and (MeDAB)PdII(X)2 showed thermodynamic 

preference for the platinum-monomethyl complex (Table 5.7). 

Table 5.7  Methyl Transfer from (MeDAB)PtII(CH3)X to (MeDAB)PdII(X)2. 
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Me
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PtII
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PdII
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CH3

N
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X ΔGdisprop (kcal/mol) 

I 2.5 

Br 1.5 

Cl 1.4 

OAc 2.2 

 

We reasoned that modification of the ancillary chelating ligand could shift the 

equilibrium in favor of a palladium-monomethyl species.  In particular, we hypothesized 

that varying the electronics of the complexes could shift the equilbrium in favor of 

forming (L2)Pd(CH3)X.  In order to modify the electronics of the ligand, we chose to 

switch from the MeDAB model system to a 2,2′-bipyridine system so that the 4 and 4′ 

positions of the bpy ligand could be substituted with electronically diverse substituents 

(Table 5.8).  Table 5.8 summarizes DFT calculations of the thermodynamics of methyl 

transfer between Pt and Pd with electronically diverse bipyridine ligands. 
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Table 5.8 Methyl Transfer from (X-bpy)PtII(CH3)I to (X′-bpy)PdII(I)2. 

   
PdII

I
IN

N

X′

X′

PtII
I
IN

N

X

X

PdII
I
CH3N

N

X′

X′

+PtII
I
CH3N

N

X

X

+
ΔG

 

X X′  ΔGdisprop (kcal/mol) 

NO2 CH3 6.3 

H CH3 4.0 

H H 2.7 

CH3 H 1.8 

CH3 NO2 -0.3 

 

The calculations suggested that electron donating ligands on platinum and 

electron withdrawing ligands on palladium should give the most favorable 

thermodynamics for palladium-monomethyl formation.  Indeed, the calculated 

equilibrium between (NO2-bpy)PdII(CH3)I (NO2-bpy = 4,4′-dinitro-2,2′-bipyridine) and 

(CH3-bpy)PtII(CH3)I (CH3-bpy = 4,4′-dimethyl-2,2′-bipyridine) favors (NO2-

bpy)PdII(CH3)I (Scheme 5.38). 

Scheme 5.38 Methyl Transfer from (CH3-bpy)PtII(CH3)I to (NO2-bpy)PdII(I)2. 
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To confirm the findings of the calculations, (NO2-bpy)PdII(I)2 (12) was 

synthesized and reacted with (tBu-bpy)PtII(CH3)I (7) (Scheme 5.39).  In acetone-d6, 12 

and 7 were reacted at 25 °C, and the reaction was monitored by 1H NMR spectroscopy.  

No reaction occurred over the course of 24 h under these conditions.  Reaction at 50 °C 

for 17 h gave minimal conversion.  However, a new methyl resonance was observed as a 

shoulder to one of the Pt–CH3 satellite peaks.  The solution was further heated to 90 °C, 

and after 6 h, a new methyl peak was observed at 0.952 ppm (13% yield).  This was 

tentatively assigned to (NO2-bpy)PdII(CH3)I.  Significant decomposition occurred during 

the reaction.  The mass balance of platinum complexes (the sum of 7 and (tBu-
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bpy)PtII(I)2) was only 77%.  Free NO2-bpy was observed in 47% yield, indicating nearly 

half of 12 decomposed over the course of the reaction.  To further confirm the identity of 

new species observed by 1H NMR spectroscopy, attempts were made to independently 

synthesize (NO2-bpy)PdII(CH3)I.  However, unfortunately these synthetic efforts were 

unsuccessful. 

Scheme 5.39  Methyl Transfer from (tBu-bpy)Pt(CH3)I to (NO2-bpy)Pd(I)2. 
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Fundamentally, the transfer of CH3 from platinum to palladium could allow 

access to a dual catalyst system for oxidative oligomerization of methane.  However, 

based on these studies, CH3 transfer between the two metals is limited by the 

thermodynamic preference for methyl coordination to platinum rather than palladium and 

by the poor kinetics associated with transfer of a CH3 to/from platinum.  Unfavorable X-

type ligand dissociation from platinum was proposed to be the major contributor to the 

kinetic stability of platinum complexes toward methyl transfer.  As an alternative, methyl 

transfer from a (tBu-bpy)PtII(CH3)X complex to (L2)PdII(X)2 was considered.  

Calculations indicated that such reactions between platinum bearing electron-donating 

ligands and palladium bearing electron-withdrawing ligands would have favorable 

thermodynamics for transfer of CH3 to palladium.  The reaction of (tBu-bpy)PtII(CH3)I 

and (NO2-bpy)PdII(I)2 provided tentative evidence for the formation of (NO2-

bpy)PdII(CH3)I and suggested that modification of the metal electronics could overcome 

the inherent preference for CH3 binding to platinum.  
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5.2.3 Synthesis and One-Electron Oxidation of Monomethyl-PtII Complexes 
 

Methyl transfer from platinum to platinum and platinum to palladium were 

reactions that were solely controlled by the thermodynamics and kinetics associated with 

transfer of the methyl group.  Alternatively, in Chapters 3 and 4, one-electron oxidation 

was shown to be an efficient method for inducing methyl transfer.  To further study 

platinum in context of methane oligomerization, an efficient method for methyl transfer 

must be uncovered, and so we turned to one-electron oxidation of platinum-methyl 

complexes as another means of promoting methyl transfer (Scheme 5.40).  Complexes of 

palladium with the general formula (tBu-bpy)PdII(CH3)X were shown to evolve ethane 

upon one-electron oxidation (Chapter 4).  Specifically complexes where X = OAc, CF3 

gave the most promising results for CH3 transfer and subsequent elimination of ethane.  

In light of these results, complexes of monomethyl-platinum with the general formula 

(L2)PtII(CH3)X (X = OAc, CF3) were synthesized for study in oxidatively-induced methyl 

transfer.  

Scheme 5.40 Methyl Transfer at Platinum Induced by One-Electron Oxidation. 
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(tBu-bpy)PtII(CH3)OAc (8) was synthesized as described above.  Syntheses of 

monomethyl platinum perfluoralkyl complexes were accomplished by one of two 

methods (Scheme 5.41).  In Method 1, (L2)PtII(CH3)(RF) (RF = perfluoroalkyl group, L2 = 

labile chelating ligand) complexes were synthesized.  The L2 ligands were then 

substituted with the desired chelating ligand.  For Method 2, (ArDAB)PtII(CH3)(RF) 

complexes, (ArDAB)PtII(CH3)2 complexes were reacted with a perfluoroalkyl iodide [2-

heptafluoropropyl iodide (iPr-F7I) or 1-nonafluorobutyl iodide (nBu-F9I)] according to the 

procedure of Hughes (Method 2, Scheme 5.42).46  These latter reactions proceeded via 

oxidative addition to (ArDAB)PtII(CH3)2 to give (ArDAB)PtIV(CH3)2(iPr-F7)I followed 

by reductive elimination of CH3I. 
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Scheme 5.41 Synthesis of Platinum-Perfluoroalkyl Complexes by Ligand Displacement. 
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Scheme 5.42 Reaction of (ArDAB)PtII(CH3)2 with Perfluoroalkyl Iodides.46 
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Method 1 required initial synthesis of (L2)PtII(CH3)(RF) precursor complexes, 

where L2 could be easily displaced by desired ligands.  For related (L2)PtII(CH3)2 ligand 

substitution reactions these precursor complexes bear L2 ligands such as L2 = 2 x µ-

S(CH3)2 or diolefin (Scheme 5.43).47,48  Related complexes (NBD)PtII(CH3)(CF3) (13)49 

and (COD)PtII(CH3)(nBu-F9) (14)50 had previously been synthesized, but only 13 had 

been used in ligand substitution reactions (Scheme 5.44). 

Scheme 5.43 (L2)PtII(CH3)2 Complexes Used for Ligand Substitution Reactions. 
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Scheme 5.44 (L2)PtII(CH3)(RF) Complexes Utilized in Ligand Exchange. 
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Initially, it was important to synthesize Pt–CF3 complexes based on the results of 

related palladium-RF complexes.  In Chapter 4, it was shown that change of RF from CF3 

to iPr-F7 in the oxidation of (tBu-bpy)PdII(CH3)(RF) with one-electron oxidant 

acetylferrocenium tetrafluoroborate (AcFcBF4) led to lower conversion over longer time 

(Scheme 5.45).  Over 2 h, only 37% of the iPr-F7 complex was converted to 6% of 

ethane.  In contrast, for the CF3 complex, 100% conversion was observed within 10 
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minutes to give 19% yield of ethane.  In these reactions, the maximum theoretical yield 

of ethane was equal to 50% of the conversion of the starting material, because two 

molecules of starting complex were required to produce one molecule of ethane.   

Scheme 5.45 Effect of Perfluoroalkyl Group in One-Electron Oxidation of PdII.  
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The palladium results suggested initial efforts to synthesize PtII–RF complexes 

should focus on generating PtII–RF complexes where RF = CH3 rather than larger 

perfluoroalkyl groups.  In the report of the synthesis of 13, (NBD)PtII(CH3)2 was reacted 

under 1 atm of gaseous CF3I in a sealed tube.49 Complex 13 was isolated as an 

intermediate in the formation of (NBD)PtII(CF3)2 (15) as a mixture of PtII products 

(Scheme 5.46).  The mixture included (NBD)PtII(CH3)2, 13, 15, and platinum tetramer 

[PtIV(CH3)3I]4 that results from the oxidative addition of the methyl iodide byproduct to 

the starting dimethyl-platinum complex.  Subsequent isolation produced a low yield 

(11%) of 13.  In my hands, isolation of clean samples of 13 could not be obtained. 

Scheme 5.46 Products of Oxidation of (NBD)PtII(CH3)2 with CF3I.49 

  
(NBD)PtII(CH3)2

1 atm CF3I

CH2Cl2, 25°C, 16 h
(NBD)PtII(CH3)(CF3) (NBD)PtII(CF3)2 [PtIV(CH3)3I]4+ +

 
 

Attempts to synthesize (SMe2)2PtII(CH3)(CF3) were carried out using similar 

methods on a small scale in a J. Young NMR tube (Scheme 5.47).  Monitoring the 

reactions by 1H NMR spectroscopy always indicated the decomposition of the starting 

dimethyl-platinum complex without concurrent growth of any resonances indicative of 

new PtII–CH3 complexes. 
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Scheme 5.47 Attempted Syntheses of (SMe2)2PtII(CH3)(CF3).  
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Without a successful route to a (L2)PtII(CH3)(CF3) precursor complex, further 

synthetic efforts were aimed toward preparation of (L2)PtII(CH3)(RF) complexes where 

RF = nBu-F9 or iPr-F7.  (COD)PtII(CH3)(nBu-F9) (14) was synthesized by the method of 

Hughes (Scheme 5.48).50  (COD)PtII(CH3)2 was reacted with 1.5 equiv of nBu-F9I at 25 

°C for 12 h to produce 16 and [PtIV(CH3)3I]4.  As with synthesis of 13, [PtIV(CH3)3I]4 was 

formed by reaction of the CH3I byproduct with the starting material followed by 

displacement of the COD ligand.   

Scheme 5.48 Synthesis of (COD)PtII(CH3)(nBu-F9) (14).50 
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Reaction of 14 with tBu-bpy in toluene at 110 °C for 1 h produced a new complex 

that could not be isolated in solid form (Scheme 5.49).  When reacting 14 with 2,2′-

bipyridine (bpy) instead, a yellow solid precipitated from solution after 12 h of reaction 

time (Scheme 5.50).  Addition of pentanes further precipitated the product, and 

(bpy)PtII(CH3)(nBu-F9) (16) could be isolated in 47% yield. 

Scheme 5.49 Attempted Synthesis of (tBu-bpy)PtII(CH3)(nBu-F9). 
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Scheme 5.50 Synthesis of (bpy)PtII(CH3)(nBu-F9) (16). 

                        

PtII CH3

C4F9 toluene, 110 °C, 12 h

bpy
N
N

PtII nBu-F9

CH3

16, 47%14  
 

  Attempts to synthesize (4-MePhDAB)PtII(CH3)(nBu-F9) by reacting 14 with 4-

MePhDAB in a related procedure resulted in decomposition of both ligand and the 

precursor complex without concurrent formation of (4-MePhDAB)PtII(CH3)(nBu-F9).  

From this result, it was deduced that COD bound 14 too tightly to be used as a general 

precursor for synthesis of a diverse series of (L2)PtII(CH3)(RF) complexes.   

In order to synthesize a more general (L2)PtII(CH3)(RF) precursor complex, it was 

important to identify an L2 ligand that could more easily be substituted from platinum.  

Marks described a comparative study of (COD)PtII(CH3)2 versus (NBD)Pt(CH3)2 (NBD = 

2,5-norbornadiene) in the synthesis of (py)2PtII(CH3)2 (py = pyridine, Scheme 5.51).51  In 

his study, pyridine did not displace COD even at 80 °C for 1 h in benzene.  However, 

when (NBD)PtII(CH3)2 was used as the starting complex (py)2(Pt)(CH3)2 could be 

isolated in 97% yield under mild conditions. 

Scheme 5.51 Comapative Study of “PtII(CH3)2” Donors in Synthesis of (py)2PtII(CH3)2.51 
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Based on this precedent, synthesis of (NBD)PtII(CH3)(nBu-F9) (17) was 

undertaken.  Using conditions optimized by Hughes for synthesis of 

(COD)PtII(CH3)(nBu-F9) (14), (NBD)PtII(CH3)2 was reacted with 1.5 equivalents of nBu-

F9I in hexanes at 25 °C for 12 h (Scheme 5.52). The resulting reaction mixture contained 

17, (NBD)PtII(nBu-F9)2, and [PtIV(CH3)3I]4, all methods of isolation attempted led to a 
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mixture of 17 and (NBD)PtII(nBu-F9)2.  Further reactions with fewer equivalents of nBu-

F9 provided the same mixture of products as well as unreacted (NBD)PtII(CH3)2.  These 

results show that by changing the COD ligand of (COD)PtII(CH3)2 to NBD, the oxidative 

addition/reductive elimination sequence became unselective, forming a mixture of mono- 

and di-perfluoroalkylated products. 

Scheme 5.52 Attempted Synthesis of (NBD)PtII(CH3)(nBu-F9) (17). 

hexanes, 25 °C, 12 h

1.5 equiv. nBu-F9I
(NBD)PtII(CH3)2 (NBD)PtII(CH3)(C4F9) + (NBD)PtII(C4F9)2 + [PtIVMe3I]4

17  
 

A previous study of the oxidative addition of perfluoroalkyl iodides to 

(COD)PtII(CH3)2 indicated that sterics of the perfluoroalkyl iodide had an affect on the 

distribution of products (Scheme 5.53).52  The study showed that nPr-F7I gives a mixture 

of (COD)PtII(nPr-F7)2 and (COD)PtII(CH3)(nPr-F7).  However reaction with iPr-F7I and 
nBu-F7I selectively affords the monoperfluoroalkylated product, (COD)PtII(CH3)(RF) (RF 

= iPr-F7 or nBu-F7 respectively).  This study suggested that use of a larger perfluoroalkyl 

iodide might selectively give (NBD)PtII(CH3)(RF) in the reaction of (NBD)PtII(CH3)2 

with RFI. 

Scheme 5.53 Study of Sterics of  RFI on Product Distribution in (COD)PtII(CH3)2 + RFI. 
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 As anticipated, the reaction of (NBD)PtII(CH3)2 with iPr-F7I in pentanes at 25 °C 

for 3 h selectively afforded (NBD)PtII(CH3)(iPr-F7) (18) along with [PtIV(CH3)3I]4 

(Scheme 5.54).  Previously reported produces for the isolation of the related 

(COD)Pt(CH3)(RF) complexes suggested that filtration of the pentanes solution is 

sufficient to remove [PtIV(CH3)3I]4.  However in my hands, multiple filtrations, even at 

low temperature, were insufficient for removal of [PtIV(CH3)3I]4.  Ultimately, removal of 
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[PtIV(CH3)3I]4 was accomplished by converting the tetramer into [Pt(CH3)3OTf]4 by 

reaction with AgOTf in benzene.  The benzene solution was then extracted with H2O 

three times to afford a benzene solution containing pure (NBD)Pt(CH3)(iPr-F7) (18).  

Concentration of the solution followed by freeze-drying the benzene solvent yielded the 

desired product as a white powder in 71% yield. 

Scheme 5.54 Synthesis of (NBD)PtII(CH3)(iPr-F7) (18). 

     pentanes, 25 °C, 3 h

iPr-F7I
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18  
 

 Reaction of 18 with dppe (1,2-bis(diphenylphosphino)ethane), TMEDA 

(N,N,N′,N′-tetramethylethylenediamine), or bpy afforded the related (L2)PtII(CH3)(iPr-F7) 

complexes (Scheme 5.55).  Substitution of NBD by bpy (1 h) and TMEDA (20 h) was 

undertaken in toluene at 110 °C.  The ligand dppe substituted NBD over 1 h at 30 °C in 

acetone. 

Scheme 5.55 Displacement of NBD by Chelating Ligands. 
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To further test the lability of norbornadiene, (NBD)Pt(CH3)(iPr-F7) was reacted 

with the diimine 4-MePhDAB in an NMR tube (Scheme 5.56).  A toluene-d8 solution of 

18 and 4-MePhDAB reacted slowly over 5 h at 100 °C to give a new species consistent 

by 1H NMR with formation of (4-MePhDAB)Pt(CH3)(iPr-F7) (22) in an 1.3:1 ratio of 

18:22.  However prolonged heating did not change the ratio substantially.  So while 18 

allowed synthesis of a number of (L2)PtII(CH3)(iPr-F7) complexes under mild conditions, 

NBD was still not labile enough for the clean synthesis of platinum complexes of ArDAB 

ligands. 
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Scheme 5.56 Reaction of (NBD)PtII(CH3)(iPr-F7) (18) with 4-MePhDAB. 
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Method 2 is an alternative pathway for the preparation of (ArDAB)Pt(CH3)(RF) 

complexes (Scheme 5.57).  Hughes reported this reaction to be limited to ArDAB ligands 

where the aryl substituents are substituted in the 2 and 6 positions.  Reaction of the less 

sterically congested 4-methyl substituted complex (4-MePhDAB)PtII(CH3)2 with 

perfluoroalkyl iodides gave only the PtIV complex, (4-MePhDAB)PtIV(CH3)2(RF)I (23) 

(Scheme 5.58).  Attempts to induce reductive elimination resulted in no reaction or 

decomposition of 23.  Thus Method 2 is limited to ligands with steric bulk positioned 

about the Pt center and was not suitable for the complexes prepared by Method 1 without 

requiring additional synthetic steps.53 

Scheme 5.57 Oxidative Addition of RFI to (ArDAB)PtII(CH3)2. 
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Scheme 5.58 Oxidative addition of RFI to (4-MePhDAB)PtII(CH3)2.46 
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The complexes (2,6-diMePhDAB)PtII(CH3)(iPr-F7) (24), (2,6-

diMePhDAB)PtII(CH3)(nBu-F9) (25),  and (2,6-diClPhDAB)PtII(CH3)(iPr-F7) (26) were 

synthesized by Hughes’ procedure (Scheme 5.59).  Refluxing (2,6-
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diMePhDAB)PtII(CH3)2 or  (2,6-diClPhDAB)PtII(CH3)2 with iPr-F7I or nBu-F9 in dry 

ethyl acetate afforded the perfluoroalkyl  complexes. Complexes 24 and 25 could not be 

isolated cleanly.  Complex 26 was isolated in 18% yield. 

Scheme 5.59 Syntheses of (ArDAB)PtII(CH3)(RF) Complexes, 24, 25, and 26. 
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With an array of (L2)PtII(CH3)(X) complexes in hand we next sought to examine 

methyl transfer via one-electron oxidation (Scheme 5.60).  The expected products based 

on one-electron oxidation of (L2)MII(CH3)2 (M = Pd, Pt)18,24 were either a 1:1 mixture of 

[(L2)PtIV(CH3)2(X)(solvent)]+ and [(L2)PtII(X)(solvent)]+ or a 1:2 mixture of ethane and 

[(L2)PtII(X)(solvent)]+.  A screen of one-electron oxidants, solvents, and conditions was 

performed in J. Young NMR tubes.  The results of these reactions were determined by 1H 

NMR spectroscopic analysis. Table 5.9 summarizes the oxidants, their abbreviations, and 

their oxidation potentials relative to Fc/Fc+ in acetonitrile.54 Scheme 5.61 summarizes all 

of the (L2)PtII(CH3)(X) complexes examined. 

Scheme 5.60 Expected Products of One-Electron Oxidation of (L2)PtII(CH3)(X). 
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Table 5.9 Oxidation Potentials of One-Electron Oxidants Employed. 

Oxidant Abbreviation 
Oxidation Potential 

 (V, vs. Fc/Fc+ in MeCN) 

FeIII

BF4

 
FcBF4 0.0 

FeIII

BF4
O

 

AcFcBF4 0.27 

Br N
3

PF6

 
(Ar)3NPF6 0.67 

(NH4)2CeIV(NO3)6 CAN 0.88a 
                              a oxidation potential determined in H2O 

Scheme 5.61 Summary of all (L2)PtII(CH3)(X) Complexes Synthesized. 

PtII
X
CH3

L

L

L

L
=

X =

Compound

N

N
t-Bu

t-Bu

OAc

N
N

NMe2

NMe2

PPh2

PPh2

iPr-F7
iPr-F7

iPr-F7

N
N

nBu-F9

16 29 20 21

N
N

Ar

Ar
Ar = 2,6-diMePh

N
N

Ar

Ar
Ar = 2,6-diClPh

iPr-F7
iPr-F7

24 268

N
N

Ar

Ar
Ar = 2,6-diMePh

nBu-F9

25  
 

For means of comparison, oxidatively-induced methyl transfer at (tBu-

bpy)PdII(CH3)2 (27)18 and (4-MePhDAB)PtII(CH3)2 (28)24 were both achieved by 

oxidation with FcBF4 under mild conditions.  Palladium complex 27 reacted at 25 °C 

within seconds and platinum complex 28 reacted at 55 °C over only 30 s.  In Chapter 4, 

(tBu-bpy)PdII(CH3)OAc also reacted within seconds at 25 °C but with the stronger 

oxidant AcFcBF4.  Of the (L2)PtII(CH3)(RF) complexes screened, only 8 and 16 reacted at 

room temperature with ferrocene-based oxidants. 

Oxidation of 8 with AcFcBF4 in acetone-d6, dichloromethane-d2, and acetonitrile-

d3 produced immediate and quantitative decomposition of 8 (Scheme 5.62).  1H NMR 
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spectroscopic analysis indicated many “(tBu-bpy)Pt” products were formed, but no Pt–

CH3 resonances were observed.  Mass spectrometric analysis showed no evidence for the 

expected complex [(L2)PtIV(CH3)2OAc(solvent)]+, and neither ethane nor methane were 

observed. 

Scheme 5.62 Reaction of (tBu-bpy)PtII(CH3)OAc with AcFcBF4. 
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Similarly, complete decomposition of 16 was observed over 1 h at 25 °C when 

reacted with AcFcBF4 in dichloromethane-d2 (Scheme 5.63).  At the end of the reaction, 

no Pt–CH3 resonances were observed, but a trace of methane was detected.  In contrast, 

bpy complex 19 did not react at all at 25 °C.  The only difference between 16 and 19 was 

the perfluoroalkyl group attached to platinum.  In 16 RF = nBu-F9, and in 19 RF = iPr-F7.  

When compared directly in acetone-d6, 16 and 19 reacted with AcFcBF4 at 60 °C over 1 

h to give 100% conversion and 60% conversion respectively (Scheme 5.64).  However, in 

both reactions no Pt–CH3 product or ethane resonances were observed, and trace CDH3 

was observed in each case.  By 1H NMR, the platinum products were consistent with 

[(bpy)PtII(RF)(solvent)]+, but the identities of the products were unable to be confirmed 

by mass spectral analysis. 

Scheme 5.63 Reaction of 16 with AcFcBF4 in Dichloromethane-d2. 
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Scheme 5.64 Comparative Oxidation of (bpy)PtII(CH3)RF Complexes 16 and 19. 
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TMEDA complex 20 decomposed less than 10% when reacted with FcBF4 in 

acetone-d6 over three days at 60 °C or 1 h at 100 °C.  However, 20 reacted similarly to 19 

with AcFcBF4 at 60 °C of 16 h (Scheme 5.65).  Starting material was completely 

converted to give CH4, CDH3, and [(TMEDA)PtII(iPr-F7)(solvent)]+ (29) as determined 

by 1H NMR and mass spectral analyses, but no ethane was observed. 

Scheme 5.65 One-Electron Oxidation of (TMEDA)PtII(CH3)(iPr-F7) (20). 
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The two hepafluoropropyl complexes 21 (L2 = dppe) and 26 (L2 = 2,6-

diClPhDAB) were completely stable to all oxidation conditions examined (Scheme 5.66).  

Reaction of 21 with FcBF4 in acetone-d6 over 3 days at 60 °C or 1 h at 100 °C gave no 

conversion of starting material.  In both acetone-d6 and dichloromethane-d2, 21 and 26 

were completely stable over 16 h at 60 °C. 

Scheme 5.66 Stability of (dppe)PtII(CH3)(iPr-F7) (21) and (2,6-diClPhDAB)PtII(CH3)(iPr-
F7) (26)  to Oxidation. 
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When reacted with AcFcBF4 at 60 °C for 16 h in acetone-d6, 2,6-diMePhDAB 

complex 24 decomposed by 13% to give 9% ethane (Scheme 5.67).  Notably, the 

maximum possible yield of ethane at 13% conversion should be 7%.  It is unclear 

whether an impurity observed in the starting complex decomposed under these conditions 

to produce the observed ethane in addition to or in lieu of complex 24.  Heating 24 to 100 
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°C with AcFcBF4, under otherwise identical reaction conditions gave 50% conversion 

over 5 h, but the yield of ethane remained 9%.   

Scheme 5.67 Reaction of (2,6-diMePhDAB)PtII(CH3)(iPr-F7) (24) with AcFcBF4. 
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In comparison, (2,6-diMePhDAB)PtII(CH3)(nBu-F9) (25) reacted with FcBF4 at 55 

°C over 12 h (Scheme 5.68).  Complex 25 (27% conversion) reacted to give 9% ethane.  

Notably, the maximum possible yield of ethane at 27% conversion should be 14%.  No 

new Pt–CH3 or nBu-F9 peaks were observed.   In the absence of FcBF4, 100% 25 was 

observed after 12 h at 55 °C, and no ethane was formed. 

Scheme 5.68 Reaction of (2,6-diMePhDAB)PtII(CH3)(nBu-F9) (25) with FcBF4. 
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Complexes 24 and 26 were also reacted with stronger oxidant, tris(p-

bromophenyl)aminium hexafluorophosphate (Ar3NPF6), for 16 h at 25 °C in acetone-d6 

with no observed decomposition or ethane formation.  Reaction of complex 25 with ceric 

ammonium nitrate (CAN) in acetone-d6 at 25 °C did produce a new Pt–CH3 resonance 

(40% yield relative to starting 25) within ten minutes.  However, both 25 and the 

platinum impurity were decomposed by 34% and 100% respectively, so it is unclear 

which starting complex, 25 or the impurity, gave rise to the new Pt–CH3 resonance.  

Upon standing for 24 h, no further reactivity was observed.   

Based on these observations, one-electron oxidations of the monomethyl-platinum 

complexes studied did not produce the desired methyl transfer for most complexes 

synthesized.  For 2,6-diMePhDAB complexes 25 and 26, interpretation of the ethane-
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producing reactions was complicated by the presence of a impurity that could not be 

removed after synthesis of 24 or 25, but was observed to decompose in reactions where 

ethane formed.   

The comparative reactivity of bpy complexes 16 (RF = nBu-F9) and 19 (RF = iPr-

F7) and 2,6-diMePhDAB complexes 24 (iPr-F7) and 25 (RF = nBu-F9) is instructive for 

further design of (L2)PtII(CH3)(RF) complexes for oxidatively-induced methyl transfer.  

In both sets of complexes, the less bulky nBu-F9 perfluoroalkyl group allowed 

decomposition of 16 and 25 under milder conditions than the iPr-F7 analogues.  In accord 

with these results, one-electron oxidation of (tBu-bpy)Pd(CH3)(CF3) versus (tBu-

bpy)Pd(CH3)(iPr-F7) indicated bulkier perfluoroalkyl groups required more forcing 

oxidation conditions to react (Chapter 4).  These results suggest further efforts to obtain 

oxidatively-induced methyl transfer should focus on smaller linear perfluoroalkyl groups 

(nPr-F7 or Et-F5) ligands or CF3 ligands.    Attempts to synthesize (L2)Pt(CH3)(CF3) 

complexes were unsuccessful in my hands.  However, one synthetic pathway that remains 

unexplored for synthesis of (L2)Pt(CH3)(CF3) is the oxidation of (2,6-diXDAB)Pt(CH3)2 

with CF3I (Scheme 5.69). 

Scheme 5.69  Synthesis of (2,6-diXDAB)PtII(CH3)(CF3). 
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5.2.4 Facile Ethane Elimination from [(ArDAB)PtIV(CH3)3(solvent)]+ Complexes 
 

Methyl transfer between two platinum(II) centers, methyl transfer between 

platinum(II) and palladium(II), and one-electron oxidatively induced methyl transfer 

from monomethyl platinum complexes have all been discussed.  In each of these cases, 

the goal was to transfer a methyl between metal centers to make a Pt(CH3)n (n > 1) 

species from which ethane could be eliminated.  For the (L2)PtII(CH3)(RF) complexes 

screened, no system was identified that cleanly provided methyl transfer.   
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As an alternative, C–H activation of CH4 by a [(L2)PtII(CH3)(solvent)]+ complex 

to generate (L2)PtII(CH3)2 could circumvent the challenge of generating (L2)PtII(CH3)2 by 

methyl transfer at a monomethyl platinum complex (Scheme 5.70).  In this cycle, 

monomethyl-platinum complex I performs C–H activation of methane to generate 

dimethyl-platinum complex II.  Complex II then undergoes one-electron oxidation to 

generate one half equiv of I and one half equiv of platinum(IV) complex III.  Reductive 

elimination of ethane from complex III generates another half equiv of I to complete the 

catalytic cycle. 

Scheme 5.70 Proposed Catalytic Cycle for an [(N–N)PtII(CH3)(solvent)]+ Catalyst. 
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Two challenges needed to be addressed for successful implementation of the 

proposed catalytic cycle: C–H activation of CH4 to produce complex II and reductive 

elimination of ethane from intermediate III.  This section addresses the latter of these two 

challenges. 

Only one example is known of ethane elimination from a platinum(II)-dimethyl 

complex, and this system utilized sterically encumbered monodentate carbene ligands 

(Scheme 5.71).55 However, many complexes with the general formula (L2)PtIV(CH3)3X 

are known to eliminate ethane when L2 is a chelating diphosphine ligand or two 

monodentate phosphine ligands.36 However, in considering our entire proposed catalytic 
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cycle, we were limited to L2 ligands that had precedent for all steps of the catalytic cycle.  

Chelating ArDAB are known to faciliate C–H activation of methane4 and oxidatively 

induced methyl transfer.24 However, elimination of ethane from the (ArDAB)PtIV(CH3)X 

complexes produced in oxidatively-induced methyl transfer has not been observed.36 

More generally, six coordinate PtIV-trimethyl complexes bearing chelating sp2 nitrogen 

donor ligands have not been shown to undergo reductive elimination of ethane.  

Scheme 5.71 Ethane Elimination from Platinum(II).55 
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To meet this challenge, we drew inspiration from the report by Hughes on the 

reductive elimination of methyl iodide from (2,6-diMePhDAB)PtIV(CH3)2(RF)I promoted 

by the presence of 2,6-substitution of the diimine aryl groups (Scheme 5.56).46 Notably, 

identical reactions with the 4-substituted 4-MePhDAB ligand resulted in isolation of (4-

MePhDAB)PtIV(CH3)2(RF)I (Scheme 5.57).  Hughes’ attempts to promote reductive 

elimination from (4-MePhDAB)PtIV(CH3)(RF)I resulted in no reaction or decomposition 

of the complex.  We hypothesized similarly that 2,6-substitution of the diimine aryl 

groups might provide enough steric congestion around the Pt metal center to induce 

reductive elimination of ethane from PtIV. 

To study the effect of ArDAB sterics on ethane elimination, we prepared the 

cationic [(ArDAB)PtIV(CH3)3(solvent)]+ complexes expected as products from one-

electron oxidation of (ArDAB)PtII(CH3)2 (Scheme 5.72).24 Known dimethyl complexes, 

(4-MePhDAB)PtII(CH3)2 (28), (2,6-diClPhDAB)PtII(CH3)2 (30), and (2,6-

diMePhDAB)PtII(CH3)3 (31) reacted with methyl iodide in deuterated solvent to generate 

the respective (ArDAB)PtIV(CH3)3I complexes in situ.  Addition of silver 

hexafluorophosphate (AgPF6) provided the cationic complexes, 

[(ArDAB)PtIV(CH3)3(solvent)]PF6 (Ar = 4-MePh (32), 2,6-diClPh (33), or 2,6-diMePh 
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(34)) in near quantitative yields based on internal standard.  It should be noted that all 

reactions using 31 as starting material were carried out by Dr. Michael Lanci. 

Scheme 5.72 In Situ Synthesis of (ArDAB)PtIV(CH3)3(solvent)]PF6. 
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Interestingly, complex 32 displayed resolved axial and equatorial Pt–CH3 

resonances in acetone-d6.  In contrast complexes 33 and 34 show one broadened Pt–CH3 

resonance, indicative of dynamic scrambling of the axial and equatorial methyl positions 

on the NMR timescale.  Similar methyl group scrambling has been observed previously 

and is attributed to formation of a five-coordinate intermediate at which interconversion 

of the axial and equatorial positions occurs (Scheme 5.73).26 The observed scrambling at 

25 °C for complexes 33 and 34 suggests increased steric congestion about platinum 

allows favorable equilibrium solvent dissociation to form a five-coordinate complex.  If 

reductive elimination of ethane occurs from five-coordinate intermediate 

[(ArDAB)PtIV(CH3)3]+ complexes as is reported for phosphine ligands,36 this data 

suggested that 2,6-substitution of the diimine aryl groups should provide a favorable 

equilibrium of the five-coordinate complex for further reductive elimination. 

Scheme 5.73 Mechanism of Axial and Equatorial CH3 Scrambling in 
(ArDAB)PtIVCH3X. 
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Solutions of 32, 33, and 34 were thermolyzed in acetone-d6 at 60 °C and the 

reactions were monitored by 1H NMR spectroscopy for the formation of ethane and [(Ar-

DAB)Pt(CH3)(solvent)]PF6 (Table 5.10).  Thermolysis of 32 in acetone-d6 for 24 h at 60 

°C produced only trace amounts of ethane (< 1%) while generating a new, unidentified 
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PtIV complex.  The related reaction of 33 in acetone-d6 showed 39% conversion of 33, 8% 

yield of ethane, and 2% of complex 36 after 24 h.  Complex 34, when thermolyzed, 

resulted in complete consumption of starting material, yielding ethane (96%) and 

complex 37 (82%). 

Table 5.10 Summary of [(ArDAB)PtIV(CH3)3(solvent)]PF6 Thermolysis Results. 

N
N solvent

CH3PtII
Ar

Ar

N
N CH3

CH3PtIV
Ar

Ar

CH3

solvent
Ar = 4-MePh
   2,6-diClPh
   2,6-diMePh

32
33
34

H3C CH3 +

PF6

35
36
37

PF6

acetone-d6, 24 h, 60 °C

 

Starting 

Complex 
% Conversion % Ethane 

Monomethyl Complex 

(% Yield) 

33 100 < 1 35 (0) 

34 39 8 36 (2) 

35 100a 96   37 (82) 
       a reaction occurred over 8 h 

 

In agreement with our hypothesis, 2,6-diMePhDAB complex 34 produced ethane 

under moderate conditions while only traces of ethane were formed from 4-MePhDAB 

complex 32.  Surprisingly, when Ar = 2,6-diClPh (33), thermolysis provided only a 

marginal increase in the amount of ethane formed compared to 32.  It is possible that the 

chloride lone pair could donate into the empty dz2 orbital upon dissociation of solvent to 

stabilize the 5-coordinate intermediate and hinder reductive elimination (Scheme 5.74).  

Alternatively, π-donation of the chloride lone pair could make 2,6-diClPhDAB a better 

donor ligand (or worse π-backbonding ligand) providing a more electron rich platinum 

center compared to 34.  In comparison to 34, the more electron rich metal center would 

favor solvent dissociation but disfavor reductive elimination. 
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Scheme 5.74 Proposed Stabilization of Five-Coordinate Intermediate in 33. 
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To study the origin of elimination of ethane promoted by 2,6-diMePhDAB and 

the disparity in reactivity between 33 and 34, DFT calculations were employed.  For each 

complex under study, the starting acetone complex (X), five-coordinate intermediate (I-

X), and reductive elimination transition state (TS-X) were calculated (Table 5.11).  

ΔGdissoc was calculated as the difference in free energy between I-X and X.  ΔG‡ is the 

difference in free energy between TS-X and I-X.  Finally, ΔG‡
tot is the sum of ΔGdissoc 

and ΔG‡.  Dr. Michael Lanci performed calculations on [(2,6-

diMePhDAB)PtIV(CH3)3(acetone)]+ (34) and [(3,5-diMePhDAB)PtIV(CH3)3(acetone)]+ 

(38), while I did the related calculations for [(2,6-diClPhDAB)PtIV(CH3)3(acetone)]+ (33). 

In this comparison, 38 is a model of 4-MePhDAB substituted 32. 

Table 5.11 Computation of Reductive Elimination of Ethane from 
[(ArDAB)PtIV(CH3)3(solvent)]+. 

N
N CH3

CH3PtIV
Ar

Ar

CH3

O

N
N CH3

CH3PtIV
Ar

Ar

CH3 +
N
N CH3

CH3Pt

Ar

Ar

CH3 ++

+
O

X I-X TS-X

ΔGdissoc ΔG‡

 

Transition State ΔGdissoc (kcal/mol) ΔG‡ (kcal/mol) ΔG‡
tot (ΔGdissoc + ΔG‡) 

TS-33 -1.5 26.6 25.1 

TS-34 0.1 21.7 21.8 

TS-38 5.6 21.6 27.2 

 

A comparison of reductive elimination from 34 and 38 provided evidence for the 

origin of ethane elimination promoted by (2,6-diXDAB) complexes.  The ΔΔGdissoc 

between 34 and 38 was 5.5 kcal/mol in favor of complex 34. Reductive elimination from 

the five-coordinate complexes 34 and 38 was calculated to have a ΔΔG‡ of only 0.1 
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kcal/mol. This suggests that the majority of ΔΔG‡
tot for reductive elimination between 34 

and 38 is the result of more favorable acetone dissociation from complex 34.  The Eyring 

equation predicts a difference in rate of 104 between 34 and 38.  

Comparison of 33 and 34 showed ΔΔGdissoc to be 1.6 kcal/mol in favor of 2,6-

diClPhDAB complex 33.  However, unlike 34 and 38 (which had practically identical 

values for ΔG‡) reductive elimination from 33 was disfavored by 5 kcal/mol.  TS-33 is 

shown in Scheme 5.75.  Examination of the transition structure geometry clearly shows 

no donation of the Cl- lone pair into the empty dz2 orbital in the transition state.  The 

nearest chloride is 4.0 Å away from the platinum center.  This suggests that the four 

chlorides are donating lone pair electron density into the aromatic system, making 33 a 

more electron rich metal center than 34.  The decreased energy of acetone dissociation 

and increased energy required for reductive elimination are consistent with this proposal.  

Scheme 5.75 Reductive Elimination Transition State TS-33. 

          
The computational comparison of complexes 34 and 38 suggested that reductive 

elimination from [(ArDAB)Pt(CH3)3(solvent)]PF6 complexes should be even more 

favorable in a more weakly coordinating solvent.  To this end, complexes 32, 33, and 34 

were prepared in dichloromethane-d2 under the same conditions as described for 

reactions in acetone-d6.  1H NMR spectra of 32 exhibited dynamic exchange of axial and 

equatorial methyl positions in dichloromethane-d2 in contrast to observations made of 32 
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in acetone-d6.  Dichloromethane-d2 solutions of 34 were not stable as reductive 

elimination of ethane was observed even at 25 °C.  

Thermolysis of complex 32 in dichloromethane-d2 was performed at 50 °C over 

24 h and was monitored by 1H NMR spectroscopy (Table 5.12).  When compared to 

reaction of 32 in acetone, reaction in dichloromethane produced a higher yield of ethane 

(16%) and 35 (8%) at 19% conversion of 32.  While the reaction of 32 to produce ethane 

is still sluggish under these conditions, this results provides further evidence for the role 

of solvent coordination in the reductive elimination of ethane from trimethyl-PtIV 

complexes, [(ArDAB)PtIV(CH3)3(solvent)]PF6. 

Table 5.12 Thermolysis of [(ArDAB)PtIV(CH3)3(solvent)]PF6 in Dichloromethane. 

     

N
N solvent

CH3PtII
Ar

Ar

N
N CH3

CH3PtIV
Ar

Ar

CH3

solvent
Ar = 4-MePh
  2,6-diMePh

32
34

H3C CH3 +

PF6

35
37

PF6

dichloromethane-d2, 24 h, 50 °C

 

Starting 

Complex 
% Conversion % Ethane 

Monomethyl Complex 

(% Yield) 

32 19 16 35 (8) 

34 100a 96   37 (82) 

 

Importantly, all of the dimethyl complexes reported above (28, 30, and 31) 

undergo oxidatively-induced methyl transfer in acetone-d6 to generate the respective 

platinum(IV)-trimethyl complexes 32, 33, and 34 (Scheme 5.76).  These results show that 

sterically-encumbered platinum complexes bearing ArDAB ligands can accomplish two 

of the three fundamental steps of our proposed catalytic cycle, oxidatively-induced 

methyl transfer and elimination of ethane.  These studies also clearly show the 

importance of using a weakly coordinating solvent to maximize the rate of ethane 

elimination when considering platinum-catalyzed oligomerization of methane.  
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Scheme 5.76 Oxidatively-Induced Methyl Transfer from (ArDAB)PtII(CH3)2. 
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5.3 Conclusions 
 

Platinum has the distinct advantage (relative to other group 10 metals) that it is 

capable of performing C–H activation of methane over other group 10 metals.  In order to 

exploit this advantage toward the oxidative oligomerization of methane, platinum must 

also be able to also generate new C–C bonds from the activated methyl group.  Several 

pathways toward C–C bond formation from Pt–CH3 complexes, all involving methyl 

transfer reactions, were examined in this chapter including: disproportionation of 

monomethyl platinum complexes, transfer of methyl from platinum to palladium, one-

electron oxidation of platinum monomethyl complexes, and one-electron oxidation of 

platinum-dimethyl complexes. 

Disproportionation of (tBu-bpy)PtII(CH3)X complexes was shown via calculations 

to be more thermodynamically favorable compared to the related disproportionation of 

(tBu-bpy)PdII(CH3)X complexes.  An increase in the kinetic barrier for disproportionation 

at PtII was also calculated.  The thermodynamically downhill comproportionation 

reaction between (tBu-bpy)PtII(CH3)2 and (tBu-bpy)PtII(I)2 required heating at 90 °C for 

24 h to provide only 10% (tBu-bpy)PtII(CH3)I giving further credence to an increased 

kinetic barrier for methyl transfer compared to the analogous palladium complexes.17 

Methyl transfer from (Me-bpy)PtII(CH3)I to (NO2-bpy)Pd(I)2 was computed to be 

nearly thermoneutral. The reaction of related complex (tBu-bpy)Pt(CH3)I with (NO2-

bpy)Pd(I)2 produced 13% of a new asymmetric complex over 6 h at 90 °C.  This complex 

was preliminarily assigned as (NO2-bpy)Pd(CH3)I based on 1H NMR spectroscopic 

analysis.   

For Pt-to-Pt disproportionation, the kinetic barrier to methyl transfer is proposed 

to be greatly affected by the energy required for X-type ligand loss, specifically, X-type 

ligand loss from the methyl-accepting complex.  In trying to circumvent this kinetic 
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problem by performing Pt-to-Pd methyl transfer, an advantage is gained in X-type ligand 

dissociation at PdII, but transfer of CH3 from Pt to Pd becomes kinetically unfavorable.  

One possibility for addressing the challenge of kinetics in methyl transfers with 

Pt, is to make the complexes more electron rich.  Stronger donor ligands should have a 

greater trans effect, labilizing the X-type ligands.  For Pt-to-Pt systems, an example is 

carbene ligands rather than bypyridine ligands (Scheme 5.77).  Likewise, in the Pt-to-Pd 

methyl transfer, more electron rich ligands on both metals could maintain the 

thermodynamic neutrality of the system while improving the kinetics.  One such example 

would involve using carbene or sp3-nitrogen donor ligands on platinum while using 

bipyridine instead of NO2-bpy on palladium (Scheme 5.78).  Future experiments along 

these lines should be pursued. 

Scheme 5.77 Electron-Donating Ligands in Platinum(II) Disproportionation.   
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Scheme 5.78 Electron-Donating Ligands in Platinum-to-Palladium CH  Transfer. 
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One-electron oxidatively-induced methyl transfer is an alternative option for 

generating dimethyl-platinum complexes from monomethyl-platinum complexes.  In 

pursuing this pathway, a number of new platinum-perfluoroalkyl complexes of the 

general formula (L2)PtII(CH3)(RF) (RF = nonafluoro-n-butyl or heptafluoro-i-propyl) were 

synthesized.  Ultimately, the complexes did not produce the desired 

[(L2)PtIV(CH3)2(RF)(solvent)]+ complexes upon oxidation under any conditions screened.  

However, based on comparison of platinum systems to palladium systems the ideal 

complexes for these reactions should be (L2)PtII(CH3)(CF3) rather than complexes 

containing larger perfluoroalkyl substituents.  The Pt–CF3 complexes were not attainable 
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under any synthetic conditions attempted.  However, one synthetic pathway that remains 

to be explored is reaction of (ArDAB)PtII(CH3)2 (Ar = 2,6-substituted arene) with CF3I.  

Hughes has shown this reaction produced (ArDAB)PtII(CH3)(RF) complexes with 

concomitant loss of CH3I for nPr-F7I, and this could offer an opportunity for entry into 

(ArDAB)PtII(CH3)(CF3) complexes. 

Lastly, Dr. Michael Lanci and I demonstrated that 2,6-substituted aryl groups in 

ArDAB ligands were effective at promoting reductive elimination of ethane from 

[(ArDAB)PtIV(CH3)3(solvent)]+ complexes.  Further, [(ArDAB)PtIV(CH3)3(solvent)]+  

could be generated by one-electron oxidation of (ArDAB)PtII(CH3)2.  Upon elimination 

of ethane, [(ArDAB)PtIV(CH3)3(solvent)]+ produces [(ArDAB)PtII(CH3)(solvent)]+.  

Achieving C–H activation by reaction of methane with [(ArDAB)PtII(CH3)(solvent)]+ to 

yield (ArDAB)PtII(CH3)2 would complete all of the fundamental steps necessary for 

oxidative oligomerization of methane by a platinum catalyst.   

To this end, it is important to note that C–H activation by 

[(ArDAB)PtII(CH3)(solvent)]+ has been demonstrated to proceed through an oxidative 

addition pathway to generate a [(ArDAB)PtIV(CH3)2(H)(solvent)]+ intermediate (Scheme 

5.79).4 If this intermediate could be trapped by deprotonation of the hydride ligand, the 

desired transformation to yield (ArDAB)Pt(CH3)2 could be achieved, and with this 

success, each of the fundamental steps required for platinum-catalyzed oxidative 

oligomerization of methane would be accomplished. 

Scheme 5.79 Generation of a Platinum(II)-Dimethyl Complex Upon Methane Activation. 
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5.4 Experimental Procedures 
 

5.4.1 Instrumentation 
 

NMR spectra were obtained on a Varian Inova 500 (499.90 MHz for 1H; 125.70 

MHz for 13C), a Varian Inova 400 (399.96 MHz for 1H; 100.57 MHz for 13C, 376.34 
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MHz for 19F, 161.91 MHz for 31P), or a Varian Mercury 300 (300.07 MHz for 1H) 

spectrometer. 1H and 19F NMR chemical shifts are reported in parts per million (ppm) 

relative to TMS with the residual solvent peak used as an internal reference. 19F NMR 

spectra are referenced on a unified scale, where the single primary reference is the 

frequency of the residual solvent peak in the 1H NMR spectrum.  Multiplicities are 

reported as follows: singlet (s), doublet (d), doublet of doublets (dd), doublet of doublet 

of doublets (ddd), and triplet (t).  

 

5.4.2 Materials and Methods 
 

All manipulations were performed using standard Schlenk or glovebox 

procedures unless otherwise noted. Acetone, acetone-d6 (Cambridge Isotopes), and 

methyl iodide were refluxed over calcium sulfate overnight and then distilled, freeze-

pump-thaw degassed, and shaken over 4 Å molecular sieves immediately before use. 

Methylene chloride-d2 (Cambridge Isotopes) and 1,1,2-trichloroethane were refluxed 

over CaH2 overnight and then distilled, freeze-pump-thaw degassed and stored over 4 Å 

molecular sieves.  Silver hexafluorophosphate (Strem) was stored at -35 °C in a glovebox 

freezer.  All other solvents were purchased from Fisher or EMD and dispensed from an 

Innovative Technologies solvent purification system equipped with columns packed with 

activated alumina, copper catalyst, and molecular sieves. 4,4´-Di-tert-butyl-2,2´-

bipyridine (tBu-bpy), bpy, and H2PtIVCl6 were purchased from Aldrich, silver acetate and 

(COD)PtII(Cl)2 were purchased from Strem, Na2PdIICl4 and PdIICl2 were purchased from 

Pressure Chemical, K2PtIICl4 was purchased from Pressure Chemical or Acros, methyl 

iodide, ferrocene, ceric ammonium nitrate wer purchased from Acros, trifluoromethyl 

iodide was purchased from Matrix Scientific.  1-nonafluorobutyl iodide and 2-

heptafluoropropyl iodide were purchased from Acros, and shakene with Na2S2O3 to 

remove I2, followed by drying over MgSO4 and freeze-pump-thaw degassed prior to use.  

All other materials were used as purchased from Aldrich or Acros.  

See Chapter 2 for specific NMR instrumentation settings and particular NMR 

tubes used in ethane-evolving reactions.  Ambient light refers to light emitted from two 
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fluorescent tube lights in a fume hood.  Reactions conducted in the glovebox were 

conducted at the ambient temperature of the glove box (30 °C) unless otherwise noted. 

 

5.4.3 Computational Methods – Methyl Transfer 
 

See Chapter 2 for details on ground state calculations.  To calculate energies for 

chloride dissociation, a diffuse function was added to chloride (ξdiffuse = 0.0483) in Cl- 

and (MeDAB)MII(CH3)Cl.  Solvation energies were applied as a single point energy 

correction to the optimized structures using the IEFPCM solvation model (see Chapter 2).  

Transition states were optimized as saddle points using the Berny algorithm.56,57 

Transition states were confirmed by visual inspection of the single imaginary frequency.  

Transition structures were first optimized using B3LYP/CEP-31G(d).  A diffuse function 

was then added to chloride, and single point energies were derived for the optimized 

structures.  Solvation energies were applied as a single point energy correction to the 

optimized structures using the same methods as for ground state calculations.   

 

5.4.4 Computational Methods – Reductive Elimination 
 

Molecular geometries were fully optimized at the density functional level of 

theory (DFT) using Gaussian 03. The restricted (closed shell) calculations were 

performed using the B3LYP58–60 functional.  Atomic orbital basis functions employed a 

triple zeta basis set with effective core potentials and f polarization, LANL2TZ(f),616263 

on Pt and for C, H, N, and O the 6-31G** basis.64 Vibrational frequencies were 

calculated analytically within the harmonic oscillator approximation.65 All minima were 

characterized by real frequencies unless noted otherwise.  Transition states were 

optimized as saddle points using the Berny algorithm.56,57  

 

5.4.5 Syntheses 
 

(SMe2)2PtII(I)2,23 (tBu-bpy)PtII(I)2,66 (tBu-bpy)PtII(CH3)I,66 (µ-SMe3)2PtII
2(CH3)4,47 

(tBu-bpy)PtII(CH3)2,
67 (NBD)PtII(Cl)2,48 (NBD)PtII(CH3)2,51 (COD)PtII(CH3)2,51 

(COD)PtII(CH3)(nBu-F9) (14),50 FcBF4,54 acetylferrocene,68 AcFcBF4,54 2,6-
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diMePhDAB,69 4-MePhDAB,70 (4-MePhDAB)PtII(CH3)2 (28),71 and (2,6-

diClPhDAB)PtII(CH3)2 (31)72 were synthesized according to literature procedures.  

(SMe2)2PtII(CH3)I was prepared according to the methods of Puddephatt,23 only the 

reaction was carried out in acetone instead of methylene chloride, and the acetone 

solution was used directly in the further synthetic steps without isolation of 

(SMe2)2PtII(CH3)I.  The ligand NO2-bpy was prepared by oxidation of bpy to N,N′-

bpydioxide73 followed by nitration of the pyridine rings at the 4 and 4′ positions and 

reduction of the N-oxides.74 The ligand 2,6-diClPhDAB was prepared according to the 

procedure for preparation of 4-MePhDAB,70 but the yellow precipitate was collected on a 

frit after only ten minutes of reaction. 

 

PtII
O
CH3N

N

t-Bu

t-Bu
O  

(tBu-bpy)PtII(CH3)OAc (8): (tBu-bpy)PtII(CH3)I (106 mg, 0.18 mmol, 1 equiv) was 

suspended in dry acetone (5 mL). AgOAc (32 mg, 0.19 mmol, 1.1 equiv) and a magnetic 

stir bar were added, and the reaction was stirred for 3 h at 25 °C. The resulting 

suspension was passed through a plug of Celite. The acetone filtrate was concentrated 

under vacuum, and the residue was dissolved in benzene (5 mL).  The benzene solution 

was passed through a plug of Celite, and filtrate was cooled to -32 °C.  The frozen 

benzene solution was dried under vacuum to afford 8 as a pale yellow solid (70 mg, 

74%). 1H NMR (500 MHz, acetone-d6): δ 8.93 (d, 3J = 6.5 Hz, JPt–H = 58.5 Hz, 1H), 8.68 

(d, 3J = 5.5 Hz, 1H), 8.54 (d, 4J = 1.5 Hz, 1H), 8.47 (d, 4J = 2.0 Hz, 1H), 7.82 (dd, 3J = 

5.5 Hz, 4J = 2.0 Hz, 1H), 7.63 (dd, 3J = 6.5 Hz, 4J = 2.0 Hz, 1H), 1.98 (s, 3H), 1.45 (s, 

9H), 1.44 (s, 9H), 0.96 (s, JPt–H = 80.0 Hz, 3H). 

 

PdII
I
IN

N

O2N

O2N  
(NO2-bpy)PdII(I)2 (12): An ethanol (2 mL) solution of NO2-bpy (30 mg, 0.12 mmol, 1.5 

equiv) was added to a solution of Na2PdIICl4 (24 mg, 0.08 mmol, 1 equiv) in H2O (2 mL). 
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Immediately, a saturated solution of potassium iodide (181 mg, 1.09 mmol, 13 equiv) in 

H2O was added, and the precipitate was allowed to settle overnight.  The solid was 

collected on a frit, washed with H2O and ethanol, and dried under vacuum to afford 12 as 

a crystalline red solid (43 mg, 87%). 1H NMR (300 MHz, acetone-d6): δ 10.29 (d, 3J = 

5.7 Hz, 2H), 9.66 (d, 4J = 2.4 Hz, 2H), 8.69 (dd, 3J = 6.3 Hz, 4J = 2.4 Hz, 2H). 

 

PtII nBu-F9
CH3N

N

t-Bu

t-Bu  
(bpy)PtII(CH3)(nBu-F9) (16): (COD)PtII(CH3)(nBu-F9) (59 mg, 0.11 mmol, 1 equiv) and 

2,2′-bipyridine (18 mg, 0.11 mmol, 1 equiv) were dissolved in toluene (1.5 mL) in a 20 

mL scintillation vial.  A Teflon-coated magnetic stirbar was added, and the vial was fitted 

with a Teflon-lined cap.  The reaction was heated to 110 °C for 12 h.  After cooling, the 

toluene solution was condensed to an oil, and hexanes (15 mL) was added to afford a 

yellow precipitate.  The precipitate was collected on a frit, washed with hexanes, and 

dried under vacuum to afford 16 as a yellow solid (38 mg, 60%).  1H NMR (400 MHz, 

acetone-d6): δ 9.19 (d, 3J = 3.6 Hz, 1H), 9.08 (d, 3J = 5.6 Hz, JPt–H = 31.6 Hz, 1H), 8.59 

(d, 3J = 6.8 Hz, 1H), 8.57 (d, 3J = 6.8 Hz, 1H), 8.40-8.34 (2 peaks, 2H), 7.85 – 7.78 (2 

peaks, 2H), 0.91 (s, JPt–H = 82.8 Hz, 3H).  19F NMR (376 MHz, acetone-d6): δ -81.8 (s, 

3F), -91.9 (s, 2JPt–F = 393 Hz, 2F), -115.6 (s, 3JPt–F = 129 Hz, 2F), -125.5 (s, 2F). 

 

(NDB)Pt CH3
iPr-F7

NBD =
 

(NBD)PtII(CH3)(iPr-F7) (18): (NBD)PtII(CH3)2 (457 mg, 1.44 mmol, 1 equiv) and iPr-

F7I (305 µL, 2.15, 1.5 equiv) were suspended in pentanes (75 mL) in a 100 mL Shlenk 

flask equipped with a Teflon-coated magnetic stirbar.  The reaction was stirred in 

ambient light at 25 °C for 5 h.  The solution was exposed to air, and pentanes was 

removed by rotary evaporator.  The residue was dissolved in benzene (5 mL), and silver 

triflate (370 mg, 1.44 mmol, 1 equiv) was added.  The reaction stirred for 30 minutes at 

25 °C.  The resulting suspension was filtered through Celite, and the filtrate was exracted 

with H2O (3 x 10 mL).  The benzene layer was dried over MgSO4, frozen, and the 



 

 171 

benzene was removed under vacuum to afford 18 as a white solid (481 mg, 71%).  1H 

NMR (400 MHz, acetone-d6): δ 5.66 (t, 3J = 2.4 Hz, 2JPt–H = 51.2 Hz, 2H), 5.54 (t, 3J = 

2.4 Hz, 2JPt–H = 36.0 Hz, 2H), 4.23 (multiplet, 2H), 5.66 (t, 3J = 2.4 Hz, 2JPt–H = 51.2 Hz, 

2H), 1.84 (multiplet, 1H), 1.82 (multiplet, 1H), 0.63 (s, 2JPt–H = 86.0 Hz, 3H).  19F NMR 

(376 MHz, acetone-d6): δ -69.6 (d, 3J = 10.5 Hz, 3JPt–F = 110.9 Hz, 6F), -192.0 (septet, 3J 

= 10.5 Hz, 2JPt–F = 241.8 Hz, 1F). 

 

PtII iPr-F7
CH3N

N

t-Bu

t-Bu  
(bpy)PtII(CH3)(iPr-F7) (19): Procedure for synthesis of 16 was followed only reaction 

was heated to 110 °C for 1 h, and (NBD)PtII(CH3)(iPr-F7) was used as a starting material.  

(NBD)PtII(CH3)(iPr-F7) (65 mg, 0.14 mmol, 1 equiv), 2,2′-bipyridine (24 mg, 0.15 mmol, 

1.1 equiv).  Complex 19 was isolated as yellow powder (25 mg, 33%).  1H NMR (400 

MHz, acetone-d6): δ 9.39 (dd, JH–F = 10.0 Hz, 3J = 6.0 Hz, 1H), 9.10 (d, 3J = 5.6 Hz, JPt–H 

= 31.6 Hz, 1H), 8.57 (d, 3J = 8.0 Hz, 1H), 8.56 (d, 3J = 8.0 Hz, 1H), 8.39 (dd, 3J = 7.6 Hz, 
3J = 6.8 Hz, 1H), 8.35 (dd, 3J = 8.0 Hz, 3J = 8.0 Hz, 1H), 7.83 (dd, 3J = 7.2 Hz, 3J = 6.4 

Hz, 1H), 7.78 (dd, 3J = 7.2 Hz, 3J = 5.6 Hz, 1H), 0.91 (s, 2JPt–H = 82.4 Hz, 3H).  19F NMR 

(376 MHz, acetone-d6): δ -68.0 (d, 3J = 8.3 Hz, 3JPt–F = 125.2 Hz, 6F), -186.2 (septet, 3J = 

8.3 Hz, 2JPt–F = 97.8 Hz, 1F). 

 

Me2
N
N
Me2

CH3

iPr-F7PtII

 
(TMEDA)PtII(CH3)(iPr-F7) (20): Procedure for synthesis of 16 was followed.  

(NBD)PtII(CH3)(iPr-F7) (100 mg, 0.21 mmol, 1 equiv), TMEDA (60 µL, 0.40 mmol, 2 

equiv).  Complex 20 was isolated as yellow powder (42 mg, 37%). 1H NMR (400 MHz, 

acetone-d6): δ 4.16 (d, 3J = 5.6 Hz, 2H), 2.90 (broad peak, 2H), 2.74 (s, 3JPt–H = 16.8 Hz, 

6H), 2.64 (s, 3JPt–H = 29.2 Hz, 6H), 0.28 (pentet, J = 1.6 Hz, 2JPt–H = 82.8 Hz).  19F NMR 

(376 MHz, acetone-d6): δ -68.3 (d, 3J = 8.3 Hz, 3JPt–F = 130.5 Hz, 6F), -186.5 (septet, 3J = 

8.3 Hz, 2JPt–F = 108.7 Hz, 1F). 
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Ph2
P
P
Ph2

CH3

iPr-F7PtII

 
(dppe)PtII(CH3)(iPr-F7) (21):  (NBD)PtII(CH3)(iPr-F7) (90 mg, 0.19 mmol, 1 equiv) and 

dppe (76 mg, 0.19 mmol, 1 equiv) were dissolved in acetone (3 mL).  A Teflon-coated 

magnetic stirbar was added, and the reaction was stirred for 1 h at 30 °C.  Pentanes (15 

mL) was added to the reaction, and the solution was stored at -32 °C overnight.  The 

resulting precipitate was collected on a frit, washed with pentanes, and dried under 

vacuum to afford 21 as a white solid (70 mg, 45%).  1H NMR (400 MHz, acetone-d6): δ 

7.80 – 7.70 (multiple peaks, 8H), 7.61 – 7.54 (multiple peaks, 6H), 7.51 – 7.45 (multiple 

peaks, 6H), 2.34 (multiplet, 2JP–H = 65.2 Hz, 4H), 0.44 (t, 3JP–H = 6.8 Hz, 2JPt–H = 65.6 Hz, 

3H), 2.64.  19F NMR (376 MHz, acetone-d6): δ -67.6 (t, 4JP–F = 7.9 Hz, 3JPt–F = 88.4 Hz, 

6F), -186.5 (septet, 3J = 8.3 Hz, 2JPt–F = 107.5 Hz, 1F).  31P NMR (162 MHz, acetone-d6): 

δ 49.7 (d, J = 96.4 Hz, 1JPt–P = 1874 Hz, 1P),  45.1 (multiplet, 1JPt–P = 2448 Hz, 1P) 

 

N
N CH3

iPr-F7PtII
Ar

Ar

Ar =

 
(2,6-diMePhDAB)PtII(CH3)(iPr-F7) (24): (2,6-diMePhDAB)PtII(CH3)2 (151 mg, 0.29 

mmol, 1 equiv) and iPr-F7I (62 µL, 0.44 mmol, 1.5 equiv) were combined in ethyl acetate 

(10 mL) in a 50 mL Shlenk flask equipped with a Teflon-coated magnetic stirbar and a 

reflux condensor.  The reaction was refluxed for 24 h, but starting material remained.  
iPr-F7I (62 µL, 0.44 mmol, 1.5 equiv) was added a second time and the reaction was 

refluxed for a further 24 h.  Ethyl acetate was removed under vacuum.  The residue was 

taken up in minimal CH2Cl2 (< 2 mL), filtered through Celite and pentanes (15 mL) was 

added.  The solution was stored at -32 °C overnight.  The resulting precipitate was 

collected on a frit, washed with pentanes, and dried under vacuum to afford 24 as a red 

solid (21 mg, 11%).  This solid contained an impurity with diagnotic resonances centered 

at 1.3, 2.2 and between 7.1 to 7.2 ppm by 1H NMR.  1H NMR (400 MHz, acetone-d6): δ 

7.25 – 7.09 (multiple peaks, 6H), 2.22 (s, 6H), 2.21 (s, 6H), 1.91 (s, 3H), 1.85 (s, 3H), 

0.42 (s, 2JPt–H = 81.6 Hz, 3H).  19F NMR (376 MHz, acetone-d6): δ -68.1 (d, 3J = 8.3 Hz, 
3JPt–F = 126.3 Hz, 6F), -186.2 (septet, 3J = 8.3 Hz, 2JPt–F = 114.3 Hz, 1F). 
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N
N CH3

nBu-F9PtII
Ar

Ar

Ar =

 
(2,6-diMePhDAB)PtII(CH3)(nBu-F9) (25): (2,6-diMePhDAB)PtII(CH3)2 (102 mg, 0.20 

mmol, 1 equiv) and nBu-F9I (51 µL, 0.30 mmol, 1.5 equiv) were combined in ethyl 

acetate (10 mL) in a 50 mL Shlenk flask equipped with a Teflon-coated magnetic stirbar 

and a reflux condensor.  The reaction was refluxed for 3 h.  Ethyl acetate was removed 

under vacuum.  The residue was taken up in minimal CH2Cl2 (< 2 mL), filtered through 

Celite, and pentanes (35 mL) was added.  The solution was stored at -32 °C overnight.  

The resulting precipitate was collected on a frit, washed with pentanes, and dried under 

vacuum to afford 25 as a red solid (17 mg, 12%).  This solid contained an impurity with 

diagnotic resonances centered at 1.13 and 7.15 ppm by 1H NMR.  1H NMR (400 MHz, 

acetone-d6): δ 7.24 – 7.05 (multiple peaks, 6H), 2.23 (s, 6H), 2.22 (s, 6H), 1.99 (s, 3H), 

1.86 (s, 3H), 0.51 (s, 2JPt–H = 86.4 Hz, 3H).  19F NMR (376 MHz, acetone-d6): δ -81.8 (s, 

3F), -92.3 (s, 2JPt–F = 387.3 Hz, 2F), -114.8 (s, JPt–F = 109.0 Hz, 2F), -125.8 (s, 2F). 

 

N
N CH3

iPr-F7PtII
Ar

Ar

Ar =

Cl

Cl  
(2,6-diClPhDAB)PtII(CH3)(iPr-F7) (26): (2,6-diClPhDAB)PtII(CH3)2 (68 mg, 0.11 

mmol, 1 equiv) and iPr-F7I (24 µL, 0.17 mmol, 1.5 equiv) were combined in ethyl acetate 

(10 mL) in a 50 mL Shlenk flask equipped with a Teflon-coated magnetic stirbar and a 

reflux condensor.  The reaction was refluxed for 20 h.  Ethyl acetate was removed under 

vacuum.  The residue was taken up in minimal CH2Cl2 (< 2 mL), filtered through Celite, 

and pentanes (15 mL) was added.  The solution was stored at -32 °C overnight.  The 

resulting precipitate was collected on a frit, washed with pentanes, and dried under 

vacuum to afford 25 as a dark green solid (15 mg, 18%).  1H NMR (400 MHz, acetone-

d6): δ 7.79 (d, 3J = 8.4 Hz, 2H), 7.53 (d, 3J = 8.0 Hz, 2H), 7.48 (t, 3J = 8.0 Hz, 1H), 7.37 

(t, 3J = 8.4 Hz, 1H), 1.95 (s, 3H), 1.91 (s, 3H), 0.63 (s, 2JPt–H = 85.2 Hz, 3H).  19F NMR 
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(376 MHz, acetone-d6): δ -68.1 (d, 3J = 8.3 Hz, 3JPt–F = 127.8 Hz, 6F), -185.2 (septet, 3J = 

8.3 Hz, 1F). 

N
N CH3

CH3PtIV
Ar

Ar

CH3

solvent

PF6

Ar =

 
[(4-MePhDAB)PtIV(CH3)3(solvent)]PF6 (32): A solution of (4-MePhDAB)PtII(CH3)2 

(0.34 mL of a 7.4 mM solution, 1 equiv) in deuterated acetone or methylene chloride was 

added to a J. Young NMR tube containing 0.16 mL of the corresponding solvent.  A 

solution of MeI (0.1 mL of a 32 mM solution, 1.3 equiv) in the corresponding solvent 

produced a yellow solution within 1 min. at 25 ºC.  The 1H NMR spectra were consistent 

with the tri-methyl PtIV complex, (4-MePhDAB)PtIV(CH3)3I. 1H NMR (500 MHz, 25 ºC, 

acetone-d6): δ 0.66 (s, 2JPt–H = 73.2 Hz, 3H), 0.80 (s, 2JPt–H = 72.0 Hz, 6H), 2.40 (s, 6H), 

2.45 (s, 6H), 6.82 (broad s, 2H), 7.33 (s, 2H), 7.35 (s, 2H), 7.56 (broad s, 2H).  1H NMR 

(500 MHz, 25 ºC, dichloromethane-d2): δ 0.68 (s, 2JPt–H = 81.0 Hz, 3H), 0.82 (s, 2JPt–H = 

71.0 Hz, 6H), 2.30 (s, 6H), 2.42 (s, 6H), 6.70 (broad s, 2H), 7.31 (broad s, 4H), 7.51 

(broad s, 2H).   

A solution of AgPF6 (80 µL of 36 mM solution, 1.05 equiv.) in acetone-d6 or 

methylene chloride-d2 was added to the NMR tube inside of the glove box.  The resulting 

solution was analyzed by 1H NMR revealing a new spectrum consistent with the cationic 

tri-methyl PtIV complex, [(4-MePhDAB)PtIV(CH3)3(solvent)]PF6 (32).  1H NMR (400 

MHz, 25 ºC, acetone-d6): δ 0.68 (s, 2JPt–H = 67.2 Hz, 6H), 1.06 (s, 2JPt–H = 84.0 Hz, 3H), 

2.42 (s, 6H), 2.50 (s, 6H), 6.97 (d, 3J = 8.4 Hz, 4H), 7.41 (d, 3J = 8.4 Hz, 4H).  1H NMR 

(400 MHz, 25 ºC, dichloromethane-d2): δ 0.91 (broad s, 2JPt–H = 67.0 Hz, 9H), 2.41 (s, 

6H), 2.44 (s, 6H), 6.86 (d, 3J = 8.4 Hz, 4H), 7.37 (d, 3J = 8.4 Hz, 4H).  

 

N
N CH3

CH3PtIV
Ar

Ar

CH3

acetone

PF6

Ar =

Cl

Cl  
[(2,6-diClPhDAB)PtIV(CH3)3(acetone)]PF6 (33): A solution of (2,6-

diClPhDAB)PtII(CH3)2 (0.5 mL of a 5.0 mM solution, 1 equiv) in acetone-d6 was added 

to a J. Young NMR.  A solution of MeI (0.1 mL of a 32 mM solution, 1.3 equiv) in the 
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corresponding solvent produced a yellow solution within 1 min. at 25 ºC.  The 1H NMR 

spectra were consistent with the tri-methyl PtIV complex, (2,6-diClPhDAB)PtIV(CH3)3I. 
1H NMR (500 MHz, 25 ºC, acetone-d6): δ 1.74 (s, 2J195Pt–H = 78.0 Hz, 6H), 1.85 (s, 
2J195Pt–H = 80.0 Hz, 3H), 2.15 (s, 6H), 7.21 (t, 3J = 8.0 Hz, 2H), 7.52 (d, 3J = 8.0 Hz, 4H).  

 A solution of AgPF6 (80 µL of 36 mM solution, 1.05 equiv.) in acetone-d6 was 

added to the NMR tube inside of the glove box.  The resulting solution was analyzed by 
1H NMR revealing a new spectrum consistent with the cationic tri-methyl PtIV complex, 

[(2,6-diClPhDAB)PtIV(CH3)3(acetone)]PF6 (33).  1H NMR (400 MHz, 25 ºC, acetone-d6): 

δ 1.01 (s, 2JPt–H = 74.8 Hz, 9H), 2.79 (s, 6H), 7.53 (t, 3J = 8.4 Hz, 2H), 7.76 (d, 3J = 8.4 

Hz, 4H). 

    

5.4.6 Reaction Details 
 

PtII
O
CH3N

N

t-Bu

t-Bu
O

hν

acetone-d6, 50 °C

 
Disproportionation of (tBu-bpy)PtII(CH3)OAc (8).  A solution of 8 (0.6 mL of a 5.0 

mM solution in acetone-d6) was dispensed into a screw cap NMR tube. 1,3,5-

trimethoxybenzene (internal standard, 15 µL of a 47.6 mM solution in acetone-d6) was 

added, and the tube was sealed with a Teflon-lined cap. The reaction was monitored by 
1H NMR spectroscopy at 25 °C. When not in the NMR spectrometer for data acquisition, 

the sample was maintained at 50 °C and was exposed to ambient (room) light. 

 

PtII
CH3

CH3N
N

t-Bu

t-Bu

PtII
I
IN

N

t-Bu

t-Bu

+ hν

acetone-d6, 90 °C
PtII

I
CH3N

N

t-Bu

t-Bu

2

 
Comproportionation of (tBu-bpy)PtII(CH3)2 (9) and (tBu-bpy)PtII(I)2.  A solution of 9 

(0.15 mL of a 20.3 mM solution in acetone-d6) and a solution of (tBu-bpy)PtII(I)2 (0.45 

mL of a 66.6 mM solution in acetone-d6) were added to a screw cap NMR tube with 

1,3,5-trimethyoxybenzene (internal standard, 15 µL of a 47.6 mM solution in acetone-d6).  

The tube was sealed with a Teflon-lined cap, and the reaction was monitored by 1H NMR 
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spectroscopy at 25 °C.  When not in the NMR spectrometer for data acquisition, the 

sample was maintained at 50 °C or 90 °C and was exposed to ambient (room) light. 

 

PtII
I
CH3N

N

t-Bu

t-Bu

PdII
I
IN

N

O2N

O2N

+ hν

acetone-d6, 90 °C
PdII

I
CH3N

N

O2N

O2N

PtII
I
CH3N

N

t-Bu

t-Bu

+

 
Methyl Transfer from (tBu-bpy)PtII(CH3)I (7) to (NO2-bpy)PdII(I)2 (12). Solutions of 

7 (0.1 mL of a 14.7 mM solution in acetone-d6) and 12 (0.4 mL of a 3.3 mM solution in 

acetone-d6) were mixed in a screw cap NMR tube with hexamethyldisiloxane (internal 

standard, 10 µL of 47 mM solution in acetone-d6).  The tube was sealed with a Teflon-

lined cap, and the reaction was monitored by 1H NMR spectroscopy at 25 °C.  When not 

in the NMR spectrometer for data acquisition, the sample was maintained at 50 °C or 90 

°C and was exposed to ambient (room) light. 

 

L
L X

CH3PtII
one-electron oxidant

acetone-d6 or CD2Cl2  
One-Electron Oxidation of Platinum Complexes.  In the glovebox, the platinum 

complex (3.0 µmol) was weighed into a J. Young NMR tube and dissolved in deuterated 

solvent (0.5 mL).  A solution of 1,1,2-trichloroethane (internal standard, 15 µL of a 215 

mM solution in the corresponding deuterated solvent) was added, and the tube was sealed 

with a Teflon stopcock.  Initial 1H NMR spectra were taken (and 19F NMR spectra if the 

complex had fluorinated ligands).  Back in the glovebox, a one-electron oxidant (0.1 mL 

of a 3.0 mM solution in the corresponding deuterated solvent) was added.  The reaction 

was monitored by 1H NMR spectroscopy at 25 °C.  When not in the NMR spectrometer 

for data acquisition, the sample was maintained at 25 °C, 55 °C, 60 °C, or 90 °C and was 

protected from light by wrapping the tube in foil. 

 

N
N solvent

CH3PtII
Ar

Ar

N
N CH3

CH3PtIV
Ar

Ar

CH3

solvent

H3C CH3 +

PF6PF6

acetone-d6, 60 °C
or

CD2Cl2, 50 °C  
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Elimination of Ethane from [(4-MePhDAB)PtIV(CH3)3(solvent)]PF6 (32) or [(2,6-

diClPhDAB)PtIV(CH3)3(acetone)]PF6 (33).  Solutions of 32 and 33 were prepared in J. 

Young NMR tubes as described in section 5.4.5.  The tubes were sealed with a Teflon 

stopcock, and the reaction was monitored by 1H NMR spectroscopy at 25 °C.  When not 

in the NMR spectrometer for data acquisition, the samples were maintained at 50 °C 

(methylene chloride) or 60 °C (acetone) in the absence of light.  The yield of ethane 

evolved in methylene chloride was estimated based on the calibration curve for ethane 

formation in acetone. 
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CHAPTER 6 
 

Nitrogen Insertion into Palladium−Carbon Bonds 
 

6.1  Background and Significance 

Compounds containing carbon-nitrogen bonds are of great importance in many 

areas of chemistry, and as a result, transition metal-catalyzed approaches to C－N bond 

formation have been the subject of intense recent research. In particular, Pd- and Cu-

catalyzed aminations of aryl halides have proven to be powerful and widely used 

synthetic methods for the construction of arylamines (Scheme 6.1).1
 
However, despite 

their great utility, these transformations remain fundamentally limited by the fact that the 

aryl coupling partner must be prefunctionalized with a halide at the desired position, 

which increases the number of steps required in a synthetic sequence.  

Scheme 6.1 Metal catalyzed amination of aryl halides. 

           
 

An alternative approach to the synthesis of amines would be the direct conversion 

of C−H bonds into C−N bonds, an attractive transformation from the standpoints of atom 

economy and synthetic simplicity.2 Several effective methods for the intra- and 

intermolecular amination of sp3 C−H bonds have been developed, and these typically 

utilize rhodium carboxylate, copper homoscorpionate, or metalloporphyrin based 

catalysts in conjunction with either PhI=NR or PhI(OAc)2/MgO/RNH2 as the aminating 

reagent (Scheme 6.2).3 The mechanism of these transformations generally involves direct 

insertion of a metallonitrene into the C−H bond. As a result, the observed selectivities 

typically parallel those of radical reactions, with preferential amination of activated 
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and/or weak C−H bonds (e.g., tertiary, secondary, benzylic, or C−H bonds α to 

heteroatoms).2  

Scheme 6.2 Rh-catalyzed C−H Amination.3  

                                 

HN S
Rh2(OAc)4

PhI(OAc)2, MgOOSO2NH2

 
 

Our group and others have developed a number of Pd-catalyzed processes for 

converting C－H bonds into C－O,4-8 
C－halogen,4,9-12 and C－C bonds13-15 

using iodine(III) 

reagents as terminal oxidants (Scheme 6.3). In contrast to the aminations described 

above, these transformations proceed via C－H activation to form discrete organometallic 

palladacyclic intermediates.16-19  
As such, selectivity is dictated by proximity to a 

directing group and by steric effects, rather than by the strength/degree of activation of 

the C－H bonds. We have had a longstanding interest in extending these reactions to C－N 

bond formation, because such a transformation could serve as a valuable complement to 

both the amination of aryl halides and the metallonitrene insertion reactions described 

above. This chapter describes the development of a method for Pd
II
-mediated oxidative 

C－H bond amination.
  
We demonstrate that diverse palladacyclic complexes (which were 

all initially formed by directed C－H activation) undergo stoichiometric amination 

reactions with PhI=NTs (Scheme 6.4) and related oxidants. Investigations of the scope of 

these reactions as well as mechanistic insights into the key “NTs” insertion step are 

described below.  

Scheme 6.3 Pd-catalyzed Ligand-Directed Functionalization of C−H Bonds.  

N

H
I(X)2

cat. Pd

N

X + HX + PhI

 

Scheme 6.4 Structure of PhI=NTs oxidant. 
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6.2 Results and Discussion 

Our initial studies focused on demonstrating the feasibility of the stoichiometric 

oxidative amination of palladacycles (complexes that are typically formed via directed 

C－H activation reactions). We selected PhI=NTs20 
as the amination reagent on the basis 

of (i) our previous success using hypervalent iodine compounds in Pd-catalyzed C－H 

functionalization reactions, (ii) literature precedent for the insertion of “O” into Pd−C 

bonds using the analogous iodine(III) oxidant ArI=O,21 and (iii) literature precedent for 

PhI=NTs to generate highly reactive metal-imido intermediates.22 The chloride-bridged 

azobenzene dimer 1 was chosen as the initial substrate, because its reactivity with ArI=O 

had been explored previously.21  

Dr. Allison Dick demonstrated that reaction of dimer 1 with the hypervalent 

iodine reagent, PhI=NTs resulted in a double-insertion of the “NTs” group to give 

compound 2 (Scheme 6.1).23 This reaction was proposed to occur by (i) an initial “NTs” 

insertion into the Pd−C bond, (ii) decoordination of the azo linkage to form a more 

favorable five-membered palladacycle, (iii) ortho C−H activation of the adjacent aryl 

ring, and (iv) a second “NTs” insertion event to afford the final product (Scheme 6.5). 

Scheme 6.5 Proposed Mechanism for Double Nitrogen Insertion into Complex 1. 

               
 

Subsequently, we turned our attention to palladacycles of benzo[h]quinoline, 

which do not offer the possibility for a second ortho C－H activation event. A series of 

cyclometalated benzo[h]quinoline complexes, including the acetate-bridged dimer 3, the 

chloride-bridged dimer 4, and the in situ-generated monomeric pyridine complexes 5 and 
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6 (Scheme 6.6), were treated with 1.3 equiv of PhI=NTs in MeCN. The crude reactions 

were then evaporated to dryness, treated with CDCl3 containing 25% C5D5N (in order to 

convert any halide-and/or acetate-bridged Pd
II 

products to more readily detectable 

monomers), and assayed by 1H NMR spectroscopy. With the PdII starting materials 3-5, 

this sequence afforded a complex and largely inseparable mixture of inorganic and 

organic compounds. However, in all three cases, significant quantities (9-31%) of the 

desired “NTs” insertion product 7 or 8 were formed. These PdII complexes were 

identified in the crude 1H NMR spectra, by comparison to independently synthesized 

samples of 7/8. Interestingly, the organic products 9a/9b, which result from C−X 

coupling (X = Cl, OAc depending on the counterion associated with the starting Pd 

complex), could also be identified in some of these reactions.4  As summarized in Table 

6.1, chlorinated and/or acetoxylated organic products were formed in yields of up to 18%, 

and the formation of substantial quantities of these organic side products was inversely 

correlated to the yield of the desired “NTs” insertion product.  

Scheme 6.6 Palladium Complexes of Benzo[h]quinoline. 
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Table 6.1 Major Products Observed from the Reaction of Complexes 3-6 with PhI=NTs. 

                       
 

In contrast to the reactions of 3-5, the monomeric chloride complex 6 reacted with 

PhI=NTs to produce a single major inorganic product (8) in 51% yield (based on 
1
H 

NMR spectroscopic analysis of the crude reaction mixture), and complex 8 was isolated 

as a yellow solid in 42% yield. The isolated yield could be improved to 78% when the 

reaction was conducted in THF (Scheme 6.7). Notably, the C－Cl bond-forming reductive 

elimination product 9b was not observed in this transformation.  

Scheme 6.7 Reaction Sequence for Synthesis of Complex 8. 

                   
 

Palladacycle 6 was reacted with PhI=NTs in MeCN-d3 at 25 °C, and the reaction 

was monitored by 1H NMR spectroscopy.  During the course of the reaction, starting 

palladacycle 6 and aminated palladacycle 8 were the only benzo[h]quinoline products 



 

 185 

observed.  In the benzyl region of the spectra, resonances were observed corresponding to 

the benzylic methyl group of the oxidant, the corresponding benzylic methyl resonance of 

the product 8, and the methyl resonance of H2NTs.  Interestingly, a second palladium 

product, (py)2PdCl2 (di-pyridine palladium dichloride) was also formed in the reaction.  

The origin of H2NTs is presumed to be hydrolysis of the PhI=NTs oxidant. However, the 

origin of (py)2PdCl2 is unclear, as no other palladium byproducts were observed.  The 

ratio of H2NTs to (py)2PdCl2 changed from 1.9:1 to 2.6:1 over the 30 min course of the 

reaction, suggesting that formation of these byproducts are not related. 

The structure of 8 was confirmed by 
1
H NMR spectroscopy, which clearly 

showed the incorporation of a single “NTs” moiety into the starting complex. In addition, 

crystals suitable for X-ray analysis were obtained by slow diffusion of diethyl ether into a 

chlorobenzene solution of 8, and the solid-state structure of 8 is shown in Scheme 6.8. 

Selected bond distances and bond angles can be found in Table 6.2. In this square-planar 

palladium(II) complex, the chloride ligand resides trans to the NTs moiety and the 

pyridine trans to the nitrogen atom of the benzoquinoline ligand. The Pd－N and Pd－Cl 

bond lengths are comparable to those found in related complexes,24,25 
and as expected, the 

bond to the anionic nitrogen is the shorter of the two Pd－N bonds (1.997 versus 2.050 Å).  

Strikingly, structural analysis reveals that palladium retains a square planar geometry at 

the expense of planarity of the newly aminated benzo[h]quinoline ligand (τN1-C13-C12-C11 = 

14.9(7)°).    

Scheme 6.8 ORTEP Diagrem for Complex 8. 
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Table 6.2 Selected Bond Distances (Å) and Bond Angles (°) for Complex 8.  

Bond Distances (Å) Bond Angles (º) 

Pd(1)–N(1) 2.050(4) N(2)–Pd(1)–N(1) 86.84 

Pd(1)–N(2) 1.997(4) N(2)–Pd(1)–N(3) 89.14 

Pd(1)–N(3) 2.026(4) N(3)–Pd(1)–N(1) 175.97 

Pd(1)–Cl(1) 2.3277(12) N(1)–Pd(1)–Cl(1) 175.04 

 

Reactions of the in situ-generated palladacycle 6 with hypervalent iodide oxidants 

derived from electronically diverse benzenesulfonamides were also explored. As 

summarized in Scheme 6.9, these transformations proceeded in modest to good yields 

with oxidants containing both electron-donating and electron-withdrawing substituents on 

the aryl group of the sulfonamide. When the rates of sulfonamide insertion into isolated 

monomer 626 were measured under identical reaction conditions, the formation of 8 was 

found to proceed to completion within 30 min, while the reactions to form 10 and 11 

required 2 and 2.5 h, respectively, to reach complete conversion. However, it is difficult 

to draw definitive mechanistic conclusions from these kinetic data, due to the 

dramatically varied solubilities of these iodine(III) aminating reagents as well as their 

susceptibility toward hydrolysis under the reaction conditions.  

Scheme 6.9 Amination of Complex 6 with Electronically Diverse Oxidants. 

                
 

Analogous NTs insertion reactions were also examined with palladacycles 

containing sp
3 

Pd－C bonds. For example, the 8-ethylquinoline complex 12 reacted with 

1.3 equiv of PhI=NTs to afford 13 in 9% yield (as determined by 
1
H NMR spectroscopy) 

along with a number of unidentified Pd-containing species (Scheme 6.10). Interestingly, 
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the C－Cl bond-forming reductive elimination product 14 was identified as the major 

organic byproduct of this reaction. Removal of the chloride ligand from 12 with AgOTf 

prior to addition of the oxidant eliminated this competing transformation and increased 

the 
1
H NMR yield of aminated palladacycle 13 to 19%.  For reactions with and without 

addition of AgOTf, significant quantities of (py)2PdCl2 were also identified by 1H NMR 

spectroscopy.  Again, the origin of this byproduct is unclear, but it is believed to 

contribute to the low overall yield of 13. 

Scheme 6.10 Amination of Palladium-8-Ethylquinoline Complex 12. 

   
 

There are at least two possible mechanisms for the “NSO2−Ar” insertion 

reactions: a stepwise process (Scheme 6.11, Mechanism A) and a concerted pathway 

(Scheme 6.11, Mechanism B).  The stepwise mechanism would involve (i) initial 

nucleophilic attack of the Pd(II) center on PhI=NTs, (ii) loss of PhI to form a discrete 

Pd(IV) imido intermediate (I), and (iii) collapse of the intermediate to afford the insertion 

product.  Alternatively, the concerted process would proceed by a transition state 

involving a three-centered interaction between the Pd(II) center, the bound carbon, and 

the “NTs” group (III in Scheme 6.11). 
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Scheme 6.11 Possible Mechanisms for Insertion of “NTs” into the Pd−C Bond. 

                   
 

While these two mechanisms are difficult to definitively distinguish from one 

another, we currently favor mechanism A for several reasons. First, the closely related 

reaction of ArI=O with palladacycles has been proposed to proceed via a stepwise 

mechanism similar to A.27,28 In addition, Pd
IV

-oxo intermediates analogous to I have been 

proposed as intermediates in the reactions of Pd－C bonds with both inorganic and organic 

peroxides.29,30  
Finally, the observation of organic side products 9a, 9b, and 14 resulting 

from C－X coupling (X = OAc, Cl) is also consistent with a mechanism involving Pd
IV 

intermediates. Both C－OAc18,and C－Cl19,31-33  bond-forming reductive elimination have 

been shown to be facile from Pd
IV 

centers; in contrast, analogous reactions at Pd
II 

complexes are generally kinetically slow and/or thermodynamically unfavorable.34,35 
As 

such, we hypothesize that 9b and 14 are generated by a C－Cl coupling reaction from 

intermediate I that is competitive with “NTs” insertion into the Pd－C bond.  

Computations inspired by our initial report have subsequently provided additional 

support for our proposal, indicating that a pathway proceeding through a singlet PdIV-

imido (I, Mechanism A) is lower in energy than mechanism B.36 Comparison of I to other 

electronic structures, including a triplet PdIV-imido, and singlet and triplet nitrene 

complexes indicates that I is indeed the ground state electronic structure. 

With optimal conditions for the NTs insertion reaction in hand, we next sought to 

liberate the newly aminated organic ligands from the Pd center via protonoloysis of the 
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Pd－N bond. A series of acidic reaction conditions were examined to achieve this goal, 

and the results are reported in Table 6.3. Interestingly, no C－N bond cleavage was 

observed in neat AcOH at room temperature or at 100 °C (Table 6.3, entries 1 and 2). In 

contrast, neat trifluoroacetic acid afforded appreciable (~15%) conversion to product 15 

at room temperature (entry 3). The addition of 5 equivalents of HCl resulted in 

quantitative cleavage of the Pd－N bond to afford 15 (entry 5), and analogous conditions 

were also effective for the release of 16 from complex 13 (entry 6). Notably, with the 

success of these protonolysis reactions, we have established the feasibility of the three 

elementary steps (i) cyclopalladation, (ii) oxidative amination, and finally (iii) 

protonolysis for release of the aminated product (Scheme 6.12).  

Table 6.3 Acid Cleavage of Aminated Palladacycles. 
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Scheme 6.12 Proposed Catalytic Cycle for Palladium-Catalyzed Amination of C−H 
Bonds. 

                           

6.3 Conclusions 

 

In summary, we described a new mild reaction for the stoichiometric conversion 

of C－H bonds into amines via palladacyclic intermediates. This transformation is 

proposed to proceed via a stepwise mechanism involving a Pd
IV

-imido intermediate. 

Notably, while this work was in progress, Che and co-workers reported a related Pd-

catalyzed directed oxidative C－H amination reaction that uses K2S2O8 as a stoichiometric 

oxidant.37 
Since, multiple reports have demonstrated the use of PdII/IV cycles for catalytic 

conversion of C–H bonds to to C–N bonds.38–40 The further development of this 

methodology will provide an attractive complement to existing transformations such as 

the catalytic amination of aryl halides and nitrene insertion into activated C－H bonds.  

6.4 Experimental Procedures 

6.4.1 General Procedures 
 

NMR spectra were obtained on a Varian Inova 500 (499.90 MHz for 1H; 125.70 

MHz for 13C) or a Varian Inova 400 (399.96 MHz for 1H; 100.57 MHz for 13C) 

spectrometer. 1H NMR chemical shifts are reported in parts per million (ppm) relative to 

TMS, with the residual solvent peak used as an internal reference. Multiplicities are 

reported as follows: singlet (s), doublet (d), doublet of doublets (dd), doublet of doublet 

of doublets (ddd), doublet of triplets (dt), triplet of doublets (td), triplet of triplets (tt), 
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triplet (t), doublet of quartets (dq), quartet (q), multiplet (m), and broad resonance (br). 

Infrared spectra were obtained on a Perkin-Elmer FT-IR Spectrum BX spectrometer. 

High resolution mass spectral data were obtained on a Micromass AutoSpec Ultima 

magnetic sector mass spectrometer. 

 

6.4.2 Materials and Methods 
 

Benzo[h]quinoline was purchased from TCI America or Aldrich and used as received. 

PhI=NTs41 and the OMe- and NO2-42 substituted variants were prepared according to 

literature procedures from commercially available sulfonamides. Palladium(II) dimers of 

benzo[h]quinoline43,44 and 8-ethylquinoline45 were prepared according to literature 

procedures. Authentic samples of PdCl2(py)2 were prepared according to literature 

procedure.46 PdCl2 and Na2PdCl4 were purchased from Pressure Chemical and used as 

received. Solvents were purchased from Fisher Scientific and used without further 

purification. All reactions were carried out under ambient atmosphere. Flash 

chromatography was performed on Silicycle Silica P flash silica gel (40-63 µm particle 

size, 60 Å pore diameter, 50 m2/g surface area) and thin layer chromatography was 

performed on EMD TLC plates pre-coated with 250 µm thickness silica gel 60 F254.  

 
Product 7. Complex 8 (33.1 mg, 0.06 mmol, 1 equiv) was dissolved in 5 mL of CH2Cl2 in 

a 20 mL scintillation vial equipped with a Teflon stirbar. Silver acetate was added, and 

the mixture was stirred for 30 min. AgCl was removed by filtration through Celite, and 

the Celite pad was washed with CH2Cl2 (3 × 5 mL). The yellow solution was 

concentrated, and a solid was precipitated with Et2O. The yellow solid was collected on a 

fritted filter (21.1 mg, 61% yield). 1H NMR (CDCl3): δ 8.96 (2H, dt, J = 5.1, 1.6 Hz), 

8.68 (1H, dd, J = 5.5, 1.6 Hz), 8.04 (1H, dd, J = 8.0 , 1.5 Hz), 7.88-7.72 (5H, multiple 

peaks), 7.47-7.41 (3H, multiple peaks), 7.31 (1H, dd, J = 7.9, 5.5 Hz), 7.14 (2H, d, J = 

8.1 Hz), 6.48 (2H, d, J = 7.9 Hz), 1.99 (3H, s), 1.79 (3H, s). 13C NMR (CDCl3): δ 177.54, 
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151.78, 151.30, 141.92, 140.44, 139.57, 139.13, 138.49, 137.96, 135.97, 130.28, 130.06, 

129.11, 127.79, 127.39, 126.71, 126.36, 125.61, 124.91, 124.02, 121.69, 23.86, 21.06. 

HRMS-electrospray (m/z): calcd for [C27H23N3O4PdS − C5H5N  + Na+], 534.9920; found, 

534.9928.  

 

Products 7 and 9a (Procedure to determine yield by 1H NMR spectroscopy). 

Complex 3 (12.5 mg, 0.02 mmol, 1 equiv) and PhINTs (17.6 mg, 0.5 mmol, 1.3 equiv 

relative to [Pd]) were weighed into six 4 mL vials.  Each vial was equipped with a Teflon 

stirbar, and 2 mL MeCN was added to each vial.  Pyridine (25 µL, 0.33 mmol, 36 equiv 

relative to [Pd]) was added to 3 vials to generate complex 7 in situ.  Reactions were 

stirred overnight.  Solvent was removed under vacuum, and the resulting oil was 

dissolved in 0.7 mL of a 3:1 CDCl3:C5D5N solution containing 1,3,5-trimethoxybenzene 

as an internal standard.  For each vial, yields of 7 and 9a were determined by 1H NMR, 

and average yields were calculated for reactions from 3 and 5. 

 

Products 8 and 9b (Procedure to determine yield by 1H NMR spectroscopy).  The 

same procedure was followed as that used for determination of 8 and 9b yields, only 

complex 4 (11.6 mg, 0.02 mmol, 1 equiv) was used instead of complex 3. 

 

Products 8, 10, and 11 (General Procedure). Complex 4 (51.2 mg, 0.08 mmol, 1 equiv) 

was suspended in MeCN or THF (8 mL) in a 20 mL scintillation vial equipped with a 

Teflon stirbar. Pyridine (50 µL, 0.66 mmol, 8 equiv) was added to convert 4 to the 

corresponding monomer 6, and the reaction mixture was stirred until all of the solids 

dissolved. The iminoiodinane reagent (0.21 mmol, 2.6 equiv, 1.3 equiv per [Pd]) was 

added, and the reaction mixture was stirred at 25 °C for between 4 and 18 h. The solvent 

was removed under vacuum, and the product was purified by recrystallization. The 

reaction times and purification conditions varied between substrates and are reported in 

detail below.  
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Product 8. Procedure 1 (in MeCN). Reaction time: 4 h. The product was recrystallized 

twice from CH2Cl2/Et2O. Each crop of crystals was collected on a fritted filter and 

washed with ether (3 × 25 mL). Product 8 was obtained as a pale yellow solid (48.2 mg, 

42% yield).  

Procedure 2 (in THF). Reaction time: overnight. The product was recrystallized 

from CH2Cl2/hexanes, collected on a fritted filter, and washed with a 60/40 mixture of 

hexanes and isopropyl alcohol (3 × 20 mL). Product 8 was obtained as a pale yellow solid 

(70.9 mg, 78% yield). 1H NMR (CDCl3): δ 9.16 (1H, dd, J = 5.5, 1.6 Hz), 9.00 (2H, dt, J 

= 5.1, 1.6 Hz), 8.05 (1H, dd, J = 8.0, 1.6 Hz), 7.88-7.73 (5H, multiple peaks), 7.47-7.42 

(3H, multiple peaks), 7.33 (1H, dd, J = 7.9, 5.5 Hz), 7.05 (2H, dt, J = 8.5, 2.0 Hz), 6.48 

(2H, dd, J = 8.4, 0.4 Hz), 1.99 (3H, s). 13C NMR (CDCl3): δ 154.24, 152.59, 141.96, 

140.61, 139.33, 138.93, 138.58, 138.16, 136.01, 130.39, 129.86, 128.39, 127.86, 127.64, 

126.68, 126.22, 125.60, 125.04, 124.15, 121.96, 21.08. Anal. Calcd for 

C25H20ClN3O2PdS: C, 52.83; H, 3.55; N, 7.39. Found: C, 52.56; H, 3.26; N, 7.10.  

 
Product 10. Reaction time: overnight. Note: 4 equiv of oxidant per [Pd] was used. The 

product was recrystallized three times from CH2Cl2/Et2O. Notably, the first addition of 

Et2O to a CH2Cl2 solution of 6 resulted in the precipitation of an unidentified black solid. 

The yellow solution was decanted away from this solid, and further addition of ether led 

to crystallization of the desired product 10. None of this black solid was observed in 

subsequent recrystallizations. Each crop of crystals was collected on a fritted filter and 

washed with ether (3 × 25 mL). Product 10 was obtained as a light yellow solid (51.4 mg, 
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55% yield). 1H NMR (CDCl3): δ 9.21 (1H, dd, J = 5.5, 1.6 Hz), 9.00 (2H, dt, J = 5.2, 1.6 

Hz), 8.08 (1H, dd, J = 7.9, 1.5 Hz), 7.88-7.72 (5H, multiple peaks), 7.47 7.43 (3H, 

multiple peaks), 7.35 (1H, dd, J = 7.9, 5.5 Hz), 7.09 (2H, dt, J = 8.9, 2.9 Hz), 6.17 (2H, 

dt, J = 8.9, 2.9 Hz), 3.56 (3H, s). 13C NMR (CDCl3): δ 160.89, 154.25, 152.57, 141.97, 

138.97, 138.58, 138.41, 136.00, 134.30, 130.41, 129.88, 128.41, 128.07, 127.67, 126.77, 

125.60, 125.03, 124.25, 122.09, 112.44, 55.37. Anal. Calcd for C25H20ClN3O3PdS: C, 

51.38; H, 3.45; N, 7.19. Found: C, 51.54; H, 3.46; N, 7.08. 

  
Product 11. Reaction time: 8 h. The product was recrystallized twice from CH2Cl2/Et2O. 

Each crop of crystals was collected on a fritted filter and washed with ether (3 x 25 mL). 

Product 11 was obtained as a bright yellow solid (72.6 mg, 76% yield). 1H NMR 

(CDCl3): δ 9.20 (1H, dd, J = 5.4, 1.6 Hz), 8.96 (2H, dt, J = 4.9, 1.4 Hz), 8.07 (1H, dd, J = 

8.0, 1.5 Hz), 7.93-7.79 (5H, multiple peaks), 7.53-7.44 (5H, multiple peaks), 7.39 (1H, 

dd, J = 8.0, 5.7 Hz), 7.32 (2H, dt, J = 8.7, 2.3 Hz). 13C NMR (CDCl3): δ 154.15, 152.52, 

148.30, 147.29, 141.63, 138.89, 137.85, 136.15, 130.69, 130.09, 128.33, 127.14, 126.95, 

126.86, 126.25, 125.27, 124.47, 122.50, 122.35. Note: only 19 (rather than the expected 

20) carbon resonances were observed for 11, presumably due to overlapping peaks. Anal. 

Calcd for C24H17ClN4O4PdS: C, 48.09; H, 2.86; N, 9.35. Found: C, 48.27; H, 2.91; N, 

9.38. 

 
Product 13. Complex 12 (400 mg, 1.1 mmol, 1 equiv) was dissolved in MeCN (80 mL) 

in a 100 mL round-bottom flask equipped with a Teflon stirbar. AgOTf (545 mg, 2.1 

mmol, 2 equiv) was added, and the reaction mixture was stirred for 30 min. The resulting 
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suspension was filtered through Celite to remove AgCl, and the Celite pad was washed 
with MeCN (80 mL). PhI=NTs (515 mg, 1.4 mmol, 1.3 equiv) was added, and the 
resulting suspension was stirred for 8 h at 25 °C. The reaction mixture was filtered 
through Celite, and LiCl (90 mg, 2.1 mmol, 1.7 equiv) was added to the resulting orange 
solution. The reaction mixture was stirred for 30 min, and then the solvent was removed 
under vacuum. The crude oil was dissolved in CH2Cl2 (50 mL), and the organic layer was 
washed with H2O (3 x 100 mL) and brine (1 x 100 mL). The organic layer was dried with 
MgSO4, filtered, and concentrated under vacuum. The product was recrystallized twice 
from CH2Cl2/Et2O, and each crop was collected on a fritted filter and washed with Et2O 
(3 x 50 mL). The resulting mixture contained complex 13 and a second PdII

 species 
[(py)2PdCl2] in a 1:1.5 ratio by 1H NMR spectroscopy (calculated yield: 93 mg (16%)). 
Removal of py2PdCl2 was accomplished by two additional recrystallizations from 
THF/Et2O. The isolated yield of pure 13 was very low (~ 4%) as a result of these multiple 
recrystallizations; however, the crude yield of this reaction was determined by 1H NMR 

spectroscopy to be 19%. 1H NMR (CDCl3): δ 9.61 (1H, dd, J = 5.4, 1.6 Hz), 9.16 (2H, dt, 
J = 4.9, 1.5 Hz), 8.02 (1H, dd, J = 8.2, 1.6 Hz), 7.82 (1H, tt, J = 7.8, 1.6 Hz), 7.63 (1H, 
dd, J = 7.2, 1.4 Hz), 7.54 (1H, dd, J = 8.1, 1.5 Hz), 7.46 (1H, dd, J = 7.2, 0.8 Hz), 7.42 
(2H, ddd, J = 7.7, 5.1, 1.4 Hz), 7.28 (2H, dt, J = 8.7, 2.2 Hz), 7.23 (1H, dd, J = 8.1, 5.4 
Hz), 6.36 (2H, d, J = 8.1 Hz), 4.39 (1H, q, J = 7.2 Hz), 2.42 (3H, d, J = 7.1 Hz), 1.96 (3H, 

s). 13C NMR (CDCl3): δ 157.2, 153.2 140.6, 140.2, 140.0, 139.9, 139.3, 138.4, 132.1, 
129.7, 128.2, 127.2, 127.0, 126.3, 125.0, 120.6, 56.0, 28.8, 21.0. HRMS-electrospray 

(m/z): calcd for [C23H22ClN3O2PdS － C5H5N + Na+], 488.9632; found, 488.9636. 

 

Determination of 1H NMR Yields for the Reactions of “NTs” Insertion Products 

with Acid. A 20 mL scintillation vial equipped with a Teflon stirbar was charged with Pd 

complex 8 (0.04 mmol). A mixture of MeCN (8 mL) and an appropriate amount of HCl 

(added as 1 M HCl in ether) was added, and the reaction mixture was stirred for 24 h. The 

resulting mixture was diluted with H2O (3 mL), and the organic products were extracted 

into EtOAc (3 x 5 mL). The organic layers were combined, dried with MgSO4, filtered, 

and evaporated to dryness. The resulting oils were analyzed by 1H NMR spectroscopy in 

order to determine the percent conversion. Notably, the reactions with AcOH and TFA 

were carried out using the acid as the solvent. 
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Product 14. This product was observed by 1H NMR spectroscopy in reactions of 12 with 

PhI=NTs in the absence of AgOTf. The identity of 14 was confirmed by preparation of 

an authentic sample via Pd-catalyzed chlorination of 8-ethylquinoline with CuCl2.4 

Product 14 was purified by chromatography on silica gel (Rf = 0.15 in 95% hexanes, 5% 

ethyl acetate) and was isolated as a white solid (41.2 mg, 9% yield). 1H NMR (CDCl3): δ 

8.96 (1H, dd, J = 4.2 Hz, 1.8 Hz), 8.17 (1H, dd, J = 8.3 Hz, 1.8 Hz), 8.02 (1H, dd, J = 7.3 

Hz, 1.4 Hz), 7.78 (1H, dd, J = 8.3 Hz, 1.4 Hz), 7.59, (1H, dd, J = 7.8 Hz, 7.6 Hz), 7.43 

(1H, dd, J = 8.3 Hz, 4.2 Hz), 6.66 (1H, q, J = 6.8 Hz), 1.99 (3H, d, J = 6.9 Hz). 13C NMR 

(CDCl3): δ 150.0, 144.9, 141.1, 136.5, 128.3, 128.1, 127.1, 126.6, 121.4, 53.3, 26.5. 

HRMS-electrospray (m/z): M+ calcd for C11H10ClN, 191.0502; found, 191.0495. 

 

 

 
Product 15. Complex 8 (61.0 mg, 0.11 mmol, 1 equiv) was weighed into a 20 mL 

scintillation vial equipped with a Teflon stirbar. MeCN (8 mL) and HCl (as a 1 M 

solution in Et2O, 5 equiv) were added. The reaction was stirred for 24 h, and then diluted 

with saturated NaHCO3 (50 mL). The aqueous layer was extracted with ethyl acetate (3 x 

50 mL), and the combined organic layers were dried with MgSO4, filtered, and 

evaporated to dryness. The resulting solid was purified by chromatography on silica gel 

(Rf = 0.14 in 80% hexanes, 20% ethyl acetate). The product 15 was isolated as a pale 

yellow solid (12.1 mg, 32% yield). Note: this reaction proceeded to 100% conversion as 

determined by 1H NMR spectroscopy.  1H NMR (CDCl3): δ 8.98 (1H, dd, J = 4.5 Hz, 1.4 

Hz), 8.25 (1H, dd, J = 8.0 Hz, 1.6 Hz), 7.91 (1H, dd, J = 7.4 Hz, 1.3 Hz), 7.80 (2H, d, J = 

8.25 Hz), 7.74 (1H, d, J = 8.8 Hz), 7.63 (1H, d, J = 8.8 Hz), 7.61-7.52 (3H, multiple 
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peaks), 7.09 (2H, d, J = 8.5 Hz), 2.23 (3H, s), –0.72 (1H, br s). 1H NMR (C6D6): δ 8.39 

(1H, dd, J = 8.0 Hz, 1.0 Hz), 8.33 (1H, dd, J = 4.5 Hz, 1.8 Hz), 7.96 (2H, dt, J = 8.5 Hz, 

1.7 Hz), 7.33 (1H, dd, J = 8.0 Hz, 1.8 Hz), 7.27 (1H, t, J = 7.9 Hz), 7.21 (1H, d, J = 8.8 

Hz), 7.12 (1H, dd, J = 7.9 Hz, 0.6), 6.95 (1H, d, J = 8.8 Hz), 6.68 (1H, dd, J = 8.8 Hz, 4.5 

Hz), 6.49 (2H, d, J =8.0 Hz), 1.59 (3H, s), –0.49 (1H, br s). 13C NMR (CDCl3): δ 147.56, 

145.97, 143.27, 138.73, 137.41, 136.85, 135.29, 129.52, 129.24, 128.80, 127.43, 127.37, 

125.51, 122.89, 121.32, 117.49, 116.28, 21.55.  HRMS-electrospray (m/z): [M+H]+ calcd 

for C20H17N2O2S, 349.1011; found, 349.1018. 

 

 
Product 16. Complex 12 (34.7 mg, 0.064 mmol, 1 equiv) was weighed into a 20 mL 

scintillation vial equipped with a Teflon stirbar. MeCN (8 mL) and HCl (as a 1 M 

solution in Et2O) were added. The reaction was stirred for 24 h, and then diluted with 

saturated NaHCO3 (50 mL). The aqueous layer was extracted with ethyl acetate (3 x 50 

mL), and the combined organic layers were dried with MgSO4, filtered, and evaporated to 

dryness. Analysis of the crude reaction mixture by 1H NMR spectroscopy showed 

multiple aromatic products. The crude mixture was purified by chromatography on silica 

gel (Rf = 0.12 in 80% hexanes, 20% ethyl acetate), and the product (16) was isolated as a 

white solid (8.6 mg, 42% yield). 1H NMR (CDCl3): δ 8.78 (1H, dd, J = 4.2 Hz, 1.8 Hz), 

8.02 (1H, dd, J = 8.3 Hz, 1.8 Hz), 7.62 (1H, br d, J = 9.9 Hz), 7.53 (1H, dd, J = 7.5 Hz, 

2.1 Hz), 7.36 (1H, dd, J = 8.3 Hz, 4.2 Hz), 7.30-7.22 (4H, multiple peaks), 6.67 (2H, d, J 

= 7.9 Hz), 4.86 (1H, dq, J = 9.9 Hz, 7.1 Hz), 2.12 (3H, s), 1.70 (3H, d, J = 7.1 Hz). 1H 

NMR (C6D6): δ 8.24 (1H, dd, J = 4.2 Hz, 1.8 Hz), 7.53 (1H, br d, J = 9.7 Hz), 7.45 (2H, 

dt, J = 8.4 Hz, 1.9 Hz), 7.27 (1H, dd, J = 8.3 Hz, 1.8 Hz), 7.00 (1H, dd, J = 8.1 Hz, 1.5 

Hz), 6.92 (2H, dd, J = 7.0 Hz, 1.4 Hz), 6.83 (1H, dd, J = 7.1 Hz, 1.0 Hz), 6.58 (1H, dd, J 

= 8.3 Hz, 4.2 Hz), 6.30 (2H, d, J = 8.0 Hz), 5.12 (1H, dq, J = 9.9 Hz, 7.1 Hz), 1.67 (3H, 

s), 1.61 (3H, d, J = 7.0 Hz). 13C NMR (CDCl3): δ 148.7, 145.5, 142.0, 138.4, 137.5, 
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136.8, 128.9, 128.6, 128.4, 127.4, 126.5, 126.2, 121.1, 56.0, 24.4, 21.3. HRMS-

electrospray (m/z): [M+H]+ calcd for C18H19N2O2S, 327.1167; found, 327.1152. 

 

Kinetic Measurements for Reaction of Differentially Substituted Iminoiodinane 

reagents with benzo[h]quinoline monomer 6. Complex 6 (3.0 mg, 0.0075 mmol, 1 

equiv) and the iminoiodinane reagent (0.03 mmol, 4.0 equiv) were weighed into each of 

24 vials. CD3CN (0.6 mL) was added, and the reactions were stirred at 25 ºC for various 

time intervals. The contents of each vial were transferred to an NMR tube, and a 1H NMR 

spectrum was recorded immediately.  

 

Structure Determination for 8. Structure Determination.  Yellow needles of mr17 
were grown from a chlorobenzene/diethyl ether solution at 22 deg. C.  A crystal of 
dimensions 0.44 x 0.06 x 0.04 mm was mounted on a standard Bruker SMART 1K CCD-
based X-ray diffractometer equipped with a LT-2 low temperature device and normal 
focus Mo-target X-ray tube (λ = 0.71073 A) operated at 2000 W power (50 kV, 40 mA).  
The X-ray intensities were measured at 123(2) K; the detector was placed at a distance 
4.969 cm from the crystal.  A total of 2740 frames were collected with a scan width of 
0.5° in ω and phi with an exposure time of 45 s/frame. The integration of the data yielded 
a total of 36204 reflections to a maximum 2θ value of 49.70° of which 3897 were 
independent and 2847 were greater than 2σ(I).  The final cell constants (Table 1) were 
based on the xyz centroids of 6997 reflections above 10σ(I).  Analysis of the data showed 
negligible decay during data collection; the data were processed with SADABS and 
corrected fro absorption.  The structure was solved and refined with the Bruker 
SHELXTL (version 6.12) software package, using the space group C2/c with Z = 8 for 
the formula C25H20N3O2SClPd.  All non-hydrogen atoms were refined anisotropically 
with the hydrogen atoms placed in idealized positions.  Full matrix least-squares 
refinement based on F2 converged at R1 = 0.0375 and wR2 = 0.0822 [based on I > 
2sigma(I)], R1 = 0.0676 and wR2 = 0.0942 for all data.   

 
Sheldrick, G.M. SHELXTL, v. 6.12; Bruker Analytical X-ray, Madison, WI, 2001. 

Sheldrick, G.M. SADABS, v. 2.10.  Program for Empirical Absorption Correction of 
Area Detector Data, University of Gottingen: Gottingen, Germany, 2003.   
Saint Plus, v. 7.01, Bruker Analytical X-ray, Madison, WI, 2003. 
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