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ABSTRACT 
 

LIEBOV, NICHOLE S. Development of Methods for Hydrocarbon Functionalization 
(Under the direction of Professor T. Brent Gunnoe). 
 

Natural gas, which consists primarily of methane, ethane and propane, is a plentiful 

domestic resource that accounts for nearly a quarter of global energy production. However, 

its transportation and utilization is complicated by its gaseous state under ambient 

conditions. Current methods for the conversion of natural gas to high value liquid products 

require high temperatures and pressures and are capital-intensive. As a result, sources of 

natural gas that are located in remote regions are left “stranded.” Because methane is a 

potent greenhouse gas, with high global warming potential relative to CO2, this stranded 

natural gas is often unproductively flared to produce CO2. Globally, this flaring has been 

estimated to add 300 million tons of CO2 to the atmosphere each year and represents a loss 

of approximately $2 billion per year. Thus, there is significant motivation to develop a 

more efficient method to convert methane and other light alkanes from natural gas to easily 

transportable liquid products at the wellhead. This liquid (e.g., methanol) could then be 

used directly as a fuel or as a precursor to high-value chemicals.  

The primary focus of this Dissertation is the development of a selective method for the 

direct partial oxidation of light alkanes. Iodine oxides and chloride salts have been 

demonstrated to be highly efficient for the oxy-esterification (OxE) of methane, ethane and 

propane to generate the corresponding esters in trifluoroacetic acid at temperatures < 200 

°C and pressures ranging from 35-1000 psi. Ethylene is also functionalized under similar 

reaction conditions to generate a derivative of ethylene glycol.  

A combined experimental and computational mechanistic study found that light alkane 

functionalization likely occurs through a radical-based pathway where chlorine radical or 
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IO2 radical are predicted to abstract an H-atom from the starting alkane to generate alkyl 

radical. The alkyl radical is trapped by iodine which is generated in situ from the reduction 

of the iodine oxide oxidant to produce alkyl iodide which undergoes solvolysis in 

trifluoroacetic acid to produce alkyl trifluoroacetate. Although the C–H bond of MeTFA is 

weaker than that of methane, the alkyl ester was demonstrated to be stable under the highly 

oxidizing conditions with KCl/NH4IO3 in HTFA at 140 °C. The high selectivity for the 

alkyl ester product is proposed to be a manifestation of the polar effect, where the electron-

withdrawing trifluoroacetate moiety of the alkyl ester prevents additional, undesired 

oxidation in the polar solvent by decreasing the polarity of the transition state.  

Extension of the selective alkane OxE process to oxidants other than iodate was 

examined with the goal of identifying an oxidant which could generate species capable of 

H-atom abstraction and be regenerated easily using air. Nitrates and manganese-based 

oxidants have been demonstrated to be the most effective of those studied. Methane 

functionalization with these oxidants is stoichiometric rather than catalytic, but efforts to 

recycle the oxidants in situ are ongoing. 

The iodine oxide and chloride system was also examined under photochemical 

conditions. The functionalization of methane, ethane and propane is highly efficient, 

producing functionalized products with percent yields of ~50%, 80% and ~40%, 

respectively. MeTFA is also highly stable under photochemical reaction conditions, likely 

enabling the high yield of the mono-functionalized product. The conversion of methane to 

alkyl esters has also been observed using other oxidant systems and the photocatalyst 

tetrabutylammonium decatungstate. 
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Additionally, the conversion of toluene and 1-pentene to pentenyltoluenes using the Rh 

catalyst precursor [Rh(µ-OAc)(η2-C2H4)2]2 has been studied. Rhodium-based catalysis 

enables high ratios of linear:branched pentenyltoluenes products (up to 11:1). These linear 

pentenyltoluenes, which cannot be produced using current acid-based industrial methods 

for arene alkylation, are precursors for the plastic polyethylene naphthalate (PEN), a 

derivative of polyethylene terephthalate (PET). 
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1 Introduction to Light Alkane Functionalization 
 
1.1 Natural Gas Overview 
 

Natural gas accounts for nearly a quarter of global energy production and consists 

primarily of the light alkane methane (70-90% by volume) with smaller amounts of ethane 

and propane.1-3 As a result of the shale gas boom, the supply of natural gas has increased 

exponentially in recent years, making it a plentiful and valuable domestic resource.4 

However, there are significant limitations associated with natural gas extraction and 

utilization. While petroleum, which is a liquid at ambient conditions, can be transported to 

processing plants using existing infrastructure, it is much more challenging to efficiently 

and safely transport natural gas. As a result, significant sources of natural gas are left 

economically “stranded” often resulting in significant methane emissions or flaring to 

produce CO2.5 

These emissions are problematic because methane is a potent greenhouse gas with a 

global warming potential 35 times greater than that of carbon dioxide.6 Furthermore, 

methane also reacts in the atmosphere to produce ozone.6-7 When natural gas cannot be 

transported to a synthesis gas plant (see below), it is typically flared to generate the less 

harmful greenhouse gas CO2 in order to minimize methane emissions at the wellhead.8 

This flaring is performed on a large scale at some sites and can be seen from NASA satellite 

images at night (Figure 1.1). Furthermore, methane emissions are not limited to the 

wellhead.  Levels of emissions across the supply chain have recently been demonstrated to 

be > 60% higher than previous estimates by the Environmental Protection Agency, with 

emissions accounting for > 2% of the domestic gross natural gas production.9 This 

unproductive use of natural gas adds 300 million tons of CO2 into the atmosphere annually 
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and has been estimated to represent the loss of approximately $2 billion/year.8-9 Therefore, 

there is significant motivation to develop economical and effective methods to convert 

methane to an easily transportable liquid at the wellhead (e.g., gas-to-liquid or GTL 

technologies). Ideally, this liquid could be used as a fuel or as a precursor to high-value 

chemicals. 

 

 

 
 
 
 

Figure 1.1. Satellite images of the United States taken at night in 2000 (left) before the 
shale gas boom and in 2012 after the boom (right) illustrate the scale of natural gas flaring. 
The Bakken oil fields of North Dakota are encircled in red.10-11 
 
 The current industrial route for methane functionalization involves steam 

reformation at ~900 °C to generate synthesis gas (syngas), a mixture of carbon monoxide 

and dihydrogen (Scheme 1.1).12 Methanol is produced by reducing carbon monoxide with 

H2 using Fischer-Tropsch chemistry with an iron catalyst and elevated reaction 

temperatures (260-450 °C) and pressures (~400 psi, Scheme 1.1).13 Although effective, this 

process is energy-intensive and capital-intensive as syngas plant construction requires 

multi-billion dollar infrastructure investments and the syngas route to methanol produces 

large amounts of CO2.1 This investment cost effectively limits the implementation of this 

functionalization method as plants cannot be built in each isolated location natural gas is 

found. Thus, natural gas is often effectively “stranded” leading to the issues discussed 

previously.  
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Scheme 1.1. Generation of methanol through the indirect syngas method. 

The syngas method is inefficient as it oxidizes methane to carbon monoxide (-4 to +2 

oxidation state change for carbon) and subsequently reduces carbon monoxide to methanol 

(+2 to -2 oxidation state change for carbon). It would be highly beneficial to forgo the over-

oxidation and selectively partially oxidize methane to a useful liquid product (e.g., 

methanol or a methanol equivalent) in a single step, particularly if the process could require 

minimal investment. For example, the direct conversion of methane to methanol (MTM), 

CH4 + ½O2 à CH3OH is a direct partial oxidation (-4 to -2 oxidation state change for 

carbon). The generation of liquid products would enable the facile transportation of 

functionalized natural gas without requiring the harsh storage conditions of liquefied 

natural gas. Methanol is a particularly useful product as it can be transported using existing 

infrastructure and used either as a fuel directly or as a precursor for a variety of higher-

value commodity chemicals (Figure 1.2).14 While global methanol demand already exceeds 

80  million metric tons per year,14 there is significant incentive for the development of a 

direct method for its production from methane. Such a process would enable more efficient 

use of natural gas and would reduce greenhouse gas emissions. 

CH4 + H2O CO + 3H2
(syngas)

CO + 2H2 CH3OHFischer-Tropsch

steam reformation
Carbon Oxidation State Change

- 4 + 2

+ 2 - 2
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Figure 1.2. Relative demands for the various uses of methanol globally in 2015. Adapted 
from reference.14 MTBE = methyl tert-butyl ether; MMA = methyl methacrylate. 
 

In addition to current demand (Figure 1.2), less expensive and less energy-intense 

MTM could stimulate increased demand. For example, large scale conversion to dimethyl 

ether, a diesel fuel, could become a major fraction of automotive fuel in Europe.15 Also, it 

is appreciated that at a particular methanol price, the conversion of methanol to ethylene 

and propylene becomes competitive with ethane and propane cracking. As methane is not 

currently converted to ethylene or propylene commercially, the development of a process 

that puts the price of methanol production below the tipping point could open an enormous 

new market (i.e., the conversion of CH4 to light olefins).  

Methods for the selective partial oxidation of methane have been the subject of 

extensive study. Although the reaction of methane with ½ O2 to yield methanol is 

exothermic and thermodynamically favorable, there are significant kinetic barriers for the 

reaction. Additionally, there is the added complication that the C–H bonds of 

functionalized products are weaker than those of the starting material (Scheme 1.2).16 For 

example, the bond dissociation energy (BDE) for the C–H bonds of methane and methanol 

are 105 and 96 kcal/mol, respectively.16 As the activation of weaker C–H bonds is generally 
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favored for many C–H functionalization mechanisms, products like methanol are often 

more reactive than methane. The heightened reactivity of oxidized products often results 

in unselective functionalization, and over-oxidation is a chronic issue. Protection of these 

methyl products from over-oxidation is key to achieving the selective partial oxidation of 

methane as well as related light alkanes such as ethane and propane (vide infra). 

 

Scheme 1.2. C–H bond dissociation energies (BDEs) for methane and functionalized 
products. 

 
1.2 C–H Bond Activation 
 

The functionalization of light alkanes requires C–H bond activation, which has been 

reviewed extensively.17-18 There are several traditional methods of non-radical transition 

metal-mediated C–H activation, including oxidative addition, electrophilic substitution, σ-

bond metathesis and 1,2-C–H-addition across metal-heteroatom bonds (Scheme 1.3).17 

Oxidative addition involves the insertion of the metal center into the C–H bond to form a 

metal–hydride bond and a metal–hydrocarbyl bond and results in a formal two-electron 

oxidation of the metal center. Electrophilic substitution involves the activation of the 

alkane and loss of a proton (Scheme 1.3). σ-Bond metathesis is advantageous in cases 

where the metal center cannot be oxidized (e.g., with d0 complexes) as there is no formal 

change in the oxidation state of the metal. The four-membered transition state results in the 

formation of a metal–hydrocarbyl species and HY. The 1,2-C–H addition across metal-

heteroatom bonds is similar to σ-bond metathesis as it typically does not involve oxidation 

of the metal center. However, in the case of 1,2-C–H addition, the metal typically has an 
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imido, aryloxo or amino ligand. Each of these has a lone pair of electrons on the 

heteroatom, thus it has a four-membered six-electron transition state, whereas σ-bond 

metathesis has a four-membered four-electron transition state.17 There are also metal-

mediated C–H activation pathways involving homolytic bond cleavage, including 

metalloradical reactions and ligand-based H-atom abstractions. 

 

 

 

 

 

 

Scheme 1.3. Pathways for C–H activation from a metal-alkane coordination complex. 
Adapted from reference.17 
 

C–H bonds can also be activated via additional radical-based reaction pathways which 

do not require interaction with a metal center (e.g., hydrogen atom abstraction). These 

reactions result in homolytic C–H bond cleavage and the formation of an alkyl radical. 

Thus, hydrogen-atom abstraction involves a high-energy radical species capable of 

generating alkyl radicals from inert alkanes through the removal of an H-atom. Halogen 

radicals, produced in the presence of light or through the addition of an initiator, are 

effective agents for H-atom abstraction (Scheme 1.4). Although the overall reaction for 

free radical halogenation indicates that the mono-functionalized product is generated with 

an equivalent of HX (Scheme 1.4), this is not representative of the overall product 

distribution. As the cleavage of C–H bonds by free radical means typically occurs as a 
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M Y

HR

R M

H

Y
oxidative addition

M Y

R Hσ-bond metathesis
n

M
R

Y

n-1

n

M R+H+

-HY

electrophilic substitution

1,2-C–H addition
M

R

Y H

(Y = NH, OR, NHR)

M R
-HY

M R
-HY

-H+

M Y

R H

n

n

n

n



 7 

mono-halogenated alkyl products which have weaker C–H bonds than the starting alkane 

will undergo over-oxidation at higher conversions to generate undesired poly-halogenated 

alkanes.20-21 

 

Scheme 1.4. (A) Overall reaction for the halogenation of methane and (B) steps for free 
radical-based functionalization. 
 
1.3 Light Alkane Functionalization using Electrophilic Catalysts  
 
1.3.1 Introduction 
 

Although there is precedent regarding high-temperature methane conversion with 

metal oxides (> 500 °C), selectivity for mono-functionalized products is typically low at 

high conversions under such conditions (vide infra).22-23 Using modeling to compare rates 

of over-oxidation relative to mono-functionalization with various radical species, it has 

been proposed that the best yield for selective mono-functionalization under high-

temperature conditions is ~5%.22 This value is in agreement with experimental data.23 

Thus, there is significant motivation to pursue lower-temperature functionalization 

methods.  

There have been significant efforts to incorporate the above C–H bond activation 

pathways into catalytic processes for the selective partial oxidation of light alkanes under 

mild reaction conditions (≤ 250 °C).24 This chemistry is challenging as methane is inert, 
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nonpolar, and weakly basic (pKa = 50 in DMSO) with strong C–H bonds (BDE = 105 

kcal/mol).25 After years of research, low-temperature light alkane functionalization using 

electrophilic catalysts emerged as a promising strategy. 

1.3.2 Metal-Based Electrophilic Processes 
 

The activation of C–H bonds by electrophilic metals has been studied thoroughly. 

Shilov laid the groundwork for this chemistry with Pt(II) complexes that convert methane 

to methanol in aqueous solvent (Scheme 1.5).26-30 However, although the process 

demonstrated the capability of electrophilic metals to partially oxidize methane, the process 

was limited by the uneconomical use of a stoichiometric amount of Pt(IV) as the oxidant 

(Scheme 1.6).  

 

Scheme 1.5. Shilov system for partial methane functionalization.31 

 

 

Scheme 1.6. Proposed mechanism for methane functionalization by the Shilov Pt(II) 
system.18, 31 
 

In an attempt to extend Shilov’s findings to more commercially viable catalytic 

processes, Periana and coworkers developed a series of electrophilic catalysts based on a 
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variety of metals including Hg, Pd, Au and Pt.32-37 Of these, the Pt(II) catalyst (bpym)PtCl2 

(bpym = 2,2’-bipyrimidinyl) (Scheme 1.7), sometimes called the Catalytica system, 

remains one of the most efficient processes for the direct partial oxidation of methane to 

methyl bisulfate (a methanol derivative) at low temperatures (100-220 °C).37 One-pass 

yields of > 70% were obtained with > 90% selectivity for methyl bisulfate with product 

concentrations of up to ~1 M. Conversion to inactive Pt(IV) was prevented through a type 

of “self-repair,” which helped to improve the catalyst’s longevity.38 The significant 

advancement of the Catalytica system is its use of fuming sulfuric acid (oleum) as the 

solvent, air-regenerable oxidant, and as the source of the protecting group for the product.39  

 

Scheme 1.7. Proposed mechanism for the Catalytica system.24, 37 Adapted from reference.24 
 

Since over-oxidation is one of the greatest challenges in the field, product protection 
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partial oxidation reports from Sen and Moiseev which used the electron-withdrawing 

trifluoroacetate (TFA) group to protect the methanol derivative methyl trifluoroacetate 

(MeTFA)  formed in their studies with Pd(II) and Co(III) salts in trifluoroacetic acid.40-41 

The electron-poor C–H bonds of MeTFA or MeOSO3H are proposed to be deactivated 

toward further, undesired oxidation by the electrophilic metal catalysts. In the Catalytica 

system, the bisulfate group proved to be a particularly capable protecting group, making 

the product ~100 times less reactive than methane under the highly oxidizing conditions.25 

As a result, high yields of mono-functionalized product were observed with minimal over-

oxidation. 

Although the Catalytica system demonstrated high methane conversion with minimal 

over-oxidation, several limitations prevented its continued development. Primary 

complications included the difficulties related to reaction rates, product separation and 

water intolerance.42 The rate of the reaction is significantly lower than similar industrial 

processes (~2.8×10-3 s-1 versus > 2.8×10-1 s-1).43 The hydrolysis of methyl bisulfate to 

produce methanol and sulfuric acid is unfavorable and requires dilution of the reaction 

mixture by ~50%.44 As the Catalytica system is significantly inhibited by water, sulfuric 

acid must be recycled and concentrated at a great energetic expense. 

Several strategies have been pursued to address these challenges. Contrary to claims in 

the initial report,37 the Schüth group has demonstrated that simple platinum salts (e.g., 

K2PtCl4) act as efficient catalysts for methane functionalization in oleum with a maximum 

turnover frequency (TOF) ~20 times higher than with the original (bpym)PtCl2 catalyst 

(Scheme 1.8).43 The TOF with platinum salts is on par with other industrial processes, and 

the process operates with 99% selectivity for methyl bisulfate.  
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Scheme 1.8. Methane functionalization with K2PtCl4 in oleum to produce methyl bisulfate 
with high TOF and selectivity.43 
 

Two major approaches have been taken to avoid the problematic dilution of the reaction 

mixture to obtain methanol. First, it has been demonstrated that the addition of an organic 

solvent enables more facile separation of methyl bisulfate from aqueous sulfuric aicd.45 

Another notable method to enable more effective separation involves the use of low 

pressure membrane distillation (LPMD).44 With LPMD, a recyclable membrane separates 

methyl bisulfate and SO3 from sulfuric acid. SO3 can then added back to the concentrated 

sulfuric acid and used again. Methyl bisulfate can be hydrolyzed to give methanol without 

diluting the reaction media.  

Efforts to address the intolerance of the Pt(II) catalysts to water have involved the use 

of ionic liquids (ILs) as co-solvents due to their thermal stability and low volatility.46-48 ILs 

have been demonstrated to solubilize a variety of platinum salts, and thus could be 

combined with the progress made by the Schüth group in efforts to improve reaction 

rates.46, 48 Imidazolium and pyrazolium-based IL-sulfuric acid mixtures were shown to be 

effective for methane functionalization with a variety of platinum catalysts including 

(bpym)PtCl2.46 The water tolerance exhibited by the IL mixture enabled higher yields of 

methyl bisulfate at lower concentrations of sulfuric acid. 

1.3.3 Main Group-Based Electrophilic Processes 

Given the success of the metal-based electrophilic processes, the Periana group 

extended the motif of electrophilic functionalization to include main group-based 

compounds such as Tl(TFA)3 and Pb(TFA)4.33 These compounds are efficient for the 
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stoichiometric functionalization of methane, ethane and propane in non-superacidic 

solvents {e.g., trifluoroacetic acid (HTFA) and HOAc} to generate the corresponding 

methyl esters. The authors reported that MeTFA was stable to over-oxidation, as 13CO2 

was not detected as a product of the 13CH4 functionalization. Control reactions studied the 

stability of the ester products under reaction conditions with Tl(TFA)3 and found them to 

be unreactive. These findings were in agreement with calculations that predicted the ΔG 

for C–H activation of MeTFA would be ~9 kcal/mol higher than that of methane. 

Experimental and computational studies indicated that a non-radical-based C–H activation 

mechanism is most likely operative.  

Iodine has also been studied as an electrophile for light alkane functionalization. 

Periana and co-workers used molecular iodine as a catalyst for methane functionalization 

in oleum (Scheme 1.9).36 Yields of methyl bisulfate of 45% with respect to methane were 

obtained with > 90% selectivity for methyl bisulfate. Methane functionalization is not 

observed in reaction media less acidic than 98% H2SO4 or in the absence of SO3. Periana 

and coworkers proposed I2
+HS2O7

-
 as a potential active catalyst under the reaction 

conditions. The addition of O2 or K2S2O8 did not result in changes to the rate or selectivity 

of the reaction, providing evidence against a radical-based C–H activation mechanism. A 

blue species forms on the addition of iodine to oleum, characteristic of a I2
+ species. 

However, Davico found experimentally and computationally that I+ is more likely to be the 

active intermediate in this electrophilic C–H activation process.49 Gang and coworkers 

found that using a variety of other iodine-containing species including KI, NaI, I2O5, KIO3 

and KIO4 in oleum gave similar results, indicating that all might funnel to the same active 

intermediate as in the earlier report.50 
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Scheme 1.9. Iodine mediated methane functionalization in oleum. Adapted from 
reference.25 
 

Recent efforts have been used to demonstrate that hypervalent iodine oxidants are 

capable of light alkane functionalization in non-superacidic media. Periana, Ess, Gunnoe, 

Groves and coworkers demonstrated the efficacy of the perfluoroarene iodine(III) complex 

(C6F5)IIII(TFA)2 for methane, ethane and propane functionalization in HTFA (Scheme 

1.10).51 MeTFA is selectively produced from methane, but the MeTFA yield is limited to 

~5% relative to (C6F5)IIII(TFA)2. Ethane and propane were converted in higher yields to 

the corresponding mono-functionalized and 1,2-di-functionalized products (Scheme 1.10). 

Computational studies supported the electrophilic C–H activation mechanism proposed by 

the authors, similar to that of the Tl- and Pb-based processes. A primary limitation of the 

process is the inability to readily regenerate (C6F5)IIII(TFA)2 from (C6F5)II with O2.25 

 

Scheme 1.10. Alkane functionalization by (C6F5)IIII(TFA)2. Yields are reported relative to 
(C6F5)IIII(TFA)2. Di-functionalized product yields are calculated assuming that 2 
equivalents of (C6F5)IIII(TFA)2 are consumed per 1 eq. of product. Adapted from 
reference.51 
 
1.4 Radical-Based Processes 
 
1.4.1 Introduction 

The development of effective electrophilic catalysts for methane functionalization is 

challenging and requires specific modulation of the electrophilicity of the metal center. 
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Depending on the rate-limiting step of the process, increasing the electrophilicity of the 

metal center increases the barrier of the methane coordination step, hindering 

functionalization, or reduces the barrier for C–H activation, aiding functionalization.33 

Radical-based C–H activation (e.g., H-atom abstraction) offers an alternative and there has 

been extensive study of such systems for light alkane functionalization.  

1.4.2 Biological and Biomimetic Approaches 

In nature, bacteria known as methanotrophs exist in harsh methane-rich environments 

have developed metalloenzymes to convert methane to methanol.52 There are two primary 

methane monooxygenase enzymes, soluble methane monooxygenase (sMMO) and 

membrane-bound particulate methane monooxygenase (pMMO). sMMO, which has a 

diiron(IV) center, has been studied thoroughly.53 sMMO functionalizes methane by H-

atom abstraction by a high-valent bis-µ-oxo-diiron species (compound Q) and subsequent 

radical rebound to form methanol (Scheme 1.11).52, 54 Studies of pMMO have been limited 

by the instability of the enzyme outside of its native environment, but its active site likely 

contains a di- or tri-copper cluster.55-56 As a function of their evolution, these enzymes 

operate under specific environmental conditions and cannot be readily adapted for use in 

industrial processes as they often require cofactors and are not sufficiently stable to 

solvents, elevated temperatures or high-pressure conditions.57  
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Scheme 1.11. C–H functionalization by H-atom abstraction and radical rebound to 
generate MeOH from methane. MMOR = reductase protein component; MMOB = effector 
protein component. Adapted from references.53-54 
 

Biomimetic approaches, those using insight from biological systems, to develop related 

catalysts for partial methane oxidation have focused on the development of synthetic 

enzymes and zeolite systems.57 There have been extensive efforts to generate model 

systems for sMMO based on porphyrinoid complexes which seek to apply the selective 

radical-based functionalization observed with sMMO.54 Often, these porphyrinoid systems 

have diiron-based active sites. A diiron phthaocyanine complex was reported to oxidize 

methane to formic acid and formaldehyde with 437 TON using H2O2 as the oxidant 

(Scheme 1.12).58 As H2O2 cannot be recycled easily using O2,59 the industrially desired 

terminal oxidant, the scale-up of processes utilizing H2O2 as the oxidant is not 

economically viable. A similar system utilizing mCPBA as the oxidant has also been 

reported.60 These processes are proposed to operate by an H-atom abstraction pathway, 

similar to the enzymes themselves. Synthetic models of pMMO include a tri-nuclear copper 

complex which can yield ~6 TO of methanol using H2O2 as the oxidant.61 DFT studies 
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found that in the presence of O2 the complex forms a reactive µ-O intermediate capable of 

oxene transfer to methane and net oxygen insertion into a C–H bond of methane (Scheme 

1.13).61 

   

Scheme 1.12. Diiron phthalocyanine complex for partial methane oxidation in water.58 
Methanol was not observed. Total TON was calculated as (3 × formic acid/catalyst) + (2 × 
formaldehyde/catalyst) to account for over-oxidation. 
 

 

Scheme 1.13. Proposed mechanism for partial methane oxidation by CuICuICuI(7-N-
Etppz)+ (7-N-Etppz = 3,3’-(1,4-diazepane-1,4-diyl)bis[1-(4-ethylpiperazine-1-yl)propan-
2-ol]).61 
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cycling through a range of oxidation states.57 Iron-containing zeolites such as Fe-ZSM-5 

(parent ZSM-5 shown in Figure 1.3) have been demonstrated to convert methane to 

methanol at room temperature using N2O as the oxidant.62 The reaction was found to 

operate by H-atom abstraction from methane by a reactive surface oxygen species to 

generate hydroxy and methoxy species which react to form methanol. However, the use of 

oxygen as the oxidant with Fe-ZSM-5 required higher reaction temperatures (> 350 °C).63 

Another iron-containing zeolite iron sodalite converted methane to methanol with 70% 

selectivity at ~6% conversion at > 400 °C.64 In general, although selectivity for methanol 

can approach 90% with a mixed iron-copper zeolite, conversion is typically limited to < 

10%, and is < 1% under conditions where high selectivity for methanol is observed.65 

 

Figure 1.3. Structure of the zeolite ZSM-5 with two orientations (A) and (B) to show the 
pore channels (a-d). Vertices represent Si atoms. O atoms omitted for clarity. Copyright 
2009 John Wiley and Sons. Used with permission from Macquarrie, D. J. Industrial 
Friedel-Crafts Chemistry. In Catalytic Asymmetric Friedel-Crafts Alkylations; Bandini, 
M.; Umani-Ronchi, A., Eds.; Wiley-VCH: Weinheim, 2009, 271-278. 
 

A variety of copper-containing zeolites have also been examined for the partial 

oxidation of methane. While often capable of operating with high selectivities for methanol 

(> 98%),66 their active sites remain the subject of controversy similar to that of pMMO.57 

Researchers indicate that either mono-, di- or tri-copper clusters are responsible for 

methane functionalization.57 The copper-based zeolite systems have several drawbacks. 

First, early reactions required high temperatures for oxygen activation and a separate 
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extraction in order to isolate the product as methanol did not desorb under reaction 

conditions.57 This extraction with water was problematic as it resulted in the deactivation 

of copper sites. This was addressed through the use of a water, oxygen and methane gas 

mixture, enabling methanol selectivity of 70% using Cu-ZSM-5 with temperatures ~200 

°C.57 However, the amount of methane conversion could not be quantified under these 

conditions, limiting conclusions about selectivity at high conversion.57 While these zeolites 

are able to functionalize methane, additional optimization is required to obtain a catalyst 

which can operate with high selectivity at high conversion. 

1.4.3 Halogenation and Oxyhalogenation 

Light alkane chlorination is well-established and follows the radical-based mechanism 

outlined previously (see Scheme 1.4). Gas-phase alkane chlorination was first reported in 

1840 using chlorine and marsh gas, of which methane is a major component.67 Carbon 

tetrachloride was produced in the initial report, but in a study from 1858, methyl chloride, 

which can by hydrolyzed to give methanol, was isolated.68 The Hoechst process to produce 

chloromethanes was commercialized in 1923 in which recycled MeCl and unreacted 

methane are used to generate higher chloromethanes (Scheme 1.14).68 However as the 

reactions are unselective for the mono-functionalized product and 50% of the chlorine was 

converted reduced to HCl, which was not marketable at the time,69 alternatives routes for 

methane functionalization were desired.  

 

Scheme 1.14. Hoechst process for the formation of chloromethanes.68 

The use of fluorine, iodine and bromine for light alkane halogenation has also been 

studied. Methane fluorination is highly exothermic and can be explosive.70 Methane 

CH4 + Cl2 CH2Cl2 + CHCl3 + CCl4-HCl
350-450 °C

71% 27% 3%Selectivity:



 19 

iodination is endothermic and thermodynamically unfavorable, and the generation of MeI 

requires temperatures > 600 °C.70 Bromination, however is a more promising method of 

methane functionalization.2 As the H–Br bond is ~15 kcal/mol weaker than that of H–Cl,2 

there is a higher barrier to over-oxidation with bromination than chlorination. Thus, 

methane bromination operates with higher selectivity for the lower bromomethanes MeBr 

and CH2Br2. Simulations indicate that selectivity for dibromomethane can approach 90% 

at high conversion (~80%).70 The selectivity for the mono-functionalized product MeBr 

can be significantly improved through the addition of a small amount of iodine (Scheme 

1.15).71 Iodine is proposed to enable reproportionation between CH4 and CH2Br2.71 

Significant progress has been made, but as chlorine is more widely available and less 

expensive than bromine, the development of selective chlorine-based processes remains 

highly desirable. 

 

Scheme 1.15. Effect of added iodine of the product distribution of methane bromination.71 
The I2 mol% is given relative to CH2Br2.  
 

Oxyhalogenation chemistry, which typically involves the use heterogeneous catalysts 

such as copper or iron halides, HX (X = Cl, Br) and O2 for alkane functionalization, avoids 

a key drawback of the halogenation systems as halogens can be used with high atom 

economy (Scheme 1.16).2 However, the introduction of oxygen often results in significant 

over-oxidation to higher halomethanes.2 Thus, in addition to being stable toward harsh 

reaction conditions (e.g., corrosive gases and elevated temperatures), catalysts must be 

designed to minimize over-oxidation.2  

CH4 + CH2Br2
53%       47%

I2 (5 mol%)
CH4 + CH2Br2 + CH3Br + CHBr3 + CH2BrI
46%       30%          20%         4%        < 0.1%% composition: 500 °C, 8 sec
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Scheme 1.16. Overview of methane halogenation and oxyhalogenation.2 Over-oxidation 
to higher halomethanes is omitted for clarity. X = Cl, Br. 
 

Initially, catalysts found to be successful for ethylene oxychlorination were examined 

for light alkane oxychlorination. These were typically silica- or alumina-supported copper 

chloride-based catalysts.2 Although these were able to achieve 60-85% selectivity for MeCl 

at 18-43% conversion of methane, selectivity and conversion are inversely related, where 

the highest selectivity for MeCl (85%) is obtained at the lowest methane conversion 

(18%).72 The high temperatures (> 400 °C) required for methane oxychlorination result in 

damage to the catalyst and over-oxidation of the halomethane products.2 Promoters (e.g., 

LaCl3 and KCl) have been found to minimize catalyst decomposition but their use does not 

result in more selective formation of MeCl. The mechanism of copper chloride-based 

systems for oxychlorination, though generally accepted to be radical-based, is not fully 

understood. Oxychlorination has been proposed to operate via liberation of molecular 

chlorine from the heterogeneous catalyst.2  

Due to the shortcomings of these copper chloride-based materials, other catalysts based 

on La, Ru and Ce oxides have been developed for methane oxychlorination at elevated 

temperatures (> 400 °C).2 These typically exhibit greater thermal stability than the copper 

chloride catalysts, but the selectivity for MeCl remains low at reasonable methane 

conversions. An iron-doped ceria catalyst was able to achieve 74% selectivity for MeCl 

with 23% conversion.73 Further, mechanistic studies indicate that methane activation by 

these catalysts likely occurs by non-radical pathways.2 With LaOCl and LaCl3, surface 
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OCl- is proposed to react with methane.74 K4Ru2OCl10/TiO2 has been proposed to activate 

methane via O-atom insertion into the C–H bond with simultaneous removal of a proton 

by a basic site on the catalyst to produce a methoxy species which reacts with HCl to give 

MeCl.75 The mechanism of methane activation has not been elucidated for the cerium-

based catalysts as a greater understanding of the surface chemistry is required.2 

Oxybromination offers potential advantages relative to oxychlorination, similar to 

those demonstrated for bromination versus chlorination (i.e., higher selectivity for MeBr 

than MeCl).2, 76 However, HBr is significantly more expensive than HCl and is more 

corrosive in the presence of water, which is produced and aids in the removal of heat that 

is released during the reaction.2 Catalysts for oxybromination include those based on noble 

metals (e.g., Rh and Ru), non-noble metal oxides based on V, Ce, Mo, Ba and W, and Fe- 

and V-based phosphates.77 With Rh- and Ru-based catalysts on inert supports (e.g., SiO2), 

selectivities for MeBr of > 90% at conversions ~20-40% were observed.78-79 These 

processes were proposed to operate by a radical chain mechanism similar to that of 

traditional bromination chemistry.77 The non-noble metal oxides were less selective for 

MeBr (i.e., 50% selective at ~40% conversion) and resulted in significant CO production.80 

A variety of iron phosphates are stable under the reaction conditions and are capable of 

methane oxybromination, however at useful methane conversions the selectivity for MeBr 

is similar to that of the non-noble metal oxide catalysts.81 In contrast, vanadium phosphates 

such as (VO)2P2O7 are efficient catalysts for the selective formation of MeBr via methane 

oxybromination, operating with > 92% selectivity, albeit at low conversions (< 7%).82 

Although oxybromination offers a selectivity advantage over oxychlorination, these high 

selectivities are generally limited to < 10% methane conversion. 
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Bromine-mediated methane functionalization in zone reactors developed by Stucky 

and McFarland has similarities to oxybromination and bromination (Scheme 1.17).83-86 The 

alkane is first brominated to give alkyl bromides and HBr. On reaction with a metal oxide 

(e.g., 50/50 CuO/ZrO2, 47/3/50 Co3O4/Sm2O3/ZrO2),85 HBr is neutralized and the alkyl 

bromides are oxygenated to produce the corresponding alcohol (or dialkyl ether or alkene) 

and metal bromide. Both reactors operate at moderate temperatures (200-350 °C) which 

are lower than those typically used for oxyhalogenation. Oxygen is then used to oxidize 

the metal bromide to regenerate the metal oxide catalyst and bromine. The metal oxide can 

be recycled > 50 times without a loss in activity and the process is not inhibited by common 

impurities in natural gas (e.g., sulfur).85-86 Higher alkane and alkene products were 

observed as a result of MeBr coupling under these conditions.85, 87 

 

Scheme 1.17. Overall scheme for bromine-mediated alkane functionalization. Potential 
side pathways also shown. MO = metal oxide. Adapted from reference.85 
 
1.4.4 Radical Functionalization in Acidic Media 

Light alkane functionalization can also occur by radical pathways in acidic media. The 

Sen group demonstrated the use of HgSO4, Ce(SO4)2 and K2S2O8 as radical initiators for 

methane and ethane functionalization in oleum to produce the corresponding 

alkanesulfonic acid or alkyl bisulfate (Scheme 1.18).88 Although the process operated 

similarly to the Catalytica system by using oleum as the solvent and SO3 as the oxidant, 

the authors proposed that the oxidation with HgSO4 occurred by a radical pathway rather 

RH + Br2 RBr + HBr

RBr + HBr + MO ROH + MBr2

Overall:

2RBr + 2HBr + 2MO 2ROR + MBr2 + H2O
2RBr + 2HBr + 2MO olefin + 2MBr2 + 2H2O

or:

MBr2 + 1/2O2 Br2 + MO

RH + 1/2O2 ROH
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than the electrophilic pathway proposed for Periana’s Pt(II) and Hg(II) systems.32, 37 The 

reactions with radical initiators operated from 90-160 °C, but yields relative to methane 

and overall methane conversion were not disclosed. 

  

Scheme 1.18. Proposed mechanism for formation of methanesulfonic acid from methane 
with K2S2O8. Adapted from reference.88  
 

The use of K2S2O8 as an oxidant is impractical as it cannot be easily recycled with 

oxygen. Thus, there is motivation to develop radical-based processes for light alkane 

functionalization using air or oxygen as the terminal oxidant. Cobalt- and manganese-based 

catalysts have been reported to oxidize methane in HTFA by radical mechanisms and can 

be recycled with oxygen.41, 89-90 A process using Mn2O3 in the presence of air achieved 36% 

yield of MeTFA relative to methane with >95% selectivity for MeTFA (Scheme 1.19).89 

Cobalt(III) trifluoroacetate has been demonstrated to oxidize alkanes in HTFA 

stoichiometrically in the absence of oxygen90 and catalytically in the presence of oxygen.41 

Vargaftik and coworkers demonstrated ~400% yield of MeTFA relative to Co(TFA)3 in 

the presence of O2 (Scheme 1.20).41 Strassner and coworkers expanded this study to include 

a variety of Co(III) and Mn(III) sources, obtaining 50% yield based on methane under 

optimized conditions with Co(OAc)2·4H2O and O2 (Scheme 1.21).91 

 

Scheme 1.19. Mn2O3-catalyzed methane oxidation to MeTFA in HTFA.89  

K2S2O8 2KSO4

2KSO4 + CH4 KSO4H + CH3

CH3 + SO3 CH3SO3

CH3SO3 CH3SO3H + CH3
Propagation

Initiation

CH4

Mn2O3 (6.3 mM)
8% O2 in N2 (500 psi)

(100 psi) HTFA
180 °C, 3 h

MeTFA
36% yield 

(relative to methane)
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Scheme 1.20. Co(TFA)3-catalyzed methane oxidation to MeTFA in HTFA.41  

 

Scheme 1.21. Co(OAc)2·4H2O-catalyzed methane oxidation to MeTFA in HTFA.91 The 
mol% of Co(OAc)2·4H2O is reported relative to methane. 
 

Other radical-based processes utilize peroxides,45, 92-95 which can be regenerated using 

dioxygen,25 as initiators. Though less convenient than using O2 directly, these methods 

offer potential advantages as O2 can serve as a radical trap and in turn inhibit 

functionalization.25 These peroxide-based systems functionalize methane by H-atom 

abstraction. The generated methyl radicals are then trapped, typically as methanesulfonic 

acid.25 Calcium and barium peroxides were the most efficient of those studied, with 91% 

conversion of SO3 to methanesulfonic acid under optimized conditions (Scheme 1.22).94 

The effect of additives was also examined. RhCl3 was found to be the most efficient of 

those tested.95 The authors proposed that RhCl3 converted to a hydroperoxo or rhodium-

peroxo species in situ which acted as an initiator.95 

 

Scheme 1.22. Calcium peroxide in H2SO4 for the conversion of methane to 
methanesulfonic acid.94 
 

1.5 Thesis Aims 
 

This Dissertation is primarily focused on the mechanistic elucidation of the previously 

published studies by our group that illustrated the efficacy of simple chloride and iodate or 

CH4

Co(TFA)3 (0.9 mM)
O2 (44 psi)

(290 psi) HTFA
180 °C, 4 h

MeTFA
400% yield 

(relative to Co catalyst)

CH4

Co(OAc)2·4H2O (3.8 mol%)
O2 (145 psi)

(290 psi) HTFA (10 mL)/TFAA (60 mL)
180 °C, 24 h

MeTFA
50% yield 

(relative to methane)

CH4
CaO2 (0.6 mmol)

(650 psi) H2SO4 (30 wt% SO3)
65 °C, 5 h

MeSO3H
91% conversion

of SO3
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periodate salts for light alkane functionalization96-97 and on efforts to apply the principles 

of those original processes to other oxidant systems. Chapter 2 details the mechanistic 

studies of the oxyesterification (OxE) process, a collaborative effort with the Goddard 

(Caltech) and Groves (Princeton) groups. From these studies, it could be concluded that 

the functionalization of light alkanes occurs by a radical-based mechanism, and operates 

with high selectivity. The protection of the RTFA (R = Me, Et, Pr; TFA = trifluoroacetate) 

product against over-oxidation enables high yields and selectivity for the mono-

functionalization process. In an effort to improve the efficiency of the OxE process for 

olefin functionalization, Chapter 3 discusses the optimization of ethylene functionalization 

using iodate and periodate oxidants. Using the mechanistic insight discussed in Chapter 2, 

Chapter 4 demonstrates the extension of the OxE process to other oxidants, namely 

bismuth-, manganese-, and iron-based oxidants. As the OxE process with iodate/chloride 

was demonstrated to occur by a radical-based pathway, the generation of active species 

under photochemical conditions was probed in Chapter 5. Given the success of the OxE 

process under these mild photochemical conditions, the photochemical OxE process was 

extended to other oxidants as well as the photocatalyst tetrabutylammonium decatungstate. 

Chapter 6 details results related to another project in the Gunnoe group, oxidative olefin 

hydroarylation. Specifically, the use of toluene for the oxidative hydroarylation of 1-

pentene was studied due to the relevance of generated pentenyltoluenes as precursors for 

the improved plastic polyethylene naphthalate. Catalysis was examined as a function of 

pentene concentration, copper oxidant and reaction temperature, among other conditions.  
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2 Elucidation of the Mechanism for the Thermal Functionalization of 
Hydrocarbons Using Chloride and Hypervalent Iodine Oxidants 

This chapter is adapted from “Schwartz, N. A.; Boaz, N. C.; Kalman, S. E.; Zhuang, T.; 

Goldberg, J. M.; Fu, R.; Nielsen, R. J.; Goddard, W. A., III; Groves, J. T.; Gunnoe, T. B. 

Mechanism of Hydrocarbon Functionalization by an Iodate/Chloride System: The Role of 

Ester Protection. ACS Catal. 2018, 8, 3138-3149.” Copyright 2018 American Chemical 

Society 

2.1 Introduction 

2.1.1 Oxy-Esterification (OxE) Process using Iodate and Chloride 

Mixtures of iodate and chloride convert light alkanes (e.g., methane, ethane and 

propane) to their respective alkyl esters in trifluoroacetic acid (HTFA) solvent in high yield 

and selectivity, as reported prior to my work by Gunnoe and coworkers in a process termed 

oxy-esterification (OxE).1 For methane, methyl trifluoroacetate (MeTFA) yields based on 

methane exceed 20% with > 85% selectivity for MeTFA. The selectivity denotes the 

preference for alkyl trifluoroacetates relative to alkyl chlorides (e.g., MeCl) which are 

detected as byproducts of this reaction. The OxE process is also highly effective for ethane 

and propane functionalization, with 30% yield of EtTFA relative to ethane and ~20% yield 

of mono- and di-functionalized propyl trifluoroacetate esters relative to propane. 

To understand the scope of this reaction, a variety of halide and iodate sources were 

examined. A broad range of chloride and iodate sources are efficient in this process, with 

the best being KCl and NH4IO3, while very minimal reactivity was observed when other 

halides are used (Figure 2.1). Sub-stoichiometric amounts of chloride are necessary for the 

reaction, as only trace reactivity was observed when methane reacted with iodate alone in 

HTFA. 
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Figure 2.1. Comparison of chloride sources, halides and iodate sources for the partial 
oxidation of methane. Conditions: 0.338 mmol of X-; 2.26 mmol of IO3

-; 2.0 mL of HTFA; 
pCH4/Ne = 5520 kPa; 180 °C; 2 h; 600 rpm. NH4IO3 was used as the oxidant for the reactions 
involving Mn+Cln and KX. KCl was used in the reactions involving Mn+(IO3)n. Reprinted 
with permission from “Fortman, G. C.; Boaz, N. C.; Munz, D.; Konnick, M. M.; Periana, 
R. A.; Groves, J. T.; Gunnoe, T. B. Selective Monooxidation of Light Alkanes Using 
Chloride and Iodate. J. Am. Chem. Soc. 2014, 136, 8393-8401. Copyright 2014 American 
Chemical Society. 
 

The OxE process is similar to oxychlorination (see Section 1.4.3) in that chloride is 

involved in both functionalization processes as KCl and HCl, respectively, and an oxidant 

is used in both processes. However, the oxidants of the OxE process and oxychlorination 

differ, with iodate being used for the former and oxygen (with a heterogeneous catalyst) 

being used for the latter. While oxychlorination occurs by a radical-based mechanism for 

alkane functionalization and favors the formation of chlorinated products,2 our OxE 

process gives higher conversions and yields than is typically observed for oxychlorination. 

Importantly, the OxE process results in the selective formation of alkyl esters rather than 

alkyl chlorides, which of course is not possible for oxychlorination as no ester source is 

present. MeCl does not convert rapidly to MeTFA under the OxE reaction conditions and 

thus is unlikely to be a viable intermediate in this process. The possible involvement of 

Ethane was found to react with even greater conversion and
selectivity than methane (eq 4). Solutions of KCl (0.676 mmol)

with NH4IO3 (7.7 mmol) in 8.0 mL of HTFA placed under
2070 kPa C2H6 (6.7 mmol) led to the formation of 2.03 mmol
of monofunctionalized EtTFA (30% yield based on ethane)
with a small amount of 1,2-difunctionalized product (0.06

mmol) in 1 h at 180 °C. The resulting 1H NMR spectrum is
shown in Figure 6. The selectivity for EtX (X = TFA, Cl)

products was found to be ∼97%. In an independent reaction,
ethylene was converted in ∼50% yield to ethylene glycol
bis(trifluoroacetate) under the catalytic conditions with no
observed 1,1-bis(TFA) product. Under identical conditions in
the absence of KCl, only 1% of the ethane was functionalized to
EtTFA. The reaction of propane (830 kPa, 3.0 mmol) with
0.676 mmol of KCl and 7.7 mmol of NH4IO3 in HTFA at 180
°C resulted in the production of 1-propyl (0.121 mmol), 2-
propyl (0.202 mmol), and 1,2-propanediyl (0.236 mmol)
trifluoroacetate products (eq 5), corresponding to 19%

Figure 5. Comparison of halides, chloride sources, and iodate sources for the partial oxidation of methane. Conditions: 0.338 mmol of X−; 2.26
mmol of IO3

−; 2.0 mL of HTFA; pCH4/Ne = 5520 kPa; 180 °C; 2 h; 600 rpm. NH4IO3 was used as the oxidant for the reactions involving M
n+Cln and

KX. KCl was used in the reactions involving Mn+(IO3)n.

Table 1. Impact of KCl Concentration on Methane
Conversion to MeXa

KCl (μmol) MeTFA (mmol) MeCl (mmol)

0 0.02 not observed
225 0.11 not observed
451 1.26 0.03
676 1.75 0.06
901 2.00 0.06

aConditions: 7.7 mmol of NH4IO3; 8.0 mL of HTFA; pCH4/Ne = 3450
kPa; 180 °C; 1 h; 600 rpm.

Table 2. Comparison of Solvents for Methane Conversion to
MeXa

entry solvent product yield (mmol)

1 CF3CO2H MeO2CCF3 0.42
2 CF3(CF2)2CO2H MeO2C(CF2)2CF3 0.38
3 CH3CO2H MeO2CCH3 0.20
4 H2SO4 MeOSO3H trace
5 H2O MeOH trace

aConditions: 0.338 mmol of [Cl−]; 2.26 mmol of NH4IO3; 2.0 mL of
solvent; pCH4/Ne = 5520 kPa; 180 °C; 2 h; 600 rpm.

Figure 6. 1H NMR spectrum from the reaction of C2H6 with HTFA in
the presence of NH4IO3 and KCl. Conditions: 0.676 mmol of KCl; 7.7
mmol of NH4IO3; 8.0 mL of HTFA; pC2H6

= 2070 kPa; 180 °C; 1 h;
800 rpm.

Journal of the American Chemical Society Article

dx.doi.org/10.1021/ja502657g | J. Am. Chem. Soc. 2014, 136, 8393−84018396
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iodine as an active intermediate was considered, but the abstraction of an H-atom from 

methane by an iodine radical is highly endothermic.3 To probe whether the iodate/chloride 

reaction occurs by a radical pathway, the addition of dioxygen, an efficient alkyl radical 

trap, was examined.4 As identical yields were obtained in the absence or presence of 

dioxygen, a conclusion could not be drawn. However, these results provide evidence 

against the formation of alkyl free radical intermediates. 

Given the unique selectivity of the OxE process, initially our mechanistic hypotheses 

tended to avoid the involvement of free radical mediated C–H bond cleavage as this would 

be expected to react more rapidly with alkyl esters than alkanes. Thus, several possible 

reaction mechanisms for C–H bond cleavage were considered, and some examples are 

shown in Scheme 2.1. As UV-vis data and DFT calculations indicate that IX3 (X = Cl, 

TFA) species may form under reaction conditions with iodate or periodate and chloride in 

HTFA (vide infra), Scheme 2.1 shows possible pathways starting from IX3 species.1, 5 

Mechanism A shows an electrophilic C–H activation reaction pathway where methane is 

activated in a two-electron process to give an I(III) species and ultimately MeTFA on 

reaction with HTFA solvent. A similar mechanism has been proposed for a perfluoroarene 

iodine(III) compound.6 In mechanism B, conversion of IX3 where at least one X = TFA to 

an iodine-centered radical species and trifluoroacetyl radical could result in the formation 

of MeTFA. Mechanism C shows a concerted metalation deprotonation-type mechanism 

where activation of methane is enabled by the formation of trifluoroacetic acid. Other 

mechanisms beginning from the initial IOx
- species are shown in D & E, where the former 

demonstrates a possible 1,2-C–H addition across an I–O bond and the latter shows a 

possible radical-based pathway where an I–OH species is formed. Both of these are akin 
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to known transition metal oxo based reactivity, but, to our knowledge, do not have 

precedent in iodine oxide chemistry. In pathway F, iodate or periodate oxidize chloride to 

chlorine to produce chlorine radical, which results in traditional halogenation-type 

chemistry which could generate MeTFA in HTFA. DFT calculations by the Goddard group 

(calculations were performed by Ross Fu and Smith Nielsen) did not locate viable energies 

for any of the pathways shown in Scheme 2.1 or related reactions. As described in this 

chapter, our efforts to understand the reaction pathway and selectivity for the OxE process 

moved in different directions.  

 

Scheme 2.1. Proposed reaction mechanisms for the iodate/chloride methane 
functionalization process. Bonds from iodine for mechanisms D & E represent a generic 
coordination sphere. Pathways D-F were also explored for IO2 and IO+ species. 

 

Further efforts sought to determine the active species of this reaction by examining 

iodine sources, as MeI was demonstrated to convert rapidly to MeTFA under the reaction 
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conditions. As I+ originating from I2 is known to be an effective catalyst for methane 

oxidation in oleum,7-9 methane oxidation in the presence of I2 was tested in our reaction 

solvent, HTFA. With I2 alone or in the presence of KCl or NH4IO3 without chloride, only 

trace reactivity was observed. Low yields of MeTFA were also observed when using ICl 

or ICl3. Several other iodine oxides and hypervalent iodine oxidants (i.e., I2O4, I(TFA)3, 

(IO2)2S2O7 and (IO)2SO4) gave high yields of MeTFA when substoichiometric amounts of 

chloride were added, indicating that the OxE process is not limited to using iodate as the 

oxidant. This initial report concluded that an iodine oxide is likely an active intermediate 

for the OxE process.1 

2.1.2 OxE Process using Periodate and Chloride 

Given the success of the OxE process with light alkanes using iodate, Gunnoe and 

coworkers also examined the use of periodate (IO4
-) as an oxidant. Similar to the reactions 

with iodate and chloride, periodate and chloride also functionalized light alkanes in high 

yields to their respective alkyl trifluoroacetate esters in HTFA solvent.10 Yields of methane 

functionalization are higher in the periodate system, with a maximum of > 40% yield of 

MeTFA relative to methane with > 97% selectivity observed under optimized conditions. 

Ethane and propane can also be functionalized in ~20% yield to their respective alkyl esters 

with periodate and chloride, however the reactions are much less selective for EtTFA 

versus EtCl than in the iodate process. Chloride is also essential for the OxE process with 

periodate, however the focus of this report was the optimization of the process with 

periodate rather than mechanistic elucidation. 
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2.2 Experimental Elucidation of the Mechanism of the OxE Process 

The experimental results in this chapter have been published and the computational 

results have been submitted for publication and are attached as an appendix to this 

Dissertation.5, 11 Efforts to elucidate the mechanism of the OxE process are a collaboration 

between the Gunnoe group, the Groves group (Princeton University) and the Goddard 

group (Caltech). Dr. Nicholas Boaz and Thompson Zhuang of the Groves group performed 

UV-visible studies, reactions using adamantane as a model substrate, and reactions with 

tert-butyl propaneperoxoate, an ethyl radical source. Dr. Steven Kalman of the Gunnoe 

group performed the first reactions with ethane in acetic acid to probe for ethyl iodide 

formation. Drs. Ross Fu and Robert (Smith) Nielsen from the Goddard group performed 

the computational studies based on the experimental results in this chapter and in the initial 

publications of the OxE process. 

2.2.1 Findings from UV-Visible Spectroscopy 

Efforts to elucidate the mechanism of the OxE process have used UV-visible 

spectroscopy to probe for reactive intermediates. The combination of the colorless chloride 

and iodate salts in HTFA generates a golden-yellow mixture (Figure 2.2). The UV-visible 

spectrum of this solution is consistent with the production of Cl2 (~330 nm) and ICl and/or 

ICl3 (~460 nm) (Figure 2.3). The absorption consistent with the interhalogen species cannot 

be assigned due to the overlap between the absorptions from authentic ICl and ICl3 

standards.  
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Figure 2.2. Addition of HTFA to KCl/NH4IO3 gives a golden-yellow mixture. Conditions: 
KCl (0.67 mmol), NH4IO3 (7.7 mmol) and HTFA (8 mL). 

 

Figure 2.3. UV-vis spectra of the golden-yellow mixture of potassium chloride and 
potassium iodate in HTFA (top, black), pure ICl (bottom, red) and pure ICl3 (middle, blue). 
Conditions for the black spectrum: 0.15 mmol of KCl, 1.0 mmol of KIO3, and HTFA at 
room temperature. The peak for Cl2 was assigned by experimentally preparing an authentic 
standard in HTFA. 
 

The initial report of the OxE chemistry tested both ICl and ICl3 as potential active 

species using the standard methane functionalization conditions in the absence of added 

KCl (pCH4/Ne = 3450 kPa, 180 °C, 1 h).1 Methane was not functionalized when ICl was used 

as the oxidant. However, when ICl3 was used, MeTFA and MeCl were generated, with 

MeCl as the major product. The selectivity observed with ICl3 differs significantly 

compared to the OxE process using iodate and chloride, for which MeCl is the minor 

product. Therefore, neither ICl nor ICl3 is proposed to be a likely active intermediate. The 

 S3 

 
Figure S3. Calibration curve for iodine in methanol by UV-Vis, using the absorbance at 440 nm. 
 

 
Figure S4. Addition of HTFA to KCl/NH4IO3 gives a golden yellow mixture. Conditions: KCl 
(0.67 mmol), NH4IO3 (7.7 mmol), HTFA (8 mL). 
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The combination of a chloride salt and an iodate salt in
trifluoroacetic acid immediately yields a golden yellow solution
with white and yellow solids (Figure S4). Absorbances in the
UV−vis spectrum of this mixture indicate that it contains
chlorine (∼330 nm) and ICl and/or ICl3 (∼460 nm) (Figure
1). Because of the overlapping peaks in the UV−vis spectrum,
we are not able to differentiate between formation of ICl versus
ICl3.

As chlorine formation is evident from the UV−vis spectrum
of the iodate/chloride mixture in HTFA, the possibility of a
chlorine-radical-based functionalization pathway was probed
further. To examine whether chlorine radicals are possibly
involved in the HIAO process for adamantane functionaliza-
tion, the selectivity of the iodate/chloride reaction with
adamantane was compared to the selectivity of a radical
chlorination. In order to avoid the rearrangement observed in
HTFA, we performed experiments in acetic acid (HOAc). As
shown in Scheme 4, both the HIAO process and the
functionalization promoted by N-chlorosuccinimide (NCS),
which has been shown to yield chlorine radicals in the presence
of a radical initiator such as benzoyl peroxide,63 yield similar
tertiary to secondary selectivity: ∼5.2:1 on a per-hydrogen
basis. Previous reports indicated that radical chlorination of
adamantane in benzene using NCS or Cl2 proceeded with
tertiary to secondary selectivity similar to our results in HOAc
on a per-hydrogen basis: 4.9:1 and 4.7:1, respectively.64,65 In
each case, only monofunctionalized products were observed.
Additionally, as shown in Scheme 5, when a 1:1 mixture of
perprotio- and perdeuteroadamantane are used, nearly identical
kinetic isotope effects are observed for the HIAO process and
radical chlorination using NCS and benzoyl peroxide. The
reaction of adamantane and adamantane-d16 with iodate/
chloride in acetic acid reveals a kH/kD value of 1.52(3), which is
statistically identical with the kH/kD value, 1.6(3), for the
reaction using NCS. These results are consistent with the
HIAO process for adamantane oxidation likely involving

chlorine radicals. We note that the use of N-chlorosuccinimide
as an unambiguous source of chlorine atoms has been
contested.66 While the role of the succinimidyl versus chlorine
radical has not been resolutely elucidated, N-chlorosuccinimide
was utilized in this selectivity study to provide a reference for
radical-based functionalization that results in chlorination.
N-Hydroxyphthalimide (NHPI), a well-studied reagent for

hydrogen atom abstraction,67 was tested as a substitute for
chloride in order to determine if the chloride in the HIAO
process ultimately acts as a hydrogen atom abstraction agent. In
acetic acid at 180 °C, adamantane was converted to the
functionalized product in 86% yield with NHPI and NH4IO3
(Scheme 6). Thus, chloride is potentially acting as a precursor
for a hydrogen atom abstraction reagent. The NHPI-mediated
functionalization of adamantane is likely more selective than
that with iodate/chloride due to the lower reactivity of the
phthalimide N-oxyl (PINO) radical in comparison to chlorine
radical,68−70 as the BDE of the O−H bond of NHPI is 14 kcal/
mol weaker than that of the H−Cl bond.45
The previously observed tolerance of the HIAO system to

dioxygen could indicate a nonradical reaction pathway, as the

Figure 1. UV−vis spectra resulting from the yellow mixture of
potassium chloride and potassium iodate in HTFA (top, black), pure
ICl (bottom, red), and pure ICl3 (middle, blue). Conditions for the
black spectrum: 0.15 mmol of KCl, 1.0 mmol of KIO3, and
trifluoroacetic acid at room temperature. The peak for Cl2 was
determined experimentally by preparing an authentic standard in
HTFA.

Scheme 4. Oxidation of Adamantane Using Potassium
Chloride and Ammonium Iodate in Glacial Acetic Acid
(Black) and Radical Chlorination of Adamantane Using N-
Chlorosuccinimide (NCS) in Glacial Acetic Acid (Blue)a

aData are from three separate experiments with 3°:2° reported as an
average with standard deviations shown for the ratios of 3°:2°
selectivity.

Scheme 5. (A) Intermolecular Deuterium KIE for the
Chloride/Iodate Catalytic Oxidation of Adamantane in
Acetic Acid and (B) Intermolecular Deuterium KIE for
Radical Chlorination of Methane of Adamantanea

aNCS = N-chlorosuccinimide.

ACS Catalysis Research Article

DOI: 10.1021/acscatal.7b04397
ACS Catal. 2018, 8, 3138−3149

3140
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formation of chlorine, also demonstrated by UV-vis spectroscopy, indicates that 

functionalization could occur by a pathway involving chlorine radicals since H-atom 

abstraction from CH4 by chlorine radical is exothermic and exergonic (Scheme 2.2).5, 12 

 

 

Scheme 2.2. H-atom abstraction from methane by chlorine radical.5, 12  

2.2.2 Comparison of the OxE Process to Chlorination 

Adamantane was used as a model substrate for light alkanes to compare the selectivity 

for chlorination to that of the iodate/chloride reaction as it contains multiple secondary and 

tertiary C–H bonds. The iodate/chloride reaction is also extremely efficient for the 

oxidation of adamantane (Scheme 2.3), giving 95% yield of the tertiary TFA ester based 

on adamantane. Dark crystals, identified as iodine by UV-vis spectroscopy, were also 

observed in this reaction (Figure 2.4). Iodine production was quantified by UV-vis 

spectroscopy using a calibration curve (Figure 2.5).  

 

Scheme 2.3. Oxidation of adamantane by KCl/NH4IO3 in HTFA solvent. 
 

HTFA (4 mL)
100 °C, 1 h

TFA

(1 mmol)
0.95 mmol

95% yield
(based on alkane)

+         I2

0.15 mmol

KCl (0.15 mmol)
NH4IO3 (1 mmol)

CH4 + Cl H3C H Cl CH3 + HCl

ΔH = -0.2 kcal/mol
ΔG = -5.6 kcal/mol
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Figure 2.4. UV-vis spectra of a crystal isolated from the reaction in Scheme 2.1 (blue) and 
of an authentic standard of iodine (red).  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.5. Calibration curve of the concentration of iodine in methanol by UV-vis 
spectroscopy, using the absorbance at 440 nm. 
 

It was observed that 2-adamantyl trifluoroacetate rapidly rearranges to the tertiary 1-

adamantyl trifluoroacetate in HTFA. Thus, this conversion would inhibit the ability to 

obtain useful data related to secondary versus tertiary kinetic selectivity. Because 

rearrangement was observed between secondary and tertiary functionalized adamantanes 

in HTFA, experiments probing the selectivity of the reaction were performed in acetic acid 
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(HOAc) because this conversion to the tertiary ester was not observed in HOAc (Scheme 

2.4).  

 

Scheme 2.4. Heating the secondary adamantyl ester derivative in acid generates the tertiary 
product in HTFA but not in HOAc. 
 

Due to the similarities between the OxE process and radical-based functionalization 

with chlorine for light alkane functionalization (see Introduction to this chapter), the model 

studies with adamantane sought to compare the selectivity of the OxE process and 

chlorination. Chlorination of adamantane was performed using N-chlorosuccinimide 

(NCS), which is known to yield chlorine radicals in the presence of an initiator such as 

benzoyl peroxide.13 The iodate/chloride reaction and chlorination by NCS/benzoyl 

peroxide both yield 3°:2° selectivity of ~5.2:1 on a per-hydrogen basis (Scheme 2.5). 

Radical chlorination of adamantane using NCS or Cl2 has been reported to result in similar 

3°:2° selectivity on a per-hydrogen basis, 4.9:1 and 4.7:1, respectively.14-15 In both cases, 

only mono-functionalized products were generated. Kinetic isotope effects (KIEs) for these 

functionalization methods were also probed using a 1:1 mixture of perprotio- and 

perdeuteroadamantane. The KIEs for the two reactions are statistically identical, as shown 

in Scheme 2.6, with a kH/kD = 1.52(3) for the oxidation using iodate and chloride and kH/kD 

= 1.6(3) for both the acetate and chloride derivatives using NCS and benzoyl peroxide. The 

KIE and selectivity results are consistent with the likelihood that the iodate/chloride 

reaction involves chlorine radical species. The use of NCS as an unambiguous source of 

HOAc
180 °C, 15 min

HTFA
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TFA

OAc
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chlorine atoms has been contested,16 however, it was utilized in this study to provide a 

reference for radical-based functionalization resulting in the overall chlorination of the 

substrate. 

 

Scheme 2.5. Oxidation of adamantane by iodate/chloride (black) or NCS/BPO (NCS =N-
chlorosuccinimide; BPO = benzoyl peroxide, in blue) in HOAc. Data are from three 
separate experiments with averages and standard deviations shown for 3°:2° selectivity 
ratios. 
 

 

Scheme 2.6. (A) Intermolecular deuterium KIE for the oxidation of adamantane by 
iodate/chloride in HOAc and (B) intermolecular deuterium KIE for radical chlorination of 
adamantane. Values are given as averages with standard deviations based on at least three 
experiments. 
 

2.2.3 The Role of Iodine  

The similarities between the ratio of 3°:2° products and the KIEs for the 

functionalization of adamantane via chlorination with NCS and the OxE process suggest 

that the two processes may operate by similar mechanisms. This led to further investigation 
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of potential radical-based reaction pathways for the OxE process. As the OxE process is 

tolerant of dioxygen, and dioxygen traps alkyl radicals at rates approaching diffusion 

limits,17 it was previously anticipated that the presence of dioxygen would prevent the 

formation of the observed alkyl ester products. Thus, when the addition of oxygen to the 

methane functionalization reaction with KCl/NH4IO3 in HTFA did not result in decreased 

yields, the initial conclusion was that a radical pathway was likely not operative.1 However, 

iodine, which is generated by the in situ reduction of iodate (see above), is also a well-

established alkyl radical trap with a rate nearly half that of dioxygen (2.5 × 109 mol-1 s-1 

for I2 vs. 4.9 × 109 mol-1 s-1 for O2).17-19 Thus, if iodine is present in sufficient 

concentrations, it competes with dioxygen to trap alkyl radicals as alkyl iodides. Alkyl 

iodides were initially proposed as possible intermediates for the OxE process,1 as MeI was 

shown to react rapidly with iodate in HTFA to generate MeTFA in approximately 

quantitative yield, in agreement with previous reports which demonstrated that RI species 

convert to alcohols or esters under highly oxidizing conditions. As a result, the detection 

of MeI during the reaction is unlikely.20-24 

In order to determine if iodine could be acting as a trapping agent under aerobic 

conditions, tert-butyl propaneperoxoate, an ethyl radical precursor, was heated with I2 in 

HOAc in the presence of O2 (Scheme 2.7). EtI was generated as the major product in 

50(11)% yield, demonstrating that iodine can compete with dioxygen to trap alkyl radicals 

as alkyl iodide species. Also, these experiments show that the conversion of EtI to EtOAc 

is not rapid enough to preclude the observation of EtI, which is in contrast with our results 

with MeI. Subsequent studies sought to observe EtI from ethane functionalization with the 

iodate/chloride process. Ethane functionalization by the iodate/chloride process was tested 
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in HOAc, wherein EtI was observed by 1H NMR spectroscopy (Scheme 2.8). These results, 

in combination with those of the ethyl radical trapping, are consistent with the formation 

of ethyl radicals under iodate/chloride functionalization conditions. Ethyl radical is then 

trapped by iodine, which is generated in situ from iodate and HTFA. Accordingly, it has 

been proposed that this process occurs with methane in HTFA as well. However, it is likely 

that due to the rapid conversion of MeI to MeTFA that it is not possible to observe the 

formation of MeI. 

 

 

 
Scheme 2.7. Heating tert-butyl propaneperoxoate in the presence of iodine generates ethyl 
iodide. EtI yield is given as an average and standard deviation of four trials.  
 

 

Scheme 2.8. Ethane functionalization by the iodate/chloride process yields EtI, EtOAc, 
EtCl and MeOAc. Error bars denote standard deviations based on at least three 
experiments. See section 2.2.6 for further details regarding the formation of MeOAc. 
 

A standard set of conditions was developed to systematically determine and compare 

the relative stabilities of RI and RTFA species (R = Me, Et) under the iodate/chloride 

functionalization conditions (Schemes 2.9 and 2.10). After 20 min of reaction at 180 °C, 

MeI and EtI are both fully consumed under these conditions,. MeI converts to MeTFA and 

MeCl. In contrast, EtI, which was stable in HOAc, rapidly converts in HTFA to EtTFA, 

EtCl and the difunctionalized ester product 1,2-bis(trifluoroacetyl)ethane. In contrast, both 

alkyl trifluoroacetates MeTFA and EtTFA are relatively stable under those reaction 
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conditions, with 90% and 55%, respectively, remaining after 20 min at 180 °C in the 

presence of chloride and iodate. The products of MeTFA and EtTFA over-oxidation were 

not characterized. The greater stability of the ester species relative to the alkyl iodides, 

especially of MeTFA, under highly oxidizing conditions led to additional studies. 

 

Scheme 2.9. MeI conversion to MeTFA and MeCl under iodate/chloride functionalization 
conditions. Yields are given as averages with standard deviations based on at least three 
experiments. 
 

 

Scheme 2.10. EtI conversion to EtTFA, EtCl and difunctionalized ester product under 
iodate/chloride functionalization conditions. Yields are given as averages with standard 
deviations based on at least three experiments. 
 
2.2.4 Alkyl Trifluoroacetate Stability  

One of the major limitations of light alkane oxidation processes is undesired over-

oxidation. To compare the rate of this over-oxidation relative to alkane functionalization, 

the functionalization of RH to form RTFA products and the oxidative consumption of 

RTFA were studied under identical conditions at 140 °C (R = Me, Et; Figures 2.6 and 2.7). 

The lower reaction temperature was used in order to study the alkane functionalization 

reactions over longer periods of time, as methane functionalization to MeTFA reaches 

completion within 1 h at 180 °C. This allowed better quantification of reaction rates. Over-

oxidation products in RTFA consumption experiments were not characterized with the 

exception of 1,2-bis(trifluoroacetyl)ethane in the EtTFA experiments, which was observed 

MeI
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MeTFA          +           MeCl
(1 mmol) 0.62(3) mmol 0.11(1) mmol
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EtI
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by 1H NMR spectroscopy. MeTFA is highly stable under these conditions at 140 °C, with 

85% of the starting amount remaining after 16 h (Figure 2.6). Furthermore, MeTFA is 

somewhat volatile. Thus, the 85% retention of MeTFA serves as an upper limit to the 

amount lost as a result of chemical oxidation since it is possible that some of the 15% loss 

is due to volatility rather than oxidation. Although EtTFA is less stable than MeTFA, 41% 

of the starting amount of EtTFA remains after 8 h at 140 °C (Figure 2.7). The partial 

oxidation of methane to MeTFA is linear versus time and is complete within 8 h at 140 °C 

(Figure 2.6). Ethane functionalization to EtTFA, EtCl and 1,2-bis(trifluoroacetyl)ethane is 

complete within 6 h (Figure 2.7). For both methane and ethane functionalization, the major 

product of each reaction is the corresponding alkyl trifluoroacetate ester. The plots of 

functionalization versus decay cannot be used to directly and rigorously compare the rates 

as the concentration of alkane in solution during the reaction is unknown. However, the 

relative rates of decay and functionalization can be obtained from the slopes of these plots 

of MeTFA decay and production over time. Although the plot of MeX (X = TFA, Cl) 

production versus time is linear through the first 8 h of the reaction, it is not for EtX 

production. In order to compare the rates of RX generation consistently, the rate of product 

formation was determined by fitting a line to each of the first data points for RX production 

from the origin (Figure 2.8). As the RTFA decay data versus time are linear for both R = 

Me and Et (Figures 2.6 and 2.7), the slope of the linear fits of each data set were used 

(Figure 2.8). As a result, the ratios of RX production versus RTFA decay are 13 and 8 for 

R = Me and Et, respectively.  
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Figure 2.6. Methane functionalization and MeTFA decay in the presence of KCl, NH4IO3 
and HTFA at 140 °C as a function of time. Error bars denote standard deviations based on 
at least three experiments. 
 

 

 
Figure 2.7. Ethane functionalization and EtTFA decay in the presence of KCl, NH4IO3 and 
HTFA at 140 °C as a function of time. Error bars, denoting standard deviations based on 
at least three experiments, are provided for all data, but are too small to be seen for several 
time points for EtTFFA decay. Bis(TFA) = 1,2-bis(trifluoroacetyl)ethane. 
 

 

0

0.2

0.4

0.6

0.8

0 5 10 15 20

Pr
od

uc
t (

m
m

ol
)

Time (h)
MeTFA Decay MeTFA Production MeCl Production

KCl (0.67 mmol)
NH4IO3 (7.7 mmol)

HTFA
140 °C

MeTFA  +  MeClCH4

(100 psi)

Methane Functionalization MeTFA Decay

MeTFA

KCl (0.67 mmol)
NH4IO3 (7.7 mmol)

Ar (100 psi)
HTFA
140 °C

85% MeTFA 
remaining after 16 h

0

0.5

1

1.5

2

2.5

0 2 4 6 8 10

Pr
od

uc
t (

m
m

ol
)

Time (h)

Ethane Functionalization
EtTFA

EtCl

bis(TFA)

0

0.5

1

1.5

2

0 2 4 6 8 10

Pr
od

uc
t (

m
m

ol
)

Time (h)

EtTFA Decay
EtTFA 
bis(TFA) 

KCl (0.67 mmol)
NH4IO3 (7.7 mmol)

HTFA
140 °C

EtTFA  +  EtCl  +CH3CH3

(100 psi)

Ethane Functionalization

TFATFA
EtTFA

KCl (0.67 mmol)
NH4IO3 (7.7 mmol)

Ar (100 psi)
HTFA
140 °C

EtTFA Decay

TFATFA



 

 

50 

 

Figure 2.8. Plots of methane and ethane functionalization and MeTFA and EtTFA decay 
data. Ratios of functionalization to decay are obtained by dividing the absolute value of the 
slope of the fit of the functionalization data by the slope of the fit of the decay data.   
 

Using the data from Figure 2.8, we can use the relative rates of methane 

functionalization and MeTFA decay/consumption to simulate the rates of a methane to 

MeTFA and MeTFA consumption to estimate the best possible yield from our OxE 

process. As methane functionalization is approximately 13 times faster than MeTFA 

consumption, the relative rate of conversion of MeTFA to over-oxidized products versus 

methane to MeTFA rate can be set to 1/13. A kinetic first-order plot for the reactions of 

methane to MeTFA and MeTFA to over-oxidized products demonstrates that an 

approximate maximum 75% yield of MeTFA based on methane is theoretically possible, 

due to the slow over-oxidation of the ester product relative to methane functionalization 

(Figure 2.9). We propose that current yields may be lower than the theoretical maximum 

due to undesired consumption of the oxidant through solvent oxidation. Moving forward, 
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quantification of solvent oxidation will be important for reaction optimization, and a 

primary focus to improve the OxE process will be the use of less easily oxidized solvent 

media. The high theoretical yield demonstrates the potential viability of a functionalization 

process which likely operates by a radical-based mechanism. 

 

 

 

 

 

 

 

 

Figure 2.9. Kinetic simulation for a first-order reaction of methane to MeTFA and 
subsequent first-order over-oxidation (labeled as COx) showing the change in 
concentration over time. The ratio of functionalization to over-oxidation is set to 13, as was 
determined from Figure 2.8. The axes represent concentration and time as arbitrarily set 
scales.25 
 
2.2.5 Comparison of OxE to Chlorination with Light Alkanes 

For an apparent radical-based mechanism, the iodate/chloride process operates with 

surprising selectivity to generate the mono-functionalized product MeTFA, which led to 

further studies toward mechanistic elucidation. As products of functionalization reactions 

typically contain weaker bonds than methane, over-oxidation is a significant complication 

for free-radical-based functionalization methods. For example, the C–H bond dissociation 

energy (BDEs) of methane is greater than those of MeOH, MeCl and MeTFA (Scheme 

2.11). The nature of the high selectivity of the iodate/chloride process could be a result of 
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a protecting effect from the TFA ester moiety against over-oxidation, as demonstrated by 

the relative rates of reaction of RI and RTFA species (see above).  

 

Scheme 2.11. Bond dissociation energies for the C–H bonds of methane, MeOH, MeCl 
and MeTFA in kcal/mol.5, 26-27 
 

Chlorination of methane with NCS and benzoyl peroxide in HTFA solvent does not 

result in the formation of MeTFA (Figure 2.10). This result is in agreement with previous 

findings demonstrating that MeCl does not convert rapidly to MeTFA in HTFA in the 

presence of KCl and NH4IO3 at 180 °C.1 However, on the addition of small amounts of 

iodine to the chlorination reaction, MeTFA is formed (Figure 2.10). However, the amount 

of MeTFA generated decreases when > 0.34 mmol of I2 are added. The cause of this 

decrease is uncertain, but it may be a result of I2 trapping radical intermediate species that 

are necessary for methane functionalization to yield alkyl radical species. The formation 

of MeTFA under chlorination conditions with added iodine is particularly notable, as it 

shows that I2 is an efficient radical trap which can rapidly intercept methyl radicals, 

trapping them as MeI which is then converted in situ to the protected ester product, 

MeTFA. For comparison, iodine was also added to iodate/chloride functionalization 

reactions with methane (Figure 2.11). Similar to the observations from the chlorination 

reactions, the addition of > 0.3 mmol of I2 to the reaction also results in decreased MeTFA 

yields when chloride and iodate are utilized.  
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Figure 2.10. Radical chlorination of methane in the presence of added iodine produces 
MeTFA and MeCl. MeCl production was not quantified due to overlap in the 1H NMR 
spectrum with the peak for succinimide with that of MeCl. Error bars denote standard 
deviations based on at least three experiments. 
 
 
 

 
Figure 2.11. Addition of iodine to methane functionalization reaction with KCl (0.67 
mmol) and NH4IO3 (7.7 mmol) in HTFA for 1 h at 180 °C yields MeTFA and MeCl. Error 
bars denote standard deviations based on at least three experiments. 
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based functionalization process. Similar to the previously described MeTFA decay studies 

for the iodate/chloride functionalization process, MeTFA was heated in the presence of 

NCS and benzoyl peroxide at 180 °C for 1 h (Scheme 2.12). MeTFA is relatively stable 

under these chlorination conditions, with 83% remaining after 1 h at 180 °C, indicating 

that the protection of the TFA ester is not limited to the iodate/chloride process. 

 

Scheme 2.12. Stability of MeTFA under chlorination conditions with NCS and benzoyl 
peroxide in HTFA. The amount of MeTFA remaining is given as an average with the 
standard deviation based on at least three experiments. 
 

To compare the model studies using adamantane, which revealed statistically identical 

3°:2° selectivities and kinetic isotope effects for iodate/chloride versus chlorination by 

NCS/benzoyl peroxide (Schemes 2.3 and 2.4), to light alkane functionalization the partial 

oxidation of propane using either iodate/chloride or chlorination by NCS/benzoyl peroxide 

was studied at 120 °C for 30 min (Scheme 2.13). The lower temperature and short reaction 

time were used in order to minimize production of di-functionalized products, which were 

not used to calculate the selectivity for mono-functionalized products as the order in which 

functionalization occurred is unknown. In the case of propane, the selectivity for 2°:1° 

functionalization differed between the two functionalization methods. The ratios of 2°:1° 

functionalization of a per-hydrogen basis were 17.0(8):1 and 5.6(6):1 for iodate/chloride 

and NCS/benzoyl peroxide, respectively. This finding is indicative that the iodate/chloride 

process could involve intermediates other than chlorine radicals, which led to 

computational studies of the reaction mechanism (see Section 2.3). 
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Scheme 2.13. Functionalization of propane with KCl/NH4IO3 or N-
chlorosuccinimide/benzoyl peroxide in HTFA, with yields of functionalized products and 
the ratio of 2°:1° products on a per-hydrogen basis. Yields are calculated with respect to 
propane and are given as the average of three experiments with the standard deviation. Di-
functionalized products are not included in the calculation of 2°:1° selectivity. 
 

2.2.6 Solvent Effects on the OxE Process 

The effect of changing the reaction solvent for the OxE process was described in the initial 

report by Fortman and coworkers where HTFA, perfluorobutyric acid, and acetic acid 

(HOAc) were shown to produce the corresponding methyl esters from methane with KCl 

and NH4IO3, whereas H2SO4 and H2O led to only trace mono-functionalization of 

methane.1 However, recent UV-vis analysis indicates that potential reactive intermediate 

Cl2 as well as interhalogens ICl/ICl3 are not produced from the combination of KCl and 

NH4IO3 in HOAc (Figure 2.12). This discrepancy led to further experimental analysis 

regarding the functionalization of light alkanes in HOAc. Recent data demonstrate that the 

formation of methyl acetate (MeOAc) under OxE conditions with methane is the result of 

solvent oxidation rather than methane functionalization. Statistically identical yields of 

MeOAc are obtained when pressurizing a HOAc solution of KCl and NH4IO3 with either 

methane or argon (Scheme 2.14). Additionally, the reaction of perprotiomethane with KCl 

and NH4IO3 in acetic acid-d4 was shown to produce the fully deuterated product, 
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CD3CO2CD3, by GC-MS (Scheme 2.15). This fully deuterated derivative of MeOAc 

accounted for > 90% of MeOAc production, while the product from methane 

functionalization CD3CO2CH3, accounted for < 2% of the MeOAc product. Further, this 

provides a rationale for the formation of MeOAc in the ethane functionalization reaction 

in HOAc (Scheme 2.7). These findings are consistent with the UV-vis analysis indicating 

that the reactive species required for OxE alkane functionalization are not produced in 

HOAc, likely because of its decreased acidity relative to HTFA.  

 

 

 

 

 

 

 
 
 
Figure 2.12. UV-Vis spectra of mixtures of KCl (0.10 mmol) and NH4IO3 (1 mmol) in 3 
mL HTFA or HOAc. 
 

 

Scheme 2.14. Reaction of either methane or argon under OxE conditions with KCl/NH4IO3 
in HOAc generates equivalent amounts of MeOAc. 
 
 

 
Scheme 2.15. Reaction of perprotiomethane with KCl/NH4IO3 in acetic acid-d4. 
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Water often serves as a hindrance for traditional alkane functionalization processes 

which can require superacidic solvents.28 While the OxE process is minimally active in 

neat H2O,1 water should be generated as iodate is reduced during the reaction. To determine 

how much water is produced during the OxE reaction, a calibration curve was first 

generated by monitoring the shift of the 1H NMR resonance for a series of DTFA/H2O 

mixtures using methylene chloride as an internal standard. As the concentration of water 

increases, the resonance shifts further upfield (Figure 2.13). Subsequently the methane 

functionalization reaction using KCl and NH4IO3 was performed in neat DTFA. After the 

reaction, the reaction mixtures were analyzed by 1H NMR spectroscopy using methylene 

chloride as the internal standard in order to utilize the calibration curve. For all three 

replicates, the resonance for HTFA was observed from δ 10.32-10.33 ppm, which 

corresponds to the generation of ~1.6 mmol H2O. This amount corresponds to a 28% yield 

of H2O based on the starting amount of iodate, where 100% yield of H2O would be 

achieved through the formation of three equivalents of H2O per equivalent of iodate. Thus, 

there is experimental support for the formation of water during the OxE process, indicating 

that dilution of HTFA does not prohibit light alkane functionalization under these 

conditions, in contrast with other catalysts that require superacidic solvent to achieve 

reasonable rates.28 
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Figure 2.13. Calibration curve for the relationship of the chemical shift of the 1H NMR 
resonance of HTFA in ppm to the mol% of added water to a DTFA solution.  
 
2.2.7 Computational Study of the OxE Mechanism  

The experimental data are consistent with the possibility of a radical-based 

functionalization mechanism, and computational studies using density functional theory 

(DFT) were performed to give further insight into the reaction mechanism. Computational 

modeling predicts that IO2Cl2
- and IOCl4

- are likely formed as transient intermediates in 

the OxE process. Calculations also indicate that both of these species result in the formation 

of IO2· and Cl· radicals (Scheme 2.16), both of which are predicted to be capable of H-

atom abstraction from methane under OxE reaction conditions (Scheme 2.17). 

 

Scheme 2.16. Predicted intermediates that could generate IO2· and Cl· radicals capable of 
H-atom abstraction from methane.  
 

 
 
Scheme 2.17. DFT calculations of ΔH and ΔG for H-atom abstraction from methane by 
IO2 radical and chlorine radical.5 Values are given in kcal/mol. 
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The potential for IO2· generation and activity in H-atom abstraction could explain the 

differences in the selectivity studies between adamantane and propane with iodate/chloride 

and NCS/benzoyl peroxide. Either IO2· and Cl· could react with the starting alkane 

substrate to produce alkyl radicals, which are in turn likely trapped by iodine that is 

produced in situ from the reduction of iodate to give alkyl iodides, which have been shown 

experimentally to convert rapidly to alkyl esters in HTFA. These alkyl esters are protected 

from over-oxidation, which has also been modeled computationally. Computational and 

experimental findings are in good agreement with this proposed reaction pathway. 

2.2.8 Protection of Alkyl Esters against Over-Oxidation 

The minimal over-oxidation of alkyl ester products of the OxE process was a major 

focus of these mechanistic studies. Although the bond dissociation energy of the C–H bond 

of MeTFA is predicted to be 2.3 kcal/mol weaker than that of methane,5 the reaction of 

MeTFA under reaction conditions is relatively slow (Figure 2.6). Moreover, the reaction 

rate of OxE of propane has been demonstrated to vary inversely as a function of the C–H 

bond energy through the propane selectivity studies as the weaker internal C–H bond reacts 

more rapidly than the stronger terminal C–H bond.1, 11 The OxE reaction favors production 

of the internal product, 2-trifluoroacetylpropane, over the terminal product, 1-

trifluoroacetylpropane. Thus, we first proposed that the process does not involve homolytic 

C–H bond breaking. However, some data are consistent with homolytic C–H cleavage. 

Our data indicate the possibility that the OxE process involves C–H abstraction by free 

radicals, yet the oxidation of MeTFA appears to be quite a bit slower than the oxidation of 

methane. Generally, relative rates of homolytic cleavage of different C–H bonds are 

considered to depend primarily on the different C–H BDEs with weaker C–H bonds 
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reacting more rapidly than stronger C–H bonds. However, other factors can certainly 

impact the rates of homolytic C–H bond cleavage including the position of the transition 

state (i.e., early versus late transition state), steric effects, the nucleophilicity or 

electrophilicity of the radical species, electron delocalization, and the polarity of the 

transition state.29 The OxE process occurs in the polar solvent HTFA. Hence, it is 

anticipated that the polarity of the transition state for C–H cleavage might influence the 

activation barrier. Thus, we propose that the unique stability of MeTFA is likely due to a 

polar effect, which was originally described by Walling et al.30  

In effect, the ester moiety has a more nuanced influence on the rate of C–H abstraction 

from alkyl esters than just the impact on the C–H bond energy by stabilization of the 

CH2TFA radical. Although the nature of the polar effect and its implications regarding the 

OxE process are not yet entirely understood, the TFA group may reduce the polarity of the 

transition state for H-atom abstraction. For example, a comparison of the transition states 

for H-atom abstraction for methane and MeTFA by chlorine radical (H3C···H···Cl vs. 

TFA–C(H)2···H···Cl) shows that the transition state for H-atom abstraction from MeTFA 

could be much less polar due to the CàCl and CàTFA dipoles partially cancelling. In the 

polar solvent HTFA, a decrease in the polarity of the transition state for C–H cleavage of 

MeTFA could result in an increase in the activation barrier for H-atom abstraction relative 

to that of the starting alkane.29 Strongly electron-withdrawing moieties have recently been 

calculated by DFT to have a significant effect (~10 kcal/mol) on barriers for abstraction of 

H-atoms by chlorine atoms.31 Therefore, the stability of MeTFA under OxE conditions 

could potentially be extended to other radical-based functionalization processes beyond 

our iodate/chloride process. 
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2.3 Conclusions 

Combined experimental and computational studies support the proposed hypothesis 

that the OxE process operates through a radical-based pathway. IO2· and Cl· radicals are 

calculated to be likely reactive intermediates generated in situ from the combination of 

chloride and iodate in HTFA solvent capable of H-atom abstraction from the light alkane 

substrate. A simplified overview of the proposed mechanism is shown in Scheme 2.18, 

wherein the catalytic nature of chloride is highlighted. Under reaction conditions, as 

observed by UV-vis spectroscopy, Cl2 forms in situ and is likely homolytically cleaved to 

give chlorine radicals, which in addition to IO2·, are predicted to abstract an H-atom from 

the alkane substrate to generate an alkyl radical. The alkyl radical is then trapped by iodine, 

formed in situ through the reduction of the iodate oxidant to give alkyl iodide species. In 

HTFA, alkyl iodides readily undergo solvolysis to produce the protected alkyl esters (e.g., 

MeTFA). These alkyl esters can be hydrolyzed to give alcohols, thus the OxE process is a 

candidate for the highly sought-after gas-to-liquid technologies for the conversion of 

methane to methanol. 

  

Scheme 2.18. Overview of the proposed mechanism for alkane oxidation by the OxE 
process, demonstrating the catalytic nature of chloride. Potential H-atom abstraction by 
IO2· is omitted for clarity.  
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Alkyl esters, produced through the iodine trapping pathway, are favored in the OxE 

process relative to alkyl chlorides which would be generated if alkyl radicals are trapped 

by chlorine radicals. This preference for alkyl esters enables the remarkable selectivity and 

yields of the OxE process as the alkyl esters are protected against over-oxidation, unlike 

alkyl chlorides. In fact, the propensity for alkyl chlorides to be over-oxidized is one of the 

major limitations of oxychlorination chemistry. Through the selective production of alkyl 

esters, the OxE process is able to functionalize light alkanes in high yield with high 

selectivity. The fundamental advancement of this work is the elucidation of a selective 

radical-based pathway for the partial oxidation of hydrocarbons through the generation of 

protected products. 

2.4 Future Directions 

The OxE process demonstrates that light alkanes can be selectively oxidized to mono-

functionalized products using a reaction pathway that likely involves homolytic C–H bond 

cleavage by free radical intermediates. Notably the C–H bonds of MeTFA are weaker than 

those of methane but are significantly less reactive. This is quite unique as weaker C–H 

bonds of alkane partial oxidation products have long thought to be a non-starter for 

processes that involve C–H bond breaking by free radical intermediates. Experimental and 

computational studies indicate that the OxE process operates by H-atom abstraction and 

requires the use of an oxidant to generate these species. Although this has not yet been 

studied, the polar nature of the solvent might be important to the ester protecting effect 

since H-bonding between the ester group and the protic solvent could play a role. Future 

experiments are being designed to address this question. For example, we are now working 
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with the group of Zili Wu (Oak Ridge National Lab) to prepare gas flow reactors and study 

the relatives rate of alkane and alkyl ester oxidation.  

Importantly, our new understanding of the iodate/chloride alkane oxidation suggests 

that the OxE process should not be limited to the use of iodate as the oxidant or to chloride 

as an H-atom abstraction source. That is, the key element is the ester protection. Therefore, 

moving forward, this process will be extended to other oxidant systems, namely to metal 

oxides that have been demonstrated to functionalize light alkanes but have heretofore 

suffered from poor selectivity for mono-functionalized products. This low selectivity is a 

result of the radical-based mechanism which favors functionalization of weaker C–H 

bonds. The use of a polar solvent and a protecting group could enable productive use of 

these heterogeneous catalysts. The generation of protected products which can be 

hydrolyzed to generate desired alcohols could revitalize the field of metal oxide catalyzed 

light alkane functionalization and enable high yields and selectivity for mono-

functionalized products. 

Although the OxE process has been an advancement in the field, enabling high yields 

and selectivities for light alkane oxidation, several challenges must be overcome to permit 

commercialization of the process. First, although the thermodynamics of the oxidation of 

iodate to iodine with oxygen are favorable, unfavorable kinetics have prevented facile 

recyclability of the iodate oxidant. To be a potential commercial route, the OxE process 

must be adapted to utilize an oxidant which can easily be recycled from air. Chapter 4 

describes the extension of this work to other oxidant systems. 

Furthermore, the OxE process is limited by solvent over-oxidation. Although over-

oxidation of the alkane substrate and alkyl ester products is minimal, oxidant is wasted as 
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HTFA is oxidized under reaction conditions. Future efforts will focus on transitioning the 

OxE process to less corrosive and easily oxidizable solvents, such as certain ionic liquids, 

supercritical carbon dioxide and perfluorinated solvents.  

2.5 Experimental Section 

General Considerations. Caution: Many of the reagents and conditions described 

herein are potentially hazardous.32 Safety procedures should be consulted prior to the use 

of concentrated acids, mixtures of hydrocarbons and oxygen and strong oxidants. 

Unless noted otherwise, all reactions were performed under ambient atmosphere. All 

chemicals were purchased from commercial sources, and other than N-chlorosuccinimide, 

all were used as received. N-Chlorosuccinimide was recrystallized from acetic acid prior 

to use. Gases were purchases from GTS-Welco and were used as received. Standards of 

adamantyl ester products were synthesized according to published literature methods from 

commercially available alcohols.33 NMR analysis was performed using a Bruker 300 

Avance, Avance III 800, Avance III 600 or Avance DRX-600 or a Varian 500 

spectrometer. NMR spectra of reaction mixtures from the functionalization of methane, 

ethane and propane were obtained using neat HTFA or HOAc with a C6D6 capillary as an 

internal lock reference. Nitromethane or dichloromethane were added as internal standards 

and used to reference 1H NMR spectra (δ 4.18 and 2.04, respectively). UV-vis spectra were 

obtained using a Carey Varian Bio 300 UV-vis spectrophotometer. GC-MS analysis was 

performed using a Shimadzu GC-MS-QP2010 Plus system with a 30 m × 0.25 mm SHRXI-

5MS column with a 0.25 µ thickness using electron impact ionization or an Agilent 

Technologies 7890A gas chromatograph equipped with a fused silica column and electron 

impact mass analyzer. High pressure reactions were performed in custom-built Swagelok 
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stainless steel reactors. 

General Procedures 

Conversion of Adamantyl Esters in Acid. A custom-built stainless-steel reactor with 

a Teflon liner1, 10 was charged with a stir bar, secondary adamantyl ester (trifluoroacetate 

or acetate) and corresponding acid (4 mL, HTFA or glacial HOAc). The reactor was sealed 

and pressurized with 100 psi of argon. After stirring at 800 rpm and heating at 180 °C for 

15 min, the reactor was allowed to cool to room temperature. After venting, nitromethane 

was added as an internal standard, and the reaction mixture was stirred. Then, 5 mL of 

dichloromethane were added. The reaction mixture was washed with water (2 × 10 mL) 

and the organic washings were dried over MgSO4 before they were analyzed by GC-MS. 

Each condition was run in triplicate. 

Oxidation of Adamantane Using Potassium Chloride and Ammonium Iodate in 

Acetic or Trifluoroacetic Acid. An 8 mL microwave vial was charged with a stir bar, 

ammonium iodate (1 mmol), adamantane (1 mmol) and potassium chloride (0.15 mmol). 

Neat acid (4 mL) was added and the vial was sealed with a crimp cap. The reaction was 

heated in an oil bath at 180 °C for 1 h with 1150 rpm stirring. After 1 h, the vial was allowed 

to cool to room temperature and a solution of dodecane (1 mmol) in chloroform (5 mL) 

was added as an internal standard. The mixture was extracted twice with 10 mL H2O and 

the organic washings were dried over MgSO4. The product mixture was analyzed by GC-

MS. Each condition was repeated a minimum of three times with the average of all 

reactions reported.  
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Figure 2.14. GC-MS trace of adamantane functionalization by KCl/NH4IO3 in HOAc. 
Conditions: Adamantane (1 mmol), KCl (0.15 mmol), NH4IO3 (1 mmol), HOAc (4 mL), 
180 °C, 1h. 

 

 
Figure 2.15. GC-MS trace of adamantane functionalization with KCl/NH4IO3 in HTFA. 
Conditions: Adamantane (1 mmol), KCl (0.15 mmol), NH4IO3 (1 mmol) HTFA (4 mL), 
100 °C, 1 h. Dodecane (1 mmol) was added as an internal standard after the reaction. 
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Chlorination of Adamantane with N-Chlorosuccinimide and Benzoyl Peroxide. 

Adamantane chlorination was performed according to a literature procedure.34 An 8 mL 

microwave vial was charged with a stir bar, adamantane (1 mmol), N-chlorosuccinimide 

(1 mmol) and benzoyl peroxide (0.01 mmol, as a radical initiator), and was then sealed 

with a crimp cap with a Teflon septum. The vial was flushed with argon for 20 min. Glacial 

acetic acid was degassed by refluxing under argon for 1 h before being added to the vial. 

The reaction was subsequently heated to 180 °C for 1 h in an oil bath stirring at 1150 rpm. 

After 1 h, the reaction mixture was allowed to cool to room temperature and a solution of 

dodecane (1 mmol) in chloroform (5 mL) was added as an internal standard. The mixture 

was extracted twice with 10 mL H2O and the organic washings were dried over MgSO4. 

The product mixture was analyzed by GC-MS. Each condition was repeated a minimum of 

three times with the average of all reactions reported. 

 

Figure 2.16. Sample GC-MS trace of adamantane functionalization by N-
chlorosuccinimide/benzoyl peroxide in HOAc. Conditions: Adamantane (1 mmol), N-
chlorosuccinimide (0.5 mmol), benzoyl peroxide (0.01 mmol), HOAc (4 mL), 180 °C, 1 h. 
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Determination of Intermolecular KIE for the Functionalization of Adamantane 

by KCl/NH4IO3 and N-Chlorosuccinimide/Benzoyl Peroxide. Intermolecular KIEs for 

functionalized adamantyl products were determined using a 1:1 stoichiometric ratio of 

perprotioadamantane and perdeuteroadamantane (0.5 mmol each). The oxidant loading 

was reduced to 20 mol% relative to the substrate to ensure that conversion remained below 

20%. The intermolecular KIE was then obtained using the ratio of protio to deutero product 

by GC-MS. The KIE is reported as the average of at least three individual experiments with 

the standard deviation. 

 

Figure 2.17. GC-MS trace of adamantane/adamantane-d16 (1:1) functionalization by 
KCl/NH4IO3 (1:1) in HOAc. Conditions: Adamantane (0.5 mmol), adamantane-d16 (0.5 
mmol), KCl (0.15 mmol), NH4IO3 (0.2 mmol), HOAc (4 mL), 180 °C, 1 h. 
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Figure 2.18. GC-MS trace of adamantane/adamantane-d16 (1:1) functionalization by N-
chlorosuccinimide/benzoyl peroxide in HOAc. Conditions: Adamantane (0.5 mmol), 
adamantane-d16 (0.5 mmol), N-chlorosuccinimide (0.2 mmol), benzoyl peroxide (0.01 
mmol), HOAc (4 mL), 180 °C, 1 h.  
 

Synthesis of tert-Butyl Peroxypropionate. The compound was synthesized by 

adapting the procedure reported by Yur’ev and coworkers.35 A 100 mL round-bottom flask 

was charged with a stir bar, CDCl3 (5 mL) and propionic acid (5 mmol). The reaction flask 

was cooled to 0 °C, and pyridine (5 mmol) was added dropwise to the vigorously stirring 

solution. The solution continued to stir for 15 min at 0 °C. Tert-butyl hydroperoxide (3 

mmol) and pyridine (5 mmol) were then added dropwise to the stirring solution. After an 

additional 45 min of stirring, the reaction mixture was allowed to warm to room 

temperature. The reaction mixture was washed with a saturated solution of sodium 

bicarbonate (3 × 5 mL) and 1 M HCl (2 × 5 mL) and the organic washings were then dried 

over MgSO4. The solution was concentrated under vacuum behind a blast shield to yield 
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the desired compound. 1H NMR (CDCl3, 300 MHz, δ): 2.27 (q, CH3CH2CO3C(CH3)3, 3JHH 

= 8 Hz, 2 H), 1.13 (t, CH3CH2CO3C(CH3)3, 3JHH = 8 Hz, 3H). 13C NMR (CDCl3, 125 MHz, 

δ): 172.1 (CH3CH2CO3C(CH3)3), 83.6 (CH3CH2CO3C(CH3)3), 26.4 

(CH3CH2CO3C(CH3)3, 25.0 (CH3CH2CO3C(CH3)3), 9.5 (CH3CH2CO3C(CH3)3). 

Pyrolysis of tert-Butyl Peroxypropionate in the Presence of Iodine. A J. Young 

NMR tube was charged with tert-butyl peroxypropionate (0.1 mmol), iodine (0.05 mmol), 

cyclopentane (0.05 mmol, internal standard), and acetic acid-d4 (1 mL). The NMR tube 

was sealed and heated at 180 °C in an oil bath for 1 h. After 1 h, the NMR tube was allowed 

to cool to room temperature and was analyzed by 1H NMR. Ethyl iodide production was 

quantified relative to cyclopentane, and its identity was confirmed through the addition of 

a known standard of ethyl iodide. The reaction was repeated four times and the yield is 

reported as the average and standard deviation of those data. 

 Oxidation of Ethane with the OxE Process in Acetic Acid. A custom-built stainless-

steel reactor with a Teflon liner1, 10 was charged with a stir bar, KCl (0.67 mmol), NH4IO3 

(7.7 mmol) and HOAc/Ac2O (8 mL, 19:1 v/v). The reactor was sealed, purged with argon, 

and then pressurized with ethane to 300 psi. The reactor was heated at 180 °C for 1 h and 

stirred at 800 rpm. After the reaction, the reactor was allowed to cool to room temperature 

and was then carefully vented. Methylene chloride was added as an internal standard and 

the mixture stirred. An aliquot of the reaction mixture was centrifuged and analyzed by 1H 

NMR spectroscopy. The yields are reported as an average of three trials with the standard 

deviations. 
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Figure 2.19. Representative 1H NMR spectrum of the functionalization of ethane by 
KCl/NH4IO3 in HOAc/Ac2O. Conditions: Ethane (300 psi, 14.3 mmol), KCl (0.67 mmol), 
NH4IO3 (7.7 mmol), HOAc/Ac2O (8 mL, 19:1 v:v), 180 °C, 1 h. Dichloromethane (0.469 
mmol) was added as an internal standard. 
 

Consumption of Functionalized Products (RI and RTFA, R = Me, Et) under OxE 

Conditions. A custom-built stainless-steel reactor with a Teflon liner1, 10 was charged with 

a stir bar, RI or RTFA (1 mmol, R = Me, Et), KCl (0.67 mmol), NH4IO3 (7.7 mmol) and 

HTFA (8 mL). The reactor was sealed and pressurized with 100 psi of argon. After the 

mixture was stirred at 800 rpm at 180 °C for 20 min, the reactor was allowed to cool to 

room temperature. The reactor was then vented carefully, and nitromethane was added as 

an internal standard. After stirring, an aliquot was removed for centrifugation. The 

supernatant was analyzed by 1H NMR spectroscopy. This procedure was performed in 

triplicate. 
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Figure 2.20. Representative 1H NMR spectrum of the functionalization of methyl iodide 
by KCl/NH4IO3 in HTFA. Conditions: Argon (100 psi), MeI (1 mmol), KCl (0.67 mmol), 
NH4IO3 (7.7 mmol), 180 °C, 20 min. CH3NO2 (0.374 mmol) was added as an internal 
standard after the reaction. MeI has been fully consumed (MeI resonance: δ 1.91). 
 

 

Figure 2.21. Representative 1H NMR spectrum of the functionalization of ethyl iodide by 
KCl/NH4IO3 in HTFA. Conditions: Argon (100 psi), EtI (1 mmol), KCl (0.67 mmol), 
NH4IO3 (7.7 mmol), 180 °C, 20 min. CH3NO2 (0.374 mmol) was added as an internal 
standard after the reaction.  
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Figure 2.22. Representative 1H NMR spectrum of the reaction of ethyl trifluoroacetate 
with KCl/NH4IO3 in HTFA. Conditions: Argon (100 psi), EtTFA (1 mmol), KCl (0.67 
mmol), NH4IO3 (7.7 mmol), 180 °C, 20 min. CH3NO2 (0.374 mmol) was added as an 
internal standard after the reaction. 
 

OxE of Methane or Ethane. A custom-built stainless-steel reactor with a Teflon liner1, 

10 was charged with a stir bar, KCl (0.67 mmol), NH4IO3 (7.7 mmol) and HTFA (8 mL). 

The reactor was sealed and pressurized with 100 psi of methane or ethane. After the mixture 

was stirred at 800 rpm at 140 °C for the desired amount of time, the reactor was allowed 

to cool to room temperature. The reactor was then vented carefully, and nitromethane was 

added as an internal standard. After stirring, an aliquot was removed for centrifugation. 

The supernatant was analyzed by 1H NMR spectroscopy. This procedure was performed in 

triplicate. 
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140 °C for the desired amount of time, the reactor was allowed to cool to room temperature. 

The reactor was then vented carefully, and nitromethane was added as an internal standard. 

After stirring, an aliquot was removed for centrifugation. The supernatant was analyzed by 

1H NMR spectroscopy. This procedure was performed in triplicate. 

Methane Oxidation with N-Chlorosuccinimide and Benzoyl Peroxide with or 

without Added Iodine. A custom-built stainless-steel reactor with a Teflon liner1, 10 was 

charged with a stir bar, N-chlorosuccinimide (3.5 mmol), benzoyl peroxide (0.035 mmol), 

HTFA (8 mL) and iodine (0.0335, 0.067, 0.335, or 0.67 mmol, if added) in the glovebox. 

HTFA was refluxed under nitrogen for 1 h prior to being added to the reactor. The reactor 

was sealed and pressurized with 500 psi of methane. After stirring at 800 rpm and heating 

at 180 °C for 1 h, the reactor was allowed to cool to room temperature. The reactor was 

then vented carefully, and acetic acid was added as an internal standard. After stirring, an 

aliquot was removed for centrifugation. The supernatant was analyzed by 1H NMR 

spectroscopy. This procedure was performed in triplicate. 

 

Figure 2.23. Representative 1H NMR spectra of the functionalization of methane by N-
chlorosuccinimide/benzoyl peroxide with (left) and without (right) added iodine. 
Conditions: Methane (500 psi), N-chlorosuccinimide (3.5 mmol), benzoyl peroxide (0.035 
mmol), I2 (left, 0 mmol; right, 0.067 mmol), HTFA (8 mL), 180 °C, 1 h. HOAc (0.35 mmol) 
was added as an internal standard following the reaction.  
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Iodine Addition to Methane OxE. A custom-built stainless-steel reactor with a Teflon 

liner1, 10 was charged with a stir bar, KCl (0.67 mmol), NH4IO3 (7.7 mmol), I2 (0-1.34 

mmol) and HTFA (8 mL). The reactor was sealed and pressurized with 500 psi of methane. 

After the mixture was stirred at 800 rpm at 180 °C for 1 h, the reactor was allowed to cool 

to room temperature. The reactor was then vented carefully, and nitromethane was added 

as an internal standard. After stirring, an aliquot was removed for centrifugation. The 

supernatant was analyzed by 1H NMR spectroscopy. This procedure was performed in 

triplicate. 

Consumption of MeTFA under Radical Chlorination Conditions. A custom-built 

stainless-steel reactor with a Teflon liner1, 10 was charged with a stir bar, N-

chlorosuccinimide (3.5 mmol), benzoyl peroxide (0.035 mmol), HTFA (8 mL) and MeTFA 

(0.35 mmol) in the glovebox. HTFA was refluxed under nitrogen for 1 h prior to being 

added to the reactor. The reactor was sealed and pressurized with 500 psi of argon. After 

stirring at 800 rpm and heating at 180 °C for 1 h, the reactor was allowed to cool to room 

temperature. The reactor was then vented carefully, and acetic acid was added as an internal 

standard. After stirring, an aliquot was removed for centrifugation. The supernatant was 

analyzed by 1H NMR spectroscopy. This procedure was performed in triplicate. 

OxE of Propane. A custom-built stainless-steel reactor with a Teflon liner1, 10 was 

charged with a stir bar, KCl (0.67 mmol), NH4IO3 (7.7 mmol) and HTFA (8 mL). The 

reactor was sealed and pressurized with 100 psi of propane. After the mixture was stirred 

at 800 rpm at 120 °C for 30 min, the reactor was allowed to cool to room temperature. The 

reactor was then vented carefully, and acetic acid was added as an internal standard. After 

stirring, an aliquot was removed for centrifugation. The supernatant was analyzed by 1H 
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NMR spectroscopy. This procedure was performed in triplicate. 

 

  

 

 

 

 

 

 

 

 

 

 

 

Figure 2.24. Representative 1H NMR spectrum of the functionalization of propane by 
KCl/NH4IO3 in HTFA. Conditions: Propane (100 psi, ~9 mmol), KCl (0.67 mmol), NH4IO3 
(7.7 mmol), HTFA (8 mL), 120 °C, 30 min. HOAc (0.35 mmol) was added as an internal 
standard following the reaction. 
 

Oxidation of Propane with N-Chlorosuccinimide and Benzoyl Peroxide. A custom-

built stainless-steel reactor with a Teflon liner1, 10 was charged with a stir bar, N-

chlorosuccinimide (7 mmol), benzoyl peroxide (0.07 mmol) and HTFA (8 mL) in the 

glovebox. HTFA was refluxed under nitrogen for 1 h prior to being added to the reactor. 

The reactor was sealed and pressurized with 100 psi of propane. After the mixture was 

stirred at 800 rpm at 120 °C for 30 min, the reactor was allowed to cool to room 

temperature. The reactor was then vented carefully, and acetic acid was added as an internal 

    

    

    

  

HOAc 

(overlap) 

(overlap) 

TFA
TFA

TFA

TFA

Cl

Cl

Cl
Cl



 

 

77 

N-chlorosuccinimide 
Succinimid
e 

HOAc 

(overlap
) 

standard. After stirring, an aliquot was removed for centrifugation. The supernatant was 

analyzed by 1H NMR. This procedure was performed in triplicate. 

  

 

 

 

 

 

 

 

 

 

 

 

Figure 2.25. Representative 1H NMR spectrum of the functionalization of propane by N-
chlorosuccinimide/benzoyl peroxide in HTFA. Conditions: Propane (100 psi, ~ 9 mmol), 
N-chlorosuccinimide (7 mmol), benzoyl peroxide (0.07 mmol), HTFA (8 mL), 120 °C, 30 
min. HOAc (0.35 mmol) was added as an internal standard following the reaction. 
 

Acetic Acid as a Solvent for OxE. A custom-built stainless-steel reactor with a Teflon 

liner1, 10 was charged with a stir bar, KCl (0.67 mmol), NH4IO3 (7.7 mmol) and HOAc (8 

mL). The reactor was sealed and pressurized with 500 psi of methane or argon. After the 

mixture was stirred at 800 rpm at 200 °C for 1 h, the reactor was allowed to cool to room 

temperature. The reactor was then vented carefully, and nitromethane was added as an 

internal standard. After stirring, an aliquot was removed for centrifugation. The supernatant 

was analyzed by 1H NMR spectroscopy. This procedure was performed in triplicate.  
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Figure 2.26. Ratio of m/z for MeOAc from the reaction of perprotio-methane in acetic 
acid-d4. Conditions: Methane (300 or 500 psi), KCl (0.12 mmol), NH4IO3 (1.44 mmol), 
acetic acid-d4 (1.5 mL), 200 °C, 1 h. 
 
Calibration Curve for the Quantification of Water Production. A series of DTFA 

(99.5% D)/H2O mixtures were prepared by serially diluting a 50 mol% H2O and DTFA 

solution. Each was analyzed by 1H NMR spectroscopy using a C6D6 capillary as a lock 

reference with dry dichloromethane as an internal standard, referenced to δ 5.03 ppm. The 

shifts of the HTFA resonances varied as function of the water concentration. 

Methane OxE in DTFA. A custom-built stainless-steel reactor with a Teflon liner1, 10 

was charged with a stir bar, KCl (0.17 mmol), NH4IO3 (1.9 mmol) and DTFA (2 mL). The 

reaction was run in triplicate with each reaction using DTFA from the same ampule. The 

reactor was sealed and pressurized with 100 psi of methane. The reactions were heated at 

180 °C for 1 h and stirred at 800 rpm. The reactions were worked up and analyzed as in the 

previously mentioned light alkane functionalization reactions using a C6D6 capillary as an 
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internal lock reference. The calibration curve discussed above was used to determine the 

mol% of generated water on the basis of the chemical shift of the HTFA resonance. To 

determine the amount of water that was produced, the total volume of the mixture following 

the reaction was measured and used to calculate an amount using the calculated mol%. 
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3    Extension of the OxE Process to the Functionalization of Ethylene 

3.1 Introduction 

While previous Chapters have focused on the importance of light alkane (e.g., 

methane, ethane and propane) functionalization and demonstrated the efficacy of the OxE 

process with iodate/chloride for such functionalization, this Chapter discusses extension 

of the OxE process with iodate/chloride to the functionalization of ethylene. Here, we 

sought to study an alternative route to convert ethylene to ethylene glycol. 

Ethylene glycol, used as a component of antifreeze and other coolants, is produced on 

a 31 million ton scale annually1 and is used primarily as a precursor for polyesters.2-4 

Polyethylene terephthalate (PET) is the most common of these polyesters as result of its 

thermal stability and resistance to water, acids, and other solvents.5 These desirable 

properties enable the use of PET in the textile industry as a material for clothing and in 

the food and beverage industries as a component for bottles.5-6  

Industrially, the majority of ethylene glycol is produced from the thermal hydrolysis 

of ethylene oxide,4 which is generated from the oxidation of ethylene with O2 over a 

silver catalyst (Scheme 3.1).7-8 Ethylene is generated via ethane cracking at high 

temperatures and pressures.9 As the Environmental Protection Agency has concluded that 

ethylene oxide is carcinogenic to humans,10 an alternative route to produce ethylene 

glycol is desirable. Here, we sought to determine if our iodate/chloride process could 

convert ethylene to the corresponding di-functionalized alkyl ester, which could be 

hydrolyzed to generate ethylene glycol. 
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Scheme 3.1. Generation of ethylene oxide from ethylene and oxygen and subsequent 
hydrolysis to yield ethylene glycol.7, 11-12 
 
3.2 Ethylene Functionalization using Iodate 

The first report of the OxE process included a preliminary reaction with KCl and 

NH4IO3 with ethylene to demonstrate the scope and versatility of the oxidation process 

(Scheme 3.2).13 A yield of 1,2-bis(trifluoroacetyl)ethane of ~50% with respect to 

ethylene was obtained using the standard OxE conditions (i.e., 0.67 mmol KCl, 7.7 mmol 

NH4IO3). The production of 1,2-bis(trifluoroacetyl)ethane is exciting as it can be 

hydrolyzed to generate ethylene glycol. This screening demonstrated the utility of the 

OxE process with ethylene, but was not developed further.  

 

Scheme 3.2. Functionalization of ethylene to 1,2-bis(trifluoroacetyl)ethane in the original 
OxE report. Conditions: ethylene (200 psi), KCl (0.67 mmol), NH4IO3 (7.7 mmol), 
HTFA, 180 °C, 1 h.13 
 

Because of limitations and complications associated with the high-pressure reactors 

used in the original report, new high-pressure reactors were custom-built to continue this 

study. Repeating the conditions in the original report with the new set of reactors resulted 

in a yield of 15(4)% yield based on ethylene of 1,2-bis(trifluoroacetyl)ethane, the 

ethylene glycol precursor (Scheme 3.3). However, 1,2-bis(trifluoroacetyl)ethane was not 

the only product of the reaction. 1-Trifluoroacetyl-2-iodoethane, 1-trifluoroacetyl-2-

chloroethane, 1,2-dichloroethane and 1,2-diiodoethane were also observed, as were trace 

amounts of ethyl trifluoroacetate (Scheme 3.3). As the new reactors had a greater 

supported Ag0 cat. O
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headspace than the reactors in the previous study, the 15(4)% yield of 1,2-

bis(trifluoroacetyl)ethane corresponds to 3.2(5) mmol of product, while the previous 

report of ~50% yield provided 2.2 mmol of product.13 Therefore, although the percent 

yield of the ethylene glycol precursor relative to ethylene is lower than in the original 

report,13 overall production is higher using the new reactors. 

 

Scheme 3.3. Ethylene functionalization using KCl/NH4IO3 with the newly developed 
high-pressure reactor. Conditions: Ethylene (200 psi), KCl (0.67 mmol), NH4IO3 (7.6 
mmol), HTFA (8 mL), 180 °C, 1 h. Ethyl trifluoroacetate was also produced in trace 
amounts. Yields are given as the average of six experiments with standard deviations. 
 

Subsequent optimization focused on the effect of the reaction temperature. 

Functionalization is observed from 90-200 °C (Figure 3.1) and the highest yields of 

functionalized products are obtained from 170-180 °C. At 180 °C, the reaction has the 

highest yield of and selectivity for the desired glycol product, ~25% and ~66%, 

respectively. Increasing the temperature further to 200 °C results in decreased products. 

Thus, in additional studies, 180 °C was used as the reaction temperature.  

KCl (0.67 mmol)
NH4IO3 (7.7 mmol)

HTFA
180 °C, 1 h(200 psi)

(~20 mmol)

TFA TFA
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10(5)% yield

+ TFA Cl

0.9(4)% yield

+ Cl Cl
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+ I I
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Figure 3.1. Temperature screening for ethylene functionalization with KCl/NH4IO3 in 
HTFA. Conditions: ethylene (50 psi), KCl (0.67 mmol), NH4IO3 (7.6 mmol), HTFA (8 
mL), 1 h. Error bars denote standard deviations based on three experiments. 
 

To compare the ethylene functionalization process with the OxE process for light 

alkane functionalization, various halide salts were examined as additives. For alkanes, 

minimal functionalization was observed when halide salts other than chlorides were 

used.13 With ethylene, chloride does not provide an enhancement for glycol production 

over other KBr or KI (Figure 3.2). The total yield is slightly higher but the reaction is less 

selective when chloride is used, but the difference in yield is not statistically significant. 

Further, the reaction is less selective for the desired glycol product when KCl is used, as 

additional di-functionalized products 1-trifluoroacetyl-2-chloroethane and 1,2-

dichloroethane are observed. This is indicative of a difference between the ethylene and 

light alkane functionalization processes. 
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Figure 3.2. Effect of halide identity on ethylene functionalization with NH4IO3. 
Conditions: ethylene (50 psi), halide (0.67 mmol; KCl, KBr or KI), NH4IO3 (7.6 mmol), 
HTFA (8 mL), 180 °C, 2 h. Error bars denote standard deviations based on at least three 
experiments. 
 

The effect of added iodine was also examined (Figure 3.3). The total yield of 

functionalized products increases from 38(2)% in the absence of added I2 to 50(2)% on 

the addition of 0.34 mmol of I2 at the beginning of the reaction. As ethylene could be 

undergoing an addition reaction with I2 to generate 1,2-diiodoethane which could convert 

to the glycol product in situ, the reactivity of ethylene with iodine in the absence of iodate 

was examined (Scheme 3.4).  With 0.50 mmol of I2 in HTFA, ~4% yield of 

functionalized products was observed. Thus, although functionalization is observed in the 

absence of iodate, the presence of the iodate oxidant appears to be important for 

appreciable functionalization. 
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Figure 3.3. Effect of added iodine on ethylene functionalization with KCl/NH4IO3. 
Conditions: ethylene (50 psi), KCl (0.67 mmol), NH4IO3 (7.6 mmol), I2 (0.34 mmol, if 
added), HTFA (8 mL), 180 °C, 1 h. Error bars denote standard deviations based on three 
experiments. 

 

 
 
Scheme 3.4. Ethylene functionalization with I2 in HTFA. Conditions: ethylene (50 psi), I2 
(0.5 mmol), HTFA (8 mL), 180 °C, 1 h. Yields are the average of three experiments with 
standard deviations. 
 
3.3 Ethylene Functionalization Using Periodate 

As potassium periodate (KIO4) was also demonstrated to be effective for the 

functionalization of methane, ethane and propane using the OxE approach,14 it was 

subsequently studied as a potential oxidant for the partial oxidation of ethylene. First, the 

use of KIO4 in the absence of chloride was tested as a benchmark. Notably, without 

optimization, the partial oxidation of ethylene by KIO4 in the absence of additives gave 

33(3)% yield of 1,2-bis(trifluoroacetyl)ethane and minor amounts of 1-trifluoroacetyl-2-

iodoethane (Scheme 3.5). To compare the reactivity to NH4IO3 directly, the optimized 

conditions with iodate were performed with KIO4. KIO4 proved to be a much more 

efficient oxidant, providing an increase in 1,2-bis(trifluoroacetyl)ethane yield from 
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25(2)% with NH4IO3 to 42(3)% with KIO4 (Figure 3.4). Byproducts of the reactions were 

generated in similar amounts with both oxidants. 

 

Scheme 3.5. Ethylene functionalization with KIO4 at 150 °C. Conditions: ethylene (50 
psi), KIO4 (7.6 mmol), HTFA (8 mL), 180 °C, 1 h. Yields are given as the average of 
three experiments with standard deviations. 
 

 

Figure 3.4. Comparison of ethylene functionalization using NH4IO3 versus KIO4. 
Conditions: ethylene (50 psi), KCl (0.67 mmol), NH4IO3 or KIO4 (7.6 mmol), HTFA (8 
mL), 180 °C, 1 h. Error bars denote standard deviations based on three experiments. 
 

Because the addition of iodine improved yields of ethylene functionalization using 

NH4IO3, an iodine addition screening was also performed with periodate. Yields of 1,2-

bis(trifluoroacetyl)ethane were particularly affected by the addition of iodine under 

reaction conditions with KCl/KIO4 (Figure 3.5). The optimal iodine loading was 

determined to be 0.5 mmol, at which the yield of 1,2-bis(trifluoroacetyl)ethane improved 

from 42(3)% to 61(3)%. Yields of byproducts were also increased with increased iodine 

loadings. The total yield of the functionalization products under these optimized 
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conditions is > 75% with respect to ethylene, a marked increase from the ~50% obtained 

in the absence of iodine.  

 

Figure 3.5. Effect of added iodine on ethylene functionalization with KCl/KIO4. 
Conditions: ethylene (50 psi), KCl (0.67 mmol), KIO4 (7.6 mmol), HTFA (8 mL), 180 
°C, 1 h. Error bars denote standard deviations based on three experiments. 
 

The original report of the iodate/chloride chemistry demonstrated that methane 

functionalization was minimal in the absence of chloride or with halides other than 

chloride.13 However, given the significance of adding iodine to the ethylene 

functionalization reaction and the high yield in the initial screening of periodate in the 

absence of chloride (Scheme 3.5), the effect of additives was studied further using 

optimized conditions with KIO4 and I2. Remarkably, for reactions without added 

chloride, with KCl, and with KI, the yields of 1,2-bis(trifluoroacetyl)ethane were 

statistically identical, each ~60% with respect to ethylene (Figure 3.6). This finding 

represents a substantive difference between the original OxE process and its applications 

with ethylene. The addition of KCl is not necessary for ethylene functionalization, nor 
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does it provide higher yields of 1,2-bis(trifluoroacetyl)ethane than those obtained on the 

addition of KI. However, overall yields of functionalized product are higher when KCl is 

added, due to the production of chlorine-containing byproducts, which account for ~15% 

yield relative to ethylene (Figure 3.6). 

 

Figure 3.6. Effect of halide on ethylene functionalization with KIO4/I2. Conditions: 
ethylene (50 psi), KIO4 (7.6 mmol), I2 (0.5 mmol), KCl or KI (0.67 mmol, if added), 
HTFA (8 mL), 180 °C, 1 h. Error bars denote standard deviations based on three 
experiments. 
 

Because ethylene functionalization was demonstrated to occur efficiently in the 

absence of halide salts, none were added in additional optimization studies. Although the 

additive optimization proved useful, resulting in significant increases in yields of 

functionalized products, this did not address one of the most challenging complications of 

the OxE chemistry, solvent oxidation. Periodate is a particularly strong oxidant and at 

high temperatures, trifluoroacetic acid can be oxidized by iodine oxide oxidants.13 In 

addition to consuming trifluoroacetic acid, a costly reagent, this oxidation also hinders 

catalysis by unproductively utilizing the periodate oxidant. Therefore, in an effort to 

reduce solvent oxidation, the reaction temperature was decreased from 180 °C to 150 °C 
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(Scheme 3.6). On reducing the reaction temperature by 30 °C, a significant increase in 

the yield of 1,2-bis(trifluoroacetyl)ethane was observed. Previously, the highest yield of 

1,2-bis(trifluoroacetyl)ethane with respect to ethylene was ~60%. At 150 °C with KIO4 

and I2, the yield of 1,2-bis(trifluoroacetyl)ethane increased to 82(6)% (Scheme 3.6). The 

reaction with KIO4/I2 at 150 °C is also highly selective for 1,2-bis(trifluoroacetyl)ethane, 

with < 2% yield of other byproducts. Decreasing the reaction temperature further to 90 

°C also resulted in an increase in the yield of 1,2-bis(trifluoroacetyl)ethane to 88(9)% 

yield with respect to ethylene (Scheme 3.7). These increases in the yield of functionalized 

products demonstrates how imperative reducing unproductive solvent oxidation is. At 

lower reaction temperatures, yields of 1,2-bis(trifluoroacetyl)ethane relative to the 

starting alkene approach 90%. 

 

 

Scheme 3.6. Ethylene functionalization with KIO4/I2 at 150 °C. Conditions: Ethylene (50 
psi), KIO4 (7.6 mmol), I2 (0.5 mmol), HTFA, 150 °C, 1 h. Yields are given as the average 
of three experiments with standard deviations. 
 

 

Scheme 3.7. Ethylene functionalization with KIO4/I2 at 90 °C. Conditions: Ethylene (50 
psi), KIO4 (7.6 mmol), I2 (0.5 mmol), HTFA, 90 °C, 3 h. Yields are given as the average 
of three experiments with standard deviations. 
 
3.4 Conclusions and Future Directions 

Ethylene functionalization using iodate and periodate salts was successful. Under 

optimized conditions with periodate, the desired glycol product, which can be hydrolyzed 
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to give ethylene glycol, was obtained in nearly quantitative yield. The process for 

ethylene functionalization differs from the original light alkane functionalization process 

wherein the presence of a chloride salt was necessary. This indicates that distinct reaction 

mechanisms may be operative for the two processes. Further mechanistic studies are 

required to elucidate these differences. 

Following this study, we discovered a similar report of ethylene functionalization in 

the literature which had not been translated from the original Japanese.15 As a result, this 

study was not pursued further using ethylene as the substrate. Instead, the extension of 

the OxE process focused on the use of alternative oxidants which could be more easily 

regenerated using air. Additionally, photochemical reaction conditions were studied in an 

effort to generate species capable of light alkane functionalization using lower reaction 

temperatures to minimize solvent oxidation. 

3.5 Experimental Section 

General Considerations. Caution: Many of the reagents and conditions described 

herein are potentially hazardous. Safety procedures should be consulted prior to the use 

of concentrated acids, mixtures of hydrocarbons and oxygen and strong oxidants. 

Unless stated otherwise, all reactions were performed under ambient atmosphere. All 

chemicals were purchased from commercial sources and used as received. Ethylene was 

obtained from Matheson and was used as received. 1-TFA-2-chloroethane (TFCE) was 

synthesized according to a literature procedure.16 1H NMR spectra were recorded on a 

Varian 500 MHz or Bruker 600 MHz spectrometer. Spectra were taken using a C6D6 

capillary and were referenced with respect to an internal standard, dichloromethane (d 

5.03), glacial HOAc (d 2.04), or nitromethane (d 4.17 ppm). All reactions were 
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performed in custom-built Swagelok stainless steel high pressure reactors with a Teflon 

liner.13-14  

General Procedures 

Ethylene functionalization using KX/NH4IO3. A custom-built stainless-steel reactor 

with a Teflon liner13-14 was charged with a stir bar, KX (X = Cl, Br, I; 0.67 mmol), 

NH4IO3 (7.6 mmol), I2 (0.34 mmol, if added) and HTFA (8 mL). The reactor was sealed 

and pressurized with 50 psi of ethylene. After the mixture was stirred at 800 rpm at 180 

°C for 1 h, the reactor was allowed to cool to room temperature. The reactor was then 

vented carefully, and nitromethane was added as an internal standard. After stirring, an 

aliquot was removed for centrifugation. The supernatant was analyzed by 1H NMR. A 

representative 1H NMR spectrum is shown below. This procedure was performed in 

triplicate.  
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Figure 3.7. Representative 1H NMR spectrum of ethylene functionalization using 
KCl/NH4IO3. Conditions: Ethylene (50 psi), KCl (0.67 mmol), NH4IO3 (7.6 mmol), 
HTFA (8 mL), 180 °C, 1 h. Nitromethane (0.56 mmol) was added as an internal standard. 
 

Ethylene functionalization with I2 in HTFA.  A custom-built stainless-steel reactor 

with a Teflon liner13-14 was charged with a stir bar, I2 (0.67 mmol) and HTFA (8 mL) 

under either under ambient atmosphere. The reactor was sealed and pressurized with 50 

psi of ethylene. After the mixture was stirred at 800 rpm at 180 °C for 1 h, the reactor 

was allowed to cool to room temperature. The reactor was then vented carefully, and 

nitromethane was added as an internal standard. After stirring, an aliquot was removed 

for centrifugation. The supernatant was analyzed by 1H NMR. A representative 1H NMR 

spectrum is shown below. This procedure was performed in triplicate.  
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Figure 3.8. Representative 1H NMR spectrum of ethylene functionalization using I2 in 
HTFA. Conditions: Ethylene (50 psi), I2 (0.67 mmol), HTFA (8 mL), 180 °C, 1 h. 
Nitromethane (0.56 mmol) was added as an internal standard. 
 

Ethylene functionalization with KIO4. A custom-built stainless-steel reactor with a 

Teflon liner13-14 was charged with a stir bar, KIO4 (7.6 mmol) and HTFA (8 mL). The 

reactor was sealed and pressurized with 50 psi of ethylene. After the mixture was stirred 

at 800 rpm at 180 °C for 1 h, the reactor was allowed to cool to room temperature. The 

reactor was then vented carefully, and nitromethane was added as an internal standard. 

After stirring, an aliquot was removed for centrifugation. The supernatant was analyzed 

by 1H NMR. A representative 1H NMR spectrum is shown below. This procedure was 

performed in triplicate. 
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Figure 3.9. Representative 1H NMR spectrum of ethylene functionalization using KIO4. 
Conditions: Ethylene (50 psi), KIO4 (7.6 mmol), HTFA (8 mL), 180 °C, 1 h. 
Nitromethane (0.56 mmol) was added as an internal standard. 
 

Ethylene functionalization using KCl/KIO4. A custom-built stainless-steel reactor 

with a Teflon liner13-14 was charged with a stir bar, KCl (0.67 mmol), KIO4 (7.6 mmol) 

and HTFA (8 mL). The reactor was sealed and pressurized with 50 psi of ethylene. After 

the mixture was stirred at 800 rpm at 180 °C for 1 h, the reactor was allowed to cool to 

room temperature. The reactor was then vented carefully, and nitromethane was added as 

an internal standard. After stirring, an aliquot was removed for centrifugation. The 

supernatant was analyzed by 1H NMR. A representative 1H NMR spectrum is shown 

below. This procedure was performed in triplicate. 
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Figure 3.10. Representative 1H NMR spectrum of ethylene functionalization using 
KCl/KIO4. Conditions: Ethylene (50 psi), KCl (0.67 mmol), KIO4 (7.6 mmol), HTFA (8 
mL), 180 °C, 1 h.  
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4     Extension of the OxE Process to Oxidants other than Iodine Oxides 

4.1 Introduction 

Previous efforts related to the OxE process were focused on the use of iodine oxides 

for light alkane functionalization. Although the conversion of iodine and iodide to iodate 

with dioxygen is thermodynamically favorable,1 using known thermal routes this is not a 

kinetically facile process.2 Due to this significant limitation and the expense of iodate and 

periodate, the OxE process as originally developed cannot be readily commercialized. The 

focus of the studies in this Chapter is to extend the achievements of the OxE process toward 

the goal of selective partial oxidation with oxidants that can be easily recycled using air or 

pure dioxygen.  

The work discussed in this chapter was a collaborative effort involving the Gunnoe 

group (UVA), the Groves group (Princeton University), the Goddard group (Caltech), the 

Wu group (Oak Ridge National Laboratory) and Dr. Ling Tao (National Renewable Energy 

Laboratory). Dr. Jonathan Goldberg of the Groves group performed studies of cyclohexane 

oxidation. Dr. Smith Nielsen of the Goddard group performed computational studies to 

determine likely reaction pathways. Dr. Zili Wu provided expertise regarding oxidant 

candidates and focused on development of OxE in a flow reactor. Dr. Ling Tao provided 

techno-economical analysis for variations of the OxE process. Dr. Bill Schinski (Chevron, 

retired) served as an additional advisor for this work. 

4.2 Extension of the OxE Process to Nitrates 

To shift the OxE process away from the use of iodate or periodate, alternative oxidants 

were investigated as potential replacements. A set of screening conditions was developed 

to assess potential replacements and to compare them to the standard OxE process using 
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NH4IO3. To reduce cost and the formation of hazardous waste, these screening conditions 

scaled down the amounts of KCl and oxidant in typical OxE reactions by seven-fold. 

Unless noted otherwise, yields in this Chapter are relative to oxidant, rather than the 

starting alkane. 

Nitrate salts, NO3
-, are well-known as powerful oxidizers and bear clear similarities to 

iodate, IO3
-. Additionally, depending on the active species in solution, it may be possible 

to recycle a reduced nitrogen oxide to an active oxidized form using dioxygen,3-4 a 

longstanding goal of this chemistry. Cerium-based oxidants were identified as promising 

candidates from their presence in the oxychlorination literature,5-7 thus ceric ammonium 

nitrate (CAN) was a logical starting point for the extension of the OxE process to 

alternative oxidants.  

The combination of KCl and CAN resulted in the formation of ~5% yield of both 

MeTFA and MeNO2 after reaction at 180 °C for 1 h, whereas > 40% yield of MeTFA was 

obtained under those conditions with NH4IO3 (Figure 4.1). The formation of MeNO2 under 

these conditions was confirmed by spiking a reaction mixture with a known standard and 

taking a 1H NMR spectrum. Although the use of CAN resulted in lower yields of 

functionalized product relative to iodate, methane functionalization was observed. To test 

if the use of cerium(IV) was necessary or if a simple nitrate salt would suffice, NH4NO3 

was studied. Methane was also partially oxidized using NH4NO3 (Figure 4.1). The yield of 

MeTFA was similar to that with CAN, while the yield of MeNO2 decreased. Minimal 

amounts of MeCl were also observed with CAN, NH4NO3 and NH4IO3 under these 

conditions. Given that NH4NO3 exhibited a similar performance to CAN, the use of nitrate 

as a stoichiometric oxidant was examined further. 
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Figure 4.1. Functionalization of methane with KCl and ceric ammonium nitrate (CAN), 
NH4NO3 or NH4IO3. Conditions: CH4 (300 psi), KCl (0.1 mmol), oxidant (1.1 mmol; CAN, 
NH4NO3, NH4IO3), HTFA (8 mL), 180 °C, 1 h. Error bars denote standard deviations based 
on at least three experiments. 
 

As iodine was proposed to be a crucial intermediate in the OxE process, acting as a 

radical trap to intercept alkyl radicals and minimize over-oxidation,8 it was proposed that 

the addition of iodine would be beneficial when using a nitrate oxidant. Although the OxE 

process did not give an increase in yield of mono-functionalized product on the addition of 

iodine at the start of the reaction, iodine was generated in situ as iodate was reduced.8 With 

NH4NO3, the addition of iodine resulted in significantly higher yields of MeTFA, with an 

increase from 4.4(6)% yield in the absence of iodine to 18(1)% yield with 0.1 mmol of 

iodine (Figure 4.2). Similar to the OxE process with iodate, there is a point at which the 

addition of a larger amount of iodine results in decreased yields. Under the conditions 

studied using ammonium nitrate (see Figure 4.2), the addition of 0.2 mmol of iodine 

resulted in a MeTFA yield of 10.0(5)% with respect to oxidant, whereas 18(1)% yield was 

observed when 0.1 mmol of iodine was added. This decrease in yield is potentially a result 

of iodine radicals trapping intermediates required for methane functionalization.8 
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Figure 4.2. Functionalization of methane with KCl/NH4NO3 as a function of added iodine. 
Conditions: CH4 (300 psi), KCl (0.1 mmol), NH4NO3 (1.1 mmol), I2 (0-0.2 mmol), HTFA 
(8 mL), 180 °C, 2 h. Error bars denote standard deviations based on at least three 
experiments. 
 

Chloride was found to be necessary for the OxE process with iodate or periodate as the 

oxidant, and yields of functionalized products improved with increased amounts of 

chloride.9-10 To study the effect of added chloride on the reaction with NH4NO3, a variety 

of chloride loadings were tested, from 0 to 0.5 mmol (Figure 4.3). In the absence of 

chloride, the MeTFA yield decreased to 10.5(8)% from 18(1)% with 0.1 mmol of added 

KCl. With > 0.1 mmol of KCl, yields of functionalized products were similar or slightly 

less than with 0.1 mmol. When using 0.5 mmol of KCl, the yield of MeCl increased 

slightly, as was observed in the OxE process with iodate.9 Extending the reaction time with 

optimized chloride and iodine loadings resulted in ~25% total yield of MeX (X = TFA, Cl, 

NO2) (Scheme 4.1). 
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Figure 4.3. Functionalization of methane with NH4NO3/I2 as a function of added chloride. 
Conditions: CH4 (300 psi), KCl (0-0.5 mmol), NH4NO3 (1.1 mmol), I2 (0.1 mmol), HTFA 
(8 mL), 180 °C, 2 h. Error bars denote standard deviations based on at least three 
experiments. 
 

 
 
 
Scheme 4.1. Methane functionalization under optimized conditions with KCl, NH4NO3 
and I2. Conditions: CH4 (300 psi), KCl (0.1 mmol), NH4NO3 (1.1 mmol), I2 (0.1 mmol), 
HTFA (8 mL), 180 °C, 4 h. Yields are based on three experiments with a standard deviation 
shown for MeTFA. The yields of MeCl and MeNO2 were identical for all three trials. 
 

As demonstrated in the initial report using iodate,9 the counter-ion of the oxidant can 

have a significant effect on alkane functionalization. Although the nature of this effect is 

not yet understood, the trend observed with iodate where yields with KIO3 are lower than 

those with NH4IO3 is also seen with nitrate oxidants (Figure 4.4). The effect is more 

pronounced with nitrate oxidants. With iodate, the yield of MeTFA was about ~50% lower 

with KIO3 compared to NH4IO3,9 while only minimal amounts of MeTFA are obtained 

when KNO3 is used (Figure 4.4).  
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Figure 4.4. Comparison of methane functionalization with NH4NO3 versus KNO3 under 
optimized conditions. Conditions: CH4 (300 psi), KCl (0.1 mmol), NH4NO3 or KNO3 (1.1 
mmol), I2 (0.1 mmol), HTFA (8 mL), 180 °C, 4 h. Error bars denote standard deviations 
based on at least three experiments. 
 

NH4NO3 was also tested as an oxidant for ethane functionalization (Scheme 4.2). This 

served to demonstrate the potential scope of reactivity of NH4NO3 and provided further 

evidence for the formation of RNO2 from RH (R = Me, Et) when nitrates were used as the 

oxidant. Spiking a reaction mixture with a known standard of nitroethane supported the 

conclusion that it was generated during the reaction. When using methane as the substrate, 

spiking the resulting reaction mixture with nitromethane was also consistent with the 

formation of MeNO2. Thus, MeNO2 and EtNO2 were concluded to be functionalization 

products from the reactions with methane and ethane, respectively. Yields relative to nitrate 

for ethane functionalization are higher than those observed with methane under similar 

conditions, with ~40% total yield of EtX (X = TFA, NO2) (Scheme 4.2). The simple nitrate 

oxidant is selective for the partial oxidation of both methane and ethane, indicating the 

ability of oxidants other than iodine oxides to be successful in the OxE reaction without 

deleterious effects with respect to over-oxidation. 
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Scheme 4.2. Ethane functionalization under optimized conditions with KCl and NH4NO3. 
Conditions: CH4 (300 psi), KCl (0.1 mmol), NH4NO3 (1.1 mmol), HTFA (8 mL), 180 °C, 
2 h. Yields and standard deviations based on three experiments are shown. 
 
4.3 Extension of the OxE Process to a Bismuth Oxidant 

For our initial screening, sodium bismuth oxide (NaBiO3) was examined as a candidate 

for the OxE process. Under the standard set of conditions examined for the nitrate oxidants 

(see above), NaBiO3 results in slightly lower yields of MeX (X = TFA, Cl) than were 

observed for the nitrates (Figure 4.5, orange). In contrast to the nitrate study, the addition 

of 0.05 mmol of iodine resulted in somewhat lower average yields of MeX, though yields 

remain statistically identical to those observed in the absence of added iodine (Figure 4.5, 

blue). 

 

Figure 4.5. Functionalization of methane as a function of added iodine with KCl/NaBiO3. 
Conditions: CH4 (300 psi), KCl (0.1 mmol), NaBiO3 (1.1 mmol), I2 (if added, 0.05 mmol), 
HTFA (8 mL), 180 °C, 1 h. Error bars denote standard deviations based on three 
experiments. 
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In an effort to determine if the lower observed yields of MeTFA were a result of its 

instability under reaction conditions with NaBiO3, MeTFA decay was studied at 80 °C for 

2 h with NaBiO3 in HTFA in the absence or presence of KCl (Scheme 4.3). MeTFA decay 

was observed with NaBiO3 at 80 °C with ~85% and ~90% remaining after 2 h in the 

presence and absence of KCl, respectively (Scheme 4.3). At 140 °C, the consumption of 

MeTFA is comparable, with 82(4)% remaining after 1 h under reaction conditions in the 

absence of KCl (Scheme 4.4).8 In contrast, with KCl/NH4IO3 > 85% of MeTFA remains 

after 16 h of heating (see Chapter 2). This difference indicates that MeTFA is likely less 

stable under functionalization conditions with NaBiO3, providing a potential 

rationalization for the lower yields that are observed. 

 

Scheme 4.3. Stability of MeTFA with NaBiO3 with or without added KCl at 80 °C. 
Conditions: Ar (300 psi), MeTFA (0.65 mmol), KCl (if added, 0.1 mmol), NaBiO3 (1.1 
mmol), HTFA (8 mL), 80 °C, 2 h. Yields and standard deviations based on three 
experiments are shown. 
 

 
Scheme 4.4. Stability of MeTFA with NaBiO3 at 140 °C. Conditions: Ar (300 psi), MeTFA 
(0.63 mmol), KCl (0.1 mmol), NaBiO3 (1.1 mmol), HTFA (8 mL), 140 °C, 1 h. Yield and 
standard deviation based on three experiments are shown. Without heating, 97(3)% of 
MeTFA remains. 
 

Ethane and propane were also examined as substrates for partial oxidation with 

NaBiO3. These reactions were performed at lower temperatures to minimize product over-

oxidation. Although yields with ethane are slightly higher than those with methane, the 

total product yields of ethane functionalization are < 5%, whether or not KCl is added 
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(Figure 4.6). Increasing the temperature to 120 °C or increasing the reaction time did not 

improve product yields. For propane, yields are somewhat higher, particularly when 

chloride is added. With added chloride, ~9% total yield of functionalized product is 

obtained, with the formation of 1-trifluoroacetylethane (1-TFA) and 2-

trifluoroacetylethane (2-TFA) highly favored over other products which are observed in 

trace amounts (Figure 4.7). 

 

Figure 4.6. Functionalization of ethane as a function of added chloride with NaBiO3. 
Conditions: CH3CH3 (300 psi), KCl (if added, 0.1 mmol), NaBiO3 (1.1 mmol), HTFA (8 
mL), 80 °C, 2 h. Bis(TFA) = 1,2-bis(trifluoroacetyl)ethane. Error bars denote standard 
deviations based on three experiments. 
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Figure 4.7. Functionalization of propane as a function of added chloride with NaBiO3. 
Conditions: Propane (100 psi), KCl (if added, 0.1 mmol), NaBiO3 (1.1 mmol), HTFA (8 
mL), 80 °C, 2 h. Error bars denote standard deviations based on three experiments. 
 
 

Although light alkane functionalization is observed using NaBiO3, yields of 

functionalized products are significantly lower than those observed with iodate/chloride. 

For example, under identical conditions with 300 psi CH4, 0.1 mmol KCl, 1.1 mmol 

oxidant in HTFA at 180 °C for 1 h, MeTFA yields with NaBiO3 and iodate/chloride relative 

to oxidant are ~1.5% and ~42%, respectively (see Figures 4.1 and 4.5). The initial report 

of the OxE chemistry demonstrated that the ammonium iodate was the most effective, and 

as such, it is possible that bismuthate salts with ammonium or other counter-ions may be 

more efficient for light alkane functionalization. Further, as chloride is not required for 

alkane functionalization with NaBiO3, the reaction may occur by a different mechanism 
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than the OxE process with iodate/chloride. Further studies are required to elucidate the 

nature of these differences and to further optimize the process with bismuth oxidants. 

4.4 Extension of the OxE Process to a Cerium Oxidant 

Although using CAN as the oxidant did not result in higher yields of MeTFA than 

NH4NO3, the prevalence of cerium-based oxidants for oxychlorination chemistry5-7 led us 

to study the ability of ceria, CeO2, as a potential oxidant for the OxE system. Under the 

standard set of conditions for screening, CeO2 resulted in MeTFA formation, but in poor 

yield with 0.6(2)% relative to oxidant (Scheme 4.5). In an effort toward optimization, the 

addition of 0.1 mmol of I2 was tested. However, as was observed with NaBiO3, the addition 

of iodine did not result in improved product yields. In fact, only trace amounts of MeTFA 

were observed when iodine was added to the reaction mixture (Scheme 4.6). Increasing the 

chloride loading for the KCl/CeO2/I2 process similarly did not improve yields of 

functionalized products (Scheme 4.7). 

 

Scheme 4.5. Methane functionalization using KCl/CeO2 in HTFA. Conditions: CH4 (300 
psi), KCl (0.1 mmol), CeO2 (1.1 mmol), HTFA (8 mL), 180 °C, 1 h. Yield and standard 
deviation are based on three experiments. 
 

 

Scheme 4.6. Methane functionalization using KCl/CeO2/I2 in HTFA. Conditions: CH4 
(300 psi), KCl (0.1 mmol), CeO2 (1.1 mmol), I2 (0.1 mmol), HTFA (8 mL), 180 °C, 1 h. 
Trace MeTFA was observed in three experiments. 
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Scheme 4.7. Methane functionalization using KCl (0.3 mmol)/CeO2/I2 in HTFA. 
Conditions: CH4 (300 psi), KCl (0.3 mmol), CeO2 (1.1 mmol), I2 (0.1 mmol), HTFA (8 
mL), 180 °C, 1 h. Yield and standard deviation are based on three experiments. 
 

Increasing the reaction temperature from 180 °C to 200 °C gave a slight increase in 

the yield of MeTFA from 0.6(2)% to 2.2(7)% (Figure 4.8), but the yield remained low. 

Due to restrictions in our reaction set-up, we are unable to examine temperatures higher 

than 200 °C, but that will be a future direction for this chemistry as we begin to examine 

the process in flow with the Wu group at ORNL. 

 

Figure 4.8. Methane functionalization using KCl/CeO2 in HTFA at 180 °C and 200 °C. 
Conditions: CH4 (300 psi), KCl (0.1 mmol), CeO2 (1.1 mmol), HTFA (8 mL), 180 or 200 
°C, 1 h. 
 
4.5 Extension of the OxE Process to Manganese Oxidants 

Manganese-based oxidants are highly oxidizing and can potentially be recycled using 

dioxygen.11 They have also been demonstrated to functionalize methane,11-12 making them 

promising candidates for this study to improve upon the OxE process. Additionally, many 

forms of heterogeneous manganese oxides exist,13 enabling a broad screening with 

different oxidation states of manganese. Manganese(IV) oxide (MnO2) was tested initially 
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due to its availability, low cost and lower oxidation state than traditional strong Mn-based 

oxidants such as KMnO4. 

Using manganese-based oxidants for the OxE process under the standard screening 

conditions tested for the nitrate-, bismuth- and cerium-based oxidants (see above), 1H NMR 

spectroscopy data were difficult to interpret due to significant peak broadening. This 

broadening was minimized through the development of a work-up procedure involving 

oxidation of reduced manganese species using NaBiO3 following the reaction to minimize 

peak shifts and broadening due to paramagnetic resonances. The NaBiO3 work-up was 

utilized for all reactions with manganese-based oxidants. The addition of iodine at the start 

of the reaction was also critical. Without added iodine, the resonances remain very broad 

and yields of MeTFA are ~20% with respect to oxidant. However, the addition of 0.1 mmol 

of I2 to the standard conditions with KCl/MnO2 resulted in a clean 1H NMR spectrum (see 

Figure 4.29) and the selective production of MeTFA, in 60(1)% yield (Figure 4.9, right). 

This finding prompted further investigation into the role of additives in this reaction. 

Chloride was subsequently excluded from the reaction, and the combination of MnO2 and 

I2 in HTFA resulted in 59(2)% yield of MeTFA, indicating that chloride was not necessary 

for the reaction (Figure 4.9, left). Consequently, chloride was not added to future reactions 

studying light alkane functionalization with MnO2.  
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Figure 4.9. Functionalization of methane as a function of additives with MnO2. Conditions: 
CH4 (300 psi), KCl (0.1 mmol, if added), MnO2 (1.1 mmol), I2 (0.1 mmol), HTFA (8 mL), 
180 °C, 1 h. Error bars denote standard deviations based on three experiments. 
 

In contrast to chloride, the addition of iodine had a marked effect on the reaction. Thus, 

a screening of different iodine loadings was performed. As shown in Figure 4.10, highest 

yields of MeTFA were obtained using 0.15 mmol of iodine, and this amount was used in 

additional optimization studies. The addition of > 0.15 mmol of iodine resulted in lower 

yields of MeTFA (Figure 4.10), similar to what was observed in the original OxE process 

using iodate as the oxidant.8 
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Figure 4.10. Methane functionalization with MnO2 as a function of added iodine. 
Conditions: CH4 (300 psi), MnO2 (1.1 mmol), HTFA (8 mL), 180 °C, 1 h. Error bars denote 
standard deviations based on three experiments. 

  
A range of manganese-based oxidants were tested under the identified optimal additive 

conditions with MnO2 and 0.15 mmol of iodine (Figure 4.10). Interestingly, MnO2, Mn2O3 

and Mn3O4 each gave ~63% yield of MeTFA, whereas KMnO4, K2MnO4 and 

Mn(OAc)3·2H2O resulted in significantly lower yields of MeTFA of ~20-35%. The lower 

yields obtained using oxidants with manganese in higher oxidation states were surprising 

given their strong oxidizing power. Examining the stability of MeTFA under reaction 

conditions with KMnO4 provides a possible rationalization for the lower observed MeTFA 

yields (Scheme 4.8). Whereas > 80% of MeTFA remains under identical conditions at 140 

°C with MnO2/I2 (Figure 4.16), only 69(1)% remains with KMnO4/I2. This may indicate 

that the protecting effect of the TFA moiety may not be strong enough to prevent over-

oxidation of MeTFA by KMnO4. Another possible issue with KMnO4 is a greater degree 

of solvent oxidation, which would limit yields of functionalized product.  
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Scheme 4.8. MeTFA stability under reaction conditions with KMnO4/I2. Conditions: 
MeTFA (0.63 mmol), Ar (300 psi), KMnO4 (1.1 mmol), I2 (0.15 mmol), HTFA (8 mL), 
140 °C or 160 °C, 1 h. 
 

These results do not appear to follow a clear trend related to the oxidation state of 

manganese, as Mn(III) oxidants gave the highest and lowest yields in the screening (Figure 

4.11). However, several manganese oxides were identified as effective oxidants for 

methane functionalization and gave extremely similar yields to one another, indicating that 

they might all funnel to the same active intermediate or follow the same mechanistic 

pathway. It was proposed that these oxidants may undergo disproportionation to generate 

more strongly oxidizing species under reaction conditions. Mechanistic studies are 

underway to determine the operative pathway through which functionalization occurs 

using these oxidants. As MnO2 was one of the highest-yielding oxidants, it was used in 

additional optimization studies.  
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Figure 4.11. Screening Mn oxidants for methane functionalization. Conditions: CH4 (300 
psi), Mn source (1.1 mmol), I2 (0.15 mmol), HTFA (8 mL), 180 °C, 1 h. Error bars denote 
standard deviations based on three experiments. Inset are the oxidations states of each 
oxidant. Yields are calculated by (mmol MeTFA)/(mmol oxidant)*100 not on a per-
manganese basis. 
 

Methane pressures were lowered to determine if higher MeTFA yields relative to 

methane could be obtained. With a lower pressure of methane, the yield of MeTFA relative 

to oxidant decreased significantly, thus the yield of MeTFA relative to methane remained 

statistically identical (Figure 4.12). Additional studies sought to understand this effect. 

First, higher loadings of MnO2 oxidant were examined (Figure 4.13). With higher oxidant 

loadings, yields of MeTFA relative to methane yields increased, though not by an amount 

proportional to the increased amount of oxidant. Thus, an increase in MeTFA yield from 

2.79(1)% to 3.89(6)% was observed with 1.1 and 2.2 mmol of MnO2, respectively. 

However, the MeTFA yield relative to MnO2 decreased from 63(2)% to 46(1)% with 1.1 

and 2.2 mmol of MnO2. Similarly, increasing the MnO2 loading to 3.3 mmol did not result 

in a three-fold increase relative to reactions with 1.1 mmol, in fact, the yield of MeTFA 

0

10

20

30

40

50

60

70

80

Mn3O4 Mn2O3 MnO2 K2MnO4 KMnO4

%
 Y

ie
ld

 M
eT

FA
 (w

ith
 re

sp
ec

t t
o 

ox
id

an
t)

Mn Oxidant

Mn
3
O

4              Mn
2
O

3                
MnO

2
           K

2
MnO

4            
KMnO

4
  

Mn(IV) 
Mn(III) 

Mn(II,III) 

Mn(VII) 

Mn(VI) 



 

 

116 

was only 1.8 times higher with 3.3 mmol of MnO2. However, this demonstrated that 

MeTFA yields of up to 5% with respect to methane could be obtained using the MnO2/I2 

process in HTFA.  

 

Figure 4.12. Methane functionalization with MnO2/I2 as a function of methane pressure. 
Conditions: CH4 (100 or 300 psi), MnO2 (1.1 mmol), I2 (0.15 mmol), HTFA (8 mL), 180 
°C, 1 h. Error bars denote standard deviations based on three experiments. 
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Figure 4.13. Methane functionalization with MnO2/I2 as a function of MnO2 loading. 
Conditions: CH4 (300 psi), MnO2 (1.1-3.3 mmol), I2 (0.15 mmol), HTFA (8 mL), 180 °C, 
1 h. Error bars denote standard deviations based on three experiments. 
 

In contrast, increasing the oxidant loading with Mn(OAc)3·2H2O did result in 

proportional increases in MeTFA yields with respect to methane as the yield relative to 

oxidant remained constant (Figure 4.14). Although the yields are lower than those observed 

with MnO2, this effective scale-up has led to a re-evaluation of Mn(OAc)3·2H2O as an 

oxidant for the OxE system, and additional studies to determine the differences between 

the reactions with Mn(OAc)3·2H2O and MnO2 are required. 
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Figure 4.14. Methane functionalization with Mn(OAc)3·2H2O/I2 as a function of I2 
loading. Conditions: CH4 (300 psi), Mn(OAc)3·2H2O (1.1, 2.2 or 3.3 mmol), I2 (0.15 
mmol), HTFA (8 mL), 180 °C, 1 or 2 h. Error bars denote standard deviations based on 
three experiments. Yields are calculated by (mmol MeTFA)/(mmol oxidant)*100 not on a 
per-manganese basis. 
 

To determine if increasing the amount of iodine in proportion with the increase in 

oxidant would result in higher yields of MeTFA, the reaction with doubled loadings of 
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Figure 4.15. Methane functionalization with MnO2/I2 as a function of I2 loading. 
Conditions: CH4 (300 psi), MnO2 (2.2 mmol), I2 (0.15 or 0.3 mmol), HTFA (8 mL), 180 
°C, 1 h. Error bars denote standard deviations based on three experiments. 
 

One of the hallmarks of the OxE process is its selectivity for mono-functionalized 

products. As the manganese-based oxidants also exhibit selectivity for MeTFA formation, 

the stability of MeTFA under reaction conditions was studied to compare the oxidation of 

MeTFA with MnO2/I2 versus iodate/chloride. Reaction conditions for methane 

functionalization and MeTFA decay similar to those in Chapter 2 were used for MnO2-

based functionalization and decay (Figure 4.16). The reaction temperature was decreased 

to 140 °C to slow the rate of functionalization in order to compare it to the rate of decay 

over time. Methane functionalization is complete after 4 h. Although the MeTFA decay 

data are less consistent than was previously observed using iodate/chloride, MeTFA is also 

stable under the reaction conditions with MnO2/I2. After 16 h under oxidizing conditions, 

> 80% of the starting MeTFA remains. Under identical reaction conditions with 

iodate/chloride, ~85% remained after that amount of time. These results demonstrate that 
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the rate of over-oxidation of MeTFA is slow compared to the rate of methane 

functionalization. Using the linear fit of the MeX production that was forced through zero 

(Figure 4.16, dark blue), the ratio of methane functionalization to MeTFA decay with 

MnO2/I2 is approximately 35. Using a linear fit of the data through four hours without 

forcing the fit through zero (Figure 4.16, light blue), the ratio of methane functionalization 

to MeTFA decay is higher, approximately 54. These values are significantly higher than 

the ratio of 13 observed using iodate/chloride. It should be noted that the R2 of the fit for 

the MeTFA decay data is low. However, these data demonstrate that MeTFA decay is 

significantly slower than methane functionalization with MnO2/I2, as was also observed 

with iodate/chloride. 

 

 
Figure 4.16. Methane functionalization versus MeTFA decay using MnO2/I2. Methane 
functionalization conditions: CH4 (300 psi), MnO2 (1.1 mmol), I2 (0.15 mmol), HTFA (8 
mL), 140 °C. MeTFA decay conditions: MeTFA (0.63 mmol), Ar (300 psi), MnO2 (1.1 
mmol), I2 (0.15 mmol), HTFA (8 mL), 140 °C. Error bars denote standard deviations based 
on three experiments. 
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As we seek to shift away from the use of HTFA as a solvent for the OxE process, dilute 

HTFA and HOAc were also tested as potential solvents for methane functionalization with 

MnO2/I2 (Figure 4.17). Formation of MeX (X = TFA, OAc) is observed in both solvents, 

however yields are significantly lower than those obtained in neat HTFA. This indicates 

that strongly acidic media is likely necessary for the generation of active species, as was 

observed in the original OxE process using iodate/chloride.8, 14 

 

 

Figure 4.17. Methane functionalization using MnO2/I2 as a function of solvent. Conditions: 
CH4 (300 psi), MnO2 (1.1 mmol), I2 (0.15 mmol), 8 mL solvent, 180 °C, 1 h. Error bars 
denote standard deviations based on three experiments. 
 
4.6 Extension of the OxE Process to Iron Oxidants 

Iron-based catalysts have also been demonstrated to partially oxidize light alkanes 

under oxychlorination conditions,15-17 and the metal-organic framework iron 1,3,5-
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examined as potential Fe-based oxidants for the OxE process. Under the standard screening 
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MeTFA (Figure 4.18). Thus, initial optimization studies focused on the use of Fe-BTC. 

Surprisingly, varying the chloride loading, adding iodine or omitting both chloride and 

iodine gave nearly identical yields of MeTFA, all ~60% (Figure 4.19). These results 

indicate that the reaction with Fe-BTC may operate by a different mechanism than the 

process with iodate/chloride, where the presence of chloride was essential for efficient 

methane functionalization (see Section 4.7).  

 

Figure 4.18. Methane functionalization using iron-based oxidants with KCl in HTFA. 
Conditions: CH4 (300 psi), Fe2O3 or Fe-BTC (1.1 mmol), HTFA (8 mL), 180 °C, 1 h. Error 
bars denote standard deviations based on three experiments. Yields are calculated by 
(mmol MeTFA)/(mmol oxidant)*100 not on a per-iron basis. 
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Figure 4.19. Additive screening using Fe-BTC for methane functionalization. Conditions: 
CH4 (300 psi), Fe-BTC (1.1 mmol), KCl (0-0.3 mmol), I2 (0-0.1 mmol), HTFA (8 mL), 
180 °C, 1 h. Error bars denote standard deviations based on three experiments. Yields are 
calculated by (mmol MeTFA)/(mmol oxidant)*100 not on a per-iron basis. 
 
4.7 Extension of the OxE Process to a Copper(II) Oxidant 
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mediates the conversion of methane to MeTFA in HTFA in 87(3)% yield relative to oxidant 
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observed with these oxidants is likely the result of methanol extraction from the MOF 

structure and subsequent conversion to MeTFA on solvolysis rather than methane 

functionalization. This provides a rationalization for why similar yields are observed under 

reaction conditions with Fe-BTC and various additives.  

 

Figure 4.20. Comparison of Fe-BTC and Cu-BTC for the partial oxidation of methane to 
MeTFA. Conditions: CH4 (300 psi), Cu-BTC or Fe-BTC (0.1 mmol), HTFA (8 mL), 180 
°C, 1 h. All reactions were set up under ambient atmosphere. Yields are calculated by 
(mmol MeTFA)/(mmol oxidant)*100 not on a per-iron or per-copper basis. 
 
4.8 Conclusions and Future Directions 

Mechanistic studies of the OxE process with iodate/chloride indicate that light alkane 

functionalization likely occurs through a pathway that involves the formation of free 

radicals that abstract H-atoms from alkane C–H bonds. The selectivity of the process for 

mono-functionalized products is proposed to be a manifestation of the polar effect, wherein 

the TFA moiety of the functionalized product (e.g., MeTFA) is protected from over-

oxidation reduces the polarity of the transition state for H-atom abstraction relative to that 

of the substrate. As a result, there is a higher barrier to oxidation of the product even though 

its C–H bond is weaker than that of the starting alkane. Thus, the OxE process with 

iodate/chloride demonstrates the efficacy of a radical-based process for light alkane 
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functionalization and uses catalytic amounts of chloride to generate chlorine radicals 

capable of H-atom abstraction in situ. Therefore, we have sought to apply this chemistry 

to more readily air-recyclable oxidants while maintaining the motif of product protection 

that is crucial to the OxE process.  

We have begun to examine the scope of potentially viable oxidants for the next-

generation OxE processes. Metal oxides based on cerium and bismuth, which have been 

studied as catalysts or additives for oxyhalogenation chemistry, were largely unsuccessful, 

although minimal yields of functionalized products were observed. As oxyhalogenation 

chemistry requires significantly higher temperatures than are within our current 

capabilities, the lackluster performance of these oxidants may be improved when tested at 

elevated temperatures. Alternatively, these oxidants could be too strongly oxidizing and 

overcome the protecting effect to over-oxidize functionalized products. In contrast, higher 

yields of functionalized products have been obtained with nitrates as well as manganese-, 

iron- and copper-based oxidants. 

The efficacy of nitrates in the presence of chloride salts demonstrates the ability to 

transfer the OxE chemistry to other oxidants, while maintaining the high selectivity for 

mono-functionalized products obtained in the original OxE process. The addition of iodine, 

which has been proposed to be a crucial intermediate in the original OxE process,8 resulted 

in significantly higher yields of functionalized products with NH4NO3. Furthermore, 

similar to the OxE process, the addition of greater amounts of iodine results in lower yields 

of functionalized product. Chloride, another proposed intermediate in the OxE process 

using iodate and chloride,8 has been shown to improve yields of functionalized products 

significantly, although ~10% yield relative to oxidant was obtained in the absence of 
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chloride. Mechanistic studies are required to determine if recycling of the oxidant is 

possible with dioxygen and to elucidate the nature of the reaction mechanism, as the 

production of nitroalkanes was unexpected. As there is precedent for the recycling of NO 

to NO2, which could form from the reduction of nitrate, with dioxygen,4 future studies with 

nitrates will focus on the re-oxidation of the salts in situ using co-oxidants or dioxygen. 

A variety of manganese-based oxidants have been shown to mediate methane 

functionalization under OxE conditions. MnO2, Mn3O4 and Mn2O3 are the most effective, 

each with > 60% yield of MeTFA relative to oxidant. As a readily available and relatively 

inexpensive oxidant, MnO2 has been used for optimization studies. It has been 

demonstrated that iodine was necessary to obtain these high yields and clear 1H NMR 

spectra for analysis. Surprisingly, the addition of chloride is unnecessary for methane 

functionalization using MnO2 and the other manganese oxides which were tested, in 

contrast to what was observed in the iodate/chloride and periodate/chloride studies.9-10 

A noteworthy facet of the original OxE process with iodate/chloride is its capacity to 

functionalize light alkanes with minimal over-oxidation of the starting alkane. MeTFA is 

also relatively stable under reaction conditions with MnO2/I2, with > 80% of the starting 

amount of MeTFA remaining after 16 h at 140 °C, which is comparable to the ~85% that 

remained when iodate/chloride was used. Thus, over-oxidation of MeTFA is slow for the 

MnO2-based oxidation as well. Solvent studies demonstrated that, similar to the 

iodate/chloride process, functionalization with MnO2 is not as efficient in less acidic media. 

Mechanistic studies will seek to elucidate active intermediate species in efforts to extend 

this chemistry to less acidic and more affordable solvents. 
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We propose that the Mn-based oxidants could be disproportionate to give higher 

oxidation state manganese species {e.g., Mn(V)} active for methane functionalization. As 

chloride is not required, the high valent Mn oxidant likely performs H-atom abstraction to 

give alkyl radicals. As in the case of the OxE reaction with iodate/chloride, iodine could 

trap these alkyl radicals to generate alkyl iodides which are converted to alkyl 

trifluoroacetate esters in HTFA solvent. 

Iron- and copper-based oxidants Fe-BTC and Cu-BTC result in methane 

functionalization in HTFA in the absence of any additives. As other Fe(III) and Cu(II) 

oxidants have resulted in minimal functionalization, additional studies are required to 

determine the role of the metal organic framework and its stability or instability under the 

reaction conditions. We propose that additives are not needed as the oxidant is able to trap 

radicals efficiently itself, but further mechanistic studies are necessary. 

4.9 Experimental Section 

General Considerations. Caution: Many of the reagents and conditions described 

herein are potentially hazardous. Safety procedures should be consulted prior to the use 

of concentrated acids, mixtures of hydrocarbons and oxygen and strong oxidants. 

Unless noted otherwise, all reactions were performed under ambient atmosphere. All 

chemicals were purchased from commercial sources and used as received. Gases were 

purchased from GTS-Welco and were used as received. NMR analysis was performed 

using a Varian Inova 500 or NMRS 600 spectrometer. NMR spectra of reaction mixtures 

were obtained using neat HTFA or HOAc with a C6D6 capillary as an internal lock 

reference. Nitromethane or acetic acid were added as internal standards and used to 

reference 1H NMR spectra (δ 4.18 and 2.04, respectively). High pressure reactions were 
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performed custom-built stainless-steel reactors.9-10 

General Procedures 

Methane functionalization with KCl/NH4IO3 for comparison to other oxidants. A 

custom-built stainless-steel reactor with a Teflon liner9-10 was charged with a stir bar, KCl 

(0.1 mmol), NH4IO3 (1.1 mmol) and HTFA (8 mL). The reactor was sealed and pressurized 

with 300 psi of methane. After the mixture was stirred at 800 rpm at 180 °C for 1 h, the 

reactor was allowed to cool to room temperature. The reactor was then vented carefully, 

and HOAc was added as an internal standard. After stirring, an aliquot was removed for 

centrifugation. The supernatant was analyzed by 1H NMR. A representative 1H NMR 

spectrum is shown below. This procedure was performed in triplicate. 

 

Figure 4.21. Representative 1H NMR spectrum of methane functionalization with 
KCl/NH4IO3 in HTFA. Conditions: CH4 (300 psi), KCl (0.1 mmol), NH4IO3 (1.1 mmol), 
HTFA (8 mL), 180 °C, 1 h. HOAc (0.35 mmol) was added as an internal standard. 
 

Methane functionalization with nitrate oxidants. A custom-built stainless-steel 

reactor with a Teflon liner9-10 was charged with a stir bar, KCl (0-0.5 mmol), nitrate oxidant 

(ceric ammonium nitrate, NH4NO3 or KNO3, 1.1 mmol), I2 (0-0.2 mmol) and HTFA (8 
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mL). The reactor was sealed and pressurized with 300 psi of methane. After the mixture 

was stirred at 800 rpm at 180 °C for 1-4 h, the reactor was allowed to cool to room 

temperature. The reactor was then vented carefully, and HOAc was added as an internal 

standard. After stirring, an aliquot was removed for centrifugation. The supernatant was 

analyzed by 1H NMR. A representative 1H NMR spectrum is shown below. Each condition 

was performed in triplicate. 

 

Figure 4.22. Representative 1H NMR spectrum of methane functionalization with 
KCl/NH4NO3/I2 in HTFA. Conditions: CH4 (300 psi), KCl (0.1 mmol), NH4NO3 (1.1 
mmol), I2 (0.1 mmol), HTFA (8 mL), 180 °C, 2 h. HOAc (0.35 mmol) was added as an 
internal standard. 
 

Ethane functionalization with KCl/NH4NO3. A custom-built stainless-steel reactor 

with a Teflon liner9-10 was charged with a stir bar, KCl (0.1 mmol), NH4NO3 (1.1 mmol) 

and HTFA (8 mL). The reactor was sealed and pressurized with 300 psi of methane. After 

the mixture was stirred at 800 rpm at 180 °C for 2 h, the reactor was allowed to cool to 

room temperature. The reactor was then vented carefully, and HOAc was added as an 

internal standard. After stirring, an aliquot was removed for centrifugation. The supernatant 
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was analyzed by 1H NMR. A representative 1H NMR spectrum is shown below. 

Nitroethane formation was confirmed by spiking a sample with a known standard. This 

procedure was performed in triplicate. 

 

Figure 4.23. Representative 1H NMR spectrum of ethane functionalization with 
KCl/NH4NO3 in HTFA. Conditions: CH3CH3 (300 psi), KCl (0.1 mmol), NH4NO3 (1.1 
mmol), HTFA (8 mL), 180 °C, 2 h. Nitromethane (0.37 mmol) added as an internal 
standard. 
 

Methane functionalization with NaBiO3. A custom-built stainless-steel reactor with 

a Teflon liner9-10 was charged with a stir bar, KCl (0.1 mmol), NaBiO3 (1.1 mmol), I2 (0-

0.0.5 mmol) and HTFA (8 mL). The reactor was sealed and pressurized with 300 psi of 

methane. After the mixture was stirred at 800 rpm at 180 °C for 1 h, the reactor was allowed 

to cool to room temperature. The reactor was then vented carefully, and HOAc was added 

as an internal standard. After stirring, an aliquot was removed for centrifugation. The 

supernatant was analyzed by 1H NMR. A representative 1H NMR spectrum is shown 

below. Each condition was performed in triplicate. 
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Figure 4.24. Representative 1H NMR spectrum of methane functionalization with 
KCl/NaBiO3 in HTFA. Conditions: CH4 (300 psi), KCl (0.1 mmol), NH4NO3 (1.1 mmol), 
HTFA (8 mL), 180 °C, 1 h. HOAc (0.35 mmol) was added as an internal standard.  
 

MeTFA decay in the presence of NaBiO3. A custom-built stainless-steel reactor with 

a Teflon liner9-10 was charged with a stir bar, MeTFA (0.65 mmol) KCl (0-0.1 mmol), 

NaBiO3 (1.1 mmol), I2 (0-0.0.5 mmol) and HTFA (8 mL). The reactor was sealed and 

pressurized with 300 psi of argon. After the mixture was stirred at 800 rpm at 80 °C for 2 

h, the reactor was allowed to cool to room temperature. The reactor was then vented 

carefully, and HOAc was added as an internal standard. After stirring, an aliquot was 

removed for centrifugation. The supernatant was analyzed by 1H NMR. A representative 

1H NMR spectrum is shown below. This procedure was performed in triplicate. 
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Figure 4.25. Representative 1H NMR spectrum of MeTFA decay in the presence of 
NaBiO3. Conditions: Argon (300 psi), MeTFA (0.65 mmol), KCl (0.1 mmol), NH4NO3 
(1.1 mmol), HTFA (8 mL), 80 °C, 2 h. HOAc (0.35 mmol) was added as an internal 
standard. 
 

Ethane functionalization with NaBiO3. A custom-built stainless-steel reactor with a 

Teflon liner9-10 was charged with a stir bar, KCl (0 or 0.1 mmol), NaBiO3 (1.1 mmol) and 

HTFA (8 mL). The reactor was sealed and pressurized with 300 psi of ethane. After the 

mixture was stirred at 800 rpm at 80 °C for 2 h, the reactor was allowed to cool to room 

temperature. The reactor was then vented carefully, and nitromethane was added as an 

internal standard. After stirring, an aliquot was removed for centrifugation. The supernatant 

was analyzed by 1H NMR. A representative 1H NMR spectrum is shown below. Each 

condition was performed in triplicate. 
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Figure 4.26. Representative 1H NMR spectrum of ethane functionalization with 
KCl/NaBiO3 in HTFA. Conditions: CH4 (300 psi), KCl (0.1 mmol), NaBiO3 (1.1 mmol), 
HTFA (8 mL), 80 °C, 2 h. Nitromethane (0.37 mmol) was added as an internal standard. 
 

Propane functionalization with NaBiO3. A custom-built stainless-steel reactor with 

a Teflon liner9-10 was charged with a stir bar, KCl (0 or 0.1 mmol), NaBiO3 (1.1 mmol) and 

HTFA (8 mL). The reactor was sealed and pressurized with 100 psi of propane. After the 

mixture was stirred at 800 rpm at 80 °C for 2 h, the reactor was allowed to cool to room 

temperature. The reactor was then vented carefully, and HOAc was added as an internal 

standard. After stirring, an aliquot was removed for centrifugation. The supernatant was 

analyzed by 1H NMR. A representative 1H NMR spectrum is shown below. Each condition 

was performed in triplicate. 
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Figure 4.27. Representative 1H NMR spectrum of propane functionalization with 
KCl/NaBiO3 in HTFA. Conditions: CH4 (300 psi), KCl (0.1 mmol), NaBiO3 (1.1 mmol), 
HTFA (8 mL), 80 °C, 2 h. HOAc (0.35 mmol) was added as an internal standard. 
 

Methane functionalization with CeO2. A custom-built stainless-steel reactor with a 

Teflon liner9-10 was charged with a stir bar, KCl (0.1 or 0.3 mmol), CeO2 (1.1 mmol), I2 (0 

or 0.1 mmol) and HTFA (8 mL). The reactor was sealed and pressurized with 300 psi of 

methane. After the mixture was stirred at 800 rpm at 180 °C for 1 h, the reactor was allowed 

to cool to room temperature. The reactor was then vented carefully, and nitromethane was 

added as an internal standard. After stirring, an aliquot was removed for centrifugation. 

The supernatant was analyzed by 1H NMR. A representative 1H NMR spectrum is shown 

below. Each condition was performed in triplicate. 
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Figure 4.28. Representative 1H NMR spectrum of methane functionalization with 
KCl/CeO2. Conditions: CH4 (300 psi), KCl (0.1 mmol), CeO2 (1.1 mmol), HTFA (8 mL), 
180 °C, 1 h. Nitromethane (0.37 mmol) was added as an internal standard. 
 

Methane functionalization with MnO2. A custom-built stainless-steel reactor with a 

Teflon liner9-10 was charged with a stir bar, KCl (if added, 0.1 mmol), MnO2 (1.1-3.3 

mmol), I2 (0.05-0.5 mmol) and HTFA (8 mL). The reactor was sealed and pressurized with 

100 or 300 psi of methane. After the mixture was stirred at 800 rpm at 180 °C for 1 h, the 

reactor was allowed to cool to room temperature. The reactor was then vented carefully, 

and nitromethane was added as an internal standard. After stirring, a 1 mL aliquot was 

added to a centrifuge tube with NaBiO3. The centrifuge tube was shaken and then 

centrifuged. The supernatant was analyzed by 1H NMR. Representative 1H NMR spectra 

are shown below. Each condition was performed in triplicate. 
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Figure 4.29. Representative 1H NMR spectrum of methane functionalization with MnO2/I2 
in the absence of KCl. Conditions: CH4 (300 psi), MnO2 (1.1 mmol), I2 (0.1 mmol), HTFA 
(8 mL), 180 °C, 1 h. Nitromethane (0.37 mmol) was added as an internal standard. 
 
 

 
Figure 4.30. Representative 1H NMR spectrum of methane functionalization with 
KCl/MnO2/I2. Conditions: CH4 (300 psi), KCl (0.1 mmol), MnO2 (1.1 mmol), I2 (0.1 
mmol), HTFA (8 mL), 180 °C, 1 h. Nitromethane (0.37 mmol) was added as an internal 
standard. 
 

Screening Mn oxidants for methane functionalization. A custom-built stainless-
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MnO2, Mn2O3, Mn3O4, KMnO4, K2MnO4 or Mn(OAc)3·2H2O), I2 (0.15 mmol) and HTFA 

(8 mL). The reactor was sealed and pressurized with 300 psi of methane. After the mixture 

was stirred at 800 rpm at 180 °C for 1 h, the reactor was allowed to cool to room 

temperature. The reactor was then vented carefully, and nitromethane was added as an 

internal standard. After stirring, a 1 mL aliquot was added to a centrifuge tube with NaBiO3. 

The centrifuge tube was shaken and then centrifuged. The supernatant was analyzed by 1H 

NMR. Representative 1H NMR spectra are shown below. Each condition was performed 

in triplicate. 

 

Figure 4.31. Representative 1H NMR spectrum of methane functionalization with 
MnO2/I2. Conditions: CH4 (300 psi), MnO2 (1.1 mmol), I2 (0.15 mmol), HTFA (8 mL), 
180 °C, 1 h. Nitromethane (0.37 mmol) was added as an internal standard. 
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Figure 4.32. Representative 1H NMR spectrum of methane functionalization with 
Mn2O3/I2. Conditions: CH4 (300 psi), Mn2O3 (1.1 mmol), I2 (0.15 mmol), HTFA (8 mL), 
180 °C, 1 h. Nitromethane (0.37 mmol) was added as an internal standard. 
 
 

 
Figure 4.33. Representative 1H NMR spectrum of methane functionalization with 
Mn3O4/I2. Conditions: CH4 (300 psi), Mn3O4 (1.1 mmol), I2 (0.15 mmol), HTFA (8 mL), 
180 °C, 1 h. Nitromethane (0.37 mmol) was added as an internal standard. 
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Figure 4.34. Representative 1H NMR spectrum of methane functionalization with 
KMnO4/I2. Conditions: CH4 (300 psi), KMnO4 (1.1 mmol), I2 (0.15 mmol), HTFA (8 mL), 
180 °C, 1 h. Nitromethane (0.37 mmol) was added as an internal standard. 
 

 

Figure 4.35. Representative 1H NMR spectrum of methane functionalization with 
K2MnO4/I2. Conditions: CH4 (300 psi), K2MnO4 (1.1 mmol), I2 (0.15 mmol), HTFA (8 
mL), 180 °C, 1 h. Nitromethane (0.37 mmol) was added as an internal standard. 
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Figure 4.36. Representative 1H NMR spectrum of methane functionalization with 
Mn(OAc)3·2H2O/I2. Conditions: CH4 (300 psi), Mn(OAc)3·2H2O (1.1 mmol), I2 (0.15 
mmol), HTFA (8 mL), 180 °C, 1 h. Nitromethane (0.37 mmol) was added as an internal 
standard. 
 

Increasing Mn(OAc)3·2H2O loading for methane functionalization. A custom-built 

stainless-steel reactor with a Teflon liner9-10 was charged with a stir bar, Mn(OAc)3·2H2O 

(3.3 mmol), I2 (0.15 mmol) and HTFA (8 mL). The reactor was sealed and pressurized with 

300 psi of methane. After the mixture was stirred at 800 rpm at 180 °C for 2 h, the reactor 

was allowed to cool to room temperature. The reactor was then vented carefully, and 

nitromethane was added as an internal standard. After stirring, a 1 mL aliquot was added 

to a centrifuge tube with NaBiO3. The centrifuge tube was shaken and then centrifuged. 

The supernatant was analyzed by 1H NMR. A representative 1H NMR spectrum is shown 

below. This procedure was performed in triplicate. 
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Figure 4.37. Representative 1H NMR spectrum of methane functionalization with 
Mn(OAc)3·2H2O (2.2 mmol)/I2. Conditions: CH4 (300 psi), Mn(OAc)3·2H2O (2.2 mmol), 
I2 (0.15 mmol), HTFA (8 mL), 180 °C, 2 h. Nitromethane (0.37 mmol) was added as an 
internal standard. 
 

Study of MeTFA functionalization and decay with MnO2/I2. Functionalization 

reactions were set up following the general procedure for methane functionalization listed 

above using MnO2 (1.1 mmol), I2 (0.15 mmol) and HTFA (8 mL). The reactor was 

pressurized with 300 psi of methane and heated at 140 °C for 1-5 h. For decay experiments, 

a custom-built stainless-steel reactor with a Teflon liner9-10 was charged with a stir bar, 

MeTFA (0.63 mmol), MnO2 (1.1 mmol), I2 (0.15) and HTFA (8 mL). To obtain the 0 h 

time point, the reactor was not pressurized or heated before following the standard work-

up procedure. Otherwise, the reactor was sealed before being pressurized with 300 psi of 

argon and heated at 180 °C for 1-16 h. The reactor was then vented carefully, and 

nitromethane was added as an internal standard. After stirring, a 1 mL aliquot was added 

to a centrifuge tube with NaBiO3. The centrifuge tube was shaken and then centrifuged. 

The supernatant was analyzed by 1H NMR. A representative 1H NMR spectrum from a 
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MeTFA decay reaction is shown below. All data are given as averages of at least three 

experiments with standard deviations shown. 

 

Figure 4.38. Representative 1H NMR spectrum of MeTFA decay in the presence of 
MnO2/I2. Conditions: MeTFA (0.63 mmol), Ar (300 psi), MnO2 (1.1 mmol), I2 (0.15 
mmol), HTFA (8 mL), 140 °C, 2 h. Nitromethane (0.37 mmol) was added as an internal 
standard. 
  

Solvent screening for methane functionalization with MnO2/I2. A custom-built 

stainless-steel reactor with a Teflon liner9-10 was charged with a stir bar, MnO2 (1.1 mmol), 

I2 (0.15 mmol) and solvent {8 mL; HOAc or HTFA/H2O (7:1 vol/vol)}. The reactor was 

sealed and pressurized with 300 psi of methane. After the mixture was stirred at 800 rpm 

at 180 °C for 1 h, the reactor was allowed to cool to room temperature. The reactor was 

then vented carefully, and nitromethane was added as an internal standard. After stirring, 

a 1 mL aliquot was added to a centrifuge tube with NaBiO3. The centrifuge tube was shaken 

and then centrifuged. The supernatant was analyzed by 1H NMR. Representative 1H NMR 

spectra are shown below. Each condition was performed in triplicate. 
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Figure 4.39. Representative 1H NMR spectrum of methane functionalization with MnO2/I2 
in dilute HTFA. Conditions: CH4 (300 psi), MnO2 (1.1 mmol), I2 (0.15 mmol), HTFA/H2O 
(7:1 vol/vol), 180 °C, 1 h. Nitromethane (0.37 mmol) was added as an internal standard. 
 

 

Figure 4.40. Representative 1H NMR spectrum of methane functionalization with MnO2/I2 
in HOAc. Conditions: CH4 (300 psi), MnO2 (1.1 mmol), I2 (0.15 mmol), HOAc (8 mL), 
180 °C, 1 h. Nitromethane (0.37 mmol) was added as an internal standard. 
 

General procedure for the use of Fe-based oxidants for methane functionalization. 

A custom-built stainless-steel reactor with a Teflon liner9-10 was charged with a stir bar, 
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KCl (if added, 0.1-0.3 mmol), Fe oxidant (1.1 mmol; Fe2O3 or Fe-BTC), I2 (if added, 0.1 

mmol) and HTFA (8 mL). The reactor was sealed and pressurized with 300 psi of methane. 

After the mixture was stirred at 800 rpm at 180 °C for 1 h, the reactor was allowed to cool 

to room temperature. The reactor was then vented carefully, and nitromethane was added 

as an internal standard. After stirring, an aliquot was removed and centrifuged. The 

supernatant was analyzed by 1H NMR. Representative 1H NMR spectra are shown below. 

Each condition was performed in triplicate. 

 

Figure 4.41. Representative 1H NMR spectrum of methane functionalization with 
KCl/Fe2O3 in HTFA. Conditions: CH4 (300 psi), KCl (0.1 mmol), Fe2O3 (1.1 mmol), 
HTFA (8 mL), 180 °C, 1 h. Nitromethane (0.37 mmol) was added as an internal standard. 
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Figure 4.42. Representative 1H NMR spectrum of methane functionalization with KCl/Fe-
BTC in HTFA. Conditions: CH4 (300 psi), KCl (0.1 mmol), Fe-BTC (1.1 mmol), HTFA 
(8 mL), 180 °C, 1 h. Nitromethane (0.37 mmol) was added as an internal standard. 
 
General procedure for the use of Cu-BTC for methane functionalization. A custom-

built stainless-steel reactor with a Teflon liner9-10 was charged with a stir bar, Cu-BTC 

oxidant (0.1 mmol) and HTFA (8 mL). The reactor was sealed and pressurized with 300 

psi of methane. After the mixture was stirred at 800 rpm at 180 °C for 1 h, the reactor was 

allowed to cool to room temperature. The reactor was then vented carefully, and 

nitromethane was added as an internal standard. After stirring, an aliquot was removed and 

centrifuged. The supernatant was analyzed by 1H NMR. Representative 1H NMR spectra 

are shown below. The reaction was performed in triplicate. 
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Figure 4.43. Representative 1H NMR spectrum of methane functionalization with Cu-BTC 
in HTFA. Conditions: CH4 (300 psi), Cu-BTC (0.1 mmol), HTFA (8 mL), 180 °C, 1 h. 
Nitromethane (0.37 mmol) was added as an internal standard. 
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5 Photochemical Functionalization of Light Alkanes 

5.1 Introduction 

Selective partial oxidation of light alkanes is a longstanding goal of the catalysis 

community, as has been discussed in the previous Chapters. The majority of reported 

approaches toward this goal have utilized the energy from heat to overcome reaction 

barriers. This Chapter, however, is focused on the use of light rather than heat for the 

functionalization of light alkanes.  

There is precedent for the photochemical partial oxidation of light alkanes using photo-

mediated processes, albeit a limited precedent when compared to the literature regarding 

thermal functionalization. Vogler and Kunkely reported the photocatalytic oxidation of 

methane to methanol with perrhenate in aqueous media using H2O2 to regenerate 

perrhenate in situ (Scheme 5.1).1 UV-vis studies indicated that ReO4
- was regenerated 

during the reaction, but yields of methanol were not reported. Flow chemistry has also been 

explored for photochemical light alkane functionalization by Hu, Guo and coworkers, who 

reported the use of cerium salts as photocatalysts for the alkylation, arylation and amination 

of methane and ethane using visible light.2 Aerobic stoichiometric photochemical partial 

oxidation using chlorine dioxide as an oxidant was reported by Ohkubo and coworkers 

(Scheme 5.2).3 The process was selective for methanol and formic acid formation with 

99% methane conversion. The use of a biphasic reaction mixture (H2O/perfluorohexane) 

minimized the over-oxidation of products as photochemical functionalization occurred in 

the fluorous phase while product accumulation occurred in the aqueous phase. 

Heterogeneous photocatalysis has been reported by Xie and coworkers using a TiO2-
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supported iron species for the conversion of methane to methanol, achieving 15% 

conversion of methane and 90% selectivity for methanol.4  

 

 
 
 
Scheme 5.1. Proposed catalytic cycle for photocatalytic methane functionalization with 
perrhenate in aqueous media.1 
 

 

 
 
 
 
 
Scheme 5.2. Chlorine dioxide radical as an oxidant for the oxidation of methane to 
methanol and formic acid in an aqueous/fluorous biphasic mixture.3 
 
5.2 Photo-OxE for the Functionalization of Light Alkanes 

5.2.1 Introduction 

The results discussed in this section have been submitted to ACS Catalysis. This work 

has been a collaboration between the Gunnoe group and the Groves group (Princeton 

University). Preliminary photochemical light alkane functionalization experiments using 

iodate and chloride were performed by Dr. Steven Kalman of the Gunnoe group, and Dr. 

Nicholas Boaz of the Groves group began the study of photochemical functionalization of 

the model substrates adamantane and norbornane using iodate and chloride. Subsequent 

reactions examining the photochemical functionalization of cyclohexane were performed 

by Dr. Jonathan Goldberg of the Groves group.  

5.2.2 Photo-OxE of Methane 
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The iodate/chloride OxE process converts light alkanes methane, ethane and propane 

to mono-functionalized esters in high yields relative to the starting alkane under thermal 

conditions.5-6 However, one of the major limitations of the process is the undesired 

oxidation of solvent under the oxidizing conditions at elevated temperatures (~200 °C). 

This provided impetus to study the potential activity of the OxE process at lower 

temperatures, however, alkane functionalization was shown to be minimal at temperatures 

< 100 °C.5 Thus, given the findings discussed in Chapter 2, we proposed that the reactive 

intermediates demonstrated to be effective for light alkane functionalization by the OxE 

process could potentially be generated and reactive under milder reaction conditions using 

photolysis to achieve photochemical oxy-esterification, or photo-OxE. 

The optimal conditions for OxE were used for a preliminary screening using photolysis. 

Without optimization, the functionalization of methane by KCl and NH4IO3 in HTFA after 

24 h of photolysis from a mercury arc lamp gave 16(5)% yield of MeTFA relative to 

methane with a 35:1 ratio of MeTFA:MeCl (Scheme 5.3). This finding compares favorably 

to the thermal reaction, especially given that the highest MeTFA yield obtained with the 

thermal OxE process using iodate/chloride was 24%.5 Furthermore, the generation of 4(1) 

mmol of MeTFA demonstrated that the photo-OxE process is catalytic in chloride, as only 

0.67 mmol of KCl was used. The success of these un-optimized reactions resulted in further 

investigation of the photo-OxE process. To confirm that the high intensity light from the 

mercury arc lamp was required for methane functionalization, an ambient light control 

reaction was performed (Scheme 5.4). Under ambient light in the laboratory, < 0.2% total 

yield of MeX (X = TFA and Cl) was obtained after 24 h, highlighting the necessity of the 

mercury arc lamp. 



 

 

152 

 

 
 
 
Scheme 5.3. Photochemical partial oxidation of methane using the mercury arc lamp. 
Conditions: CH4 (100 psi), KCl (0.67 mmol), NH4IO3 (7.7 mmol), HTFA (8 mL), 24 h 
photolysis using the mercury arc lamp. The percent yield of MeTFA is based on the amount 
of added methane. The standard deviation is based on a minimum of three experiments. 

 

 
 
 
Scheme 5.4. Oxidation of methane using the OxE system under ambient light. Conditions: 
CH4 (100 psi), KCl (0.67 mmol), NH4IO3 (7.7 mmol), HTFA (8 mL), 24 h exposure to 
ambient laboratory light in a fume hood. 
 

The initial report of the thermal OxE process using iodate/chloride found that yields of 

mono-functionalized products increased with increasing chloride loading.5 Thus, one of 

the first steps in optimization of the photo-OxE process was to determine the optimal 

loading of KCl. As shown in Figure 5.1, the yield of MeTFA increases from 16(5)% to 

~25% when increasing the amount of KCl from 0.67 to 2.01 mmol. In the absence of 

chloride, trace MeTFA is produced. Selectivities for MeTFA remain high (> 90%) when 

using the higher chloride loadings of 2.01 mmol and 3.35 mmol. However, with larger 

amounts of chloride (e.g., 6.7 mmol), the MeTFA yield and selectivity decrease as MeCl 

production increases and dichloromethane (DCM), an undesired product of over-oxidation 

forms. With 6.7 mmol of KCl, the selectivity for MeTFA decreases to 70%. Based on the 

chloride screening, 2.01 mmol of KCl was used in additional experiments as it enabled the 

highest yields with lower deviations than were observed when using 3.35 mmol of KCl. 
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Figure 5.1. Effect of starting KCl amount on MeX yield. Conditions: CH4 (100 psi), KCl 
(0.67-26.7 mmol), NH4IO3 (7.7 mmol), HTFA (8 mL), 24 h photolysis. Error bars denote 
standard deviations based on a minimum of three experiments. 
 

To optimize the photo-OxE process further, reaction times were extended to 48 h and 

methane pressures were varied. When using 100 psi of methane (~25 mmol), 39(4)% yield 

of MeTFA, based on methane, was obtained after 48 h (Figure 5.2), a significant increase 

relative to the 25(1)% yield observed after 24 h. This yield of ~40% mono-functionalized 

alkyl ester product is greater than the highest yield obtained using thermal OxE with iodate 

(24% yield MeX), and the concentration of product is approximately four-fold higher, with 

~1.2 M using photo-OxE compared to ~0.23 M for thermal OxE.5 When decreasing the 

methane pressure to 50 psi, MeTFA was obtained in 48(4)% yield with 95% selectivity, 

slightly exceeding the highest yield obtained under thermal OxE using periodate as the 

oxidant, 41%.6 With 25 psi of methane, lower average yields of MeTFA are observed and 

there is greater variability between experiments. 
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Figure 5.2. Effect of methane pressure on photochemical OxE of methane. Conditions: 
CH4 (25, 50, or 100 psi), KCl (2.01 mmol), NH4IO3 (7.7 mmol), HTFA (8 mL), 48 h 
photolysis using the mercury arc lamp. Error bars denote standard deviations based on at 
least three experiments. 
 

Subsequently, we sought to determine the solvent scope of the photo-OxE process. 

Although the highest yields of MeTFA are obtained when using HTFA as the solvent, 

similar to the thermal process, functionalization also occurs in more weakly acidic solvents 

(Figure 5.3). In dilute HTFA (3:1 HTFA/H2O) and dichloroacetic acid (pKa 1.35 versus 

0.52 for HTFA),7 MeX yields of 16(2)% and 17(1)% are observed. These findings are 

particularly significant given that previous examples of light alkane functionalization 

processes, which operate efficiently in superacidic media, exhibit low tolerance to water or 

less acidic solvents.8 As addressed in Chapter 2, acetic acid was studied as a reaction 

solvent for the thermal OxE process. Although MeOAc formation was observed in the 

reaction of methane with KCl and NH4IO3 in HOAc, it was determined that it was the result 

of solvent oxidation rather than methane functionalization.9 Additionally, the generation of 

intermediates that are likely responsible for methane oxidation was not observed by UV-

vis spectroscopy when HOAc was used as the solvent, in agreement with DFT 

calculations.9-10 Thus, HOAc serves as a useful point of comparison between the thermal 
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and photochemical OxE processes. Unlike the thermal process, only trace MeOAc, ~0.1% 

relative to methane, is formed under photochemical conditions (Scheme 5.5). This result is 

in agreement with previous results indicating that the species responsible for alkane 

functionalization is not generated in the weakly acidic HOAc, and demonstrates the 

potential utility of photolysis as a means of reducing the extent of solvent oxidation. 

 

 

 

 

 

 

 

 
Figure 5.3. Photochemical partial oxidation of methane by KCl/NH4IO3 in different 
solvent combinations. MeX is the corresponding acetate ester for each acid. Conditions: 
CH4 (100 psi), KCl (2.01 mmol), NH4IO3 (7.7 mmol), solvent (8 mL), 24 h photolysis. 
Error bars denote standard deviations based on at least three experiments. 
 

 

 

Scheme 5.5. Photochemical partial oxidation of methane using KCl/NH4IO3 in HOAc. 

The potential utility of compact fluorescent light (CFL) as an irradiation source was 

subsequently tested. Although the yields of MeX are lower with the 105 W CFL than the 

mercury arc lamp, methane functionalization is observed in yields similar to the best yields 

obtained using the thermal OxE system with iodate (Figure 5.4). The yields of MeTFA 

after 24 h using CFL and the mercury arc lamp are ~10% and ~25%, respectively. 
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Extending the reaction using the mercury arc lamp does not lead to increased yields, 

whereas with the CFL, ~25% yield of MeTFA is obtained following 72 h of irradiation. 

Additional irradiation time with the CFL beyond 72 h does not result in further improved 

yields. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.4. Comparison of irradiation by the mercury arc lamp and a 105 W compact 
fluorescent light (CFL) for photochemical partial oxidation of methane by KCl/NH4IO3. 
Conditions: CH4 (100 psi), KCl (2.01 mmol), NH4IO3 (7.7 mmol), solvent (8 mL), 24 h 
photolysis. Error bars denote standard deviations based on at least three experiments. 
 

Given the success of the thermal OxE system using periodate as the oxidant, periodate 

was also tested for the photo-OxE process (Figure 5.5). Although the combination of 

periodate and chloride results in methane conversion to MeTFA and MeCl, the yields with 

periodate are comparable to those with iodate after 24 h, and are lower after 48 h. The 

standard deviations with periodate were also significant after 48 h. 
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Figure 5.5. Comparison of photochemical functionalization of methane with iodate versus 
periodate. Conditions: CH4 (100 psi), KCl (2.01 mmol), NH4IO3 or KIO4 (7.7 mmol), 
HTFA, (8 mL), 24 or 48 h photolysis using the mercury arc lamp. Error bars denote 
standard deviations based on three trials for each condition except for the 48 h trial with 
periodate, which is based on six trials. 
 
5.2.3 Photo-OxE of Ethane 

Given the success of the photo-OxE process for methane functionalization, there was 

motivation to determine the scope of the photochemical reaction using other light alkanes. 

The photochemical functionalization of ethane was studied using the mercury arc lamp 

under the conditions that were optimized for methane (2.01 mmol KCl, 7.7 mmol NH4IO3). 

The yields of functionalized product obtained using low pressures of ethane are very high. 

With 25 psi of methane, 82(5)% yield of EtX (X = TFA or Cl) was observed (Figure 5.6). 

With higher ethane pressure, the EtX yields are lower, however, they remain higher than 

or comparable to the ethane functionalization results demonstrated in the initial report of 

the thermal process with iodate/chloride.5 The selectivity for mono-functionalized 

products, EtTFA and EtCl, is high relative to di-functionalized products, 1-iodo-2-

trifluoroacetoxyethane, 1-chloro-2-trifluoroacetoxyethane, 1,2-bis(trifluoroacetoxy)ethane 

and 1,2-dichloroethane (Figure 5.6). There is also 1H NMR evidence for the formation of 
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a 1,1-difunctionalized product when using low ethane pressures. A COSY spectrum 

indicates that there is coupling between a doublet (δ 1.72, J = 5.8 Hz) and a quartet (δ 6.39, 

J =5.8 Hz), in good agreement with literature reports of 1,1-bis(trifluoroacetoxy)ethane 

(Figure 5.20).11-12 This product forms in trace amounts with 50 or 100 psi of ethane, 

whereas with 25 psi of ethane, assuming the doublet corresponds to a methyl group, a 

1.6(8)% yield is observed relative to ethane. Similarly, at higher ethane pressures, fewer 

di-functionalized products are observed when compared with lower ethane pressures 

(Figures 5.18 and 5.19). This finding suggests that at high conversions of alkane (> 80%), 

over-oxidation occurs, but is minimal.  

 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.6. Photochemical functionalization of ethane with KCl/NH4IO3. Conditions: 
CH3CH3 (25, 50 or 100 psi), KCl (2.01 mmol), NH4IO3 (7.7 mmol), HTFA (8 mL), 24 h 
photolysis.  Error bars denote standard deviations based on three experiments. 
 
5.2.4 Photo-OxE of Propane 

Propane is also functionalized by the photo-OxE process (Figure 5.7). Yields of 

functionalized product are lower with propane when compared with methane or ethane, but 

optimized yields are comparable with those obtained under thermal conditions.5 Using 25 

psi of propane, 38% total yield of functionalized products is observed, while under thermal 
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conditions, 40% yield was observed.5 However, the concentration of functionalized 

products under photochemical conditions is approximately four times higher than under 

thermal conditions, 0.32 M and 0.07 M, respectively. Similar to the findings with ethane, 

di-functionalized products are also formed under photo-OxE conditions, but the mono-

functionalized products are the major products.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.7. Photochemical functionalization of propane (25-100 psi) with KCl (2.01 
mmol) and NH4IO3 (7.7 mmol) in HTFA with 24 h of photolysis using the mercury arc 
lamp. Error bars denote standard deviations based on at least three experiments. 
 
5.3 Mechanistic Studies of the Photo-OxE Process 

5.3.1 Stability of MeTFA under Photo-OxE Conditions 

In an effort to further compare thermal OxE and photo-OxE processes, the stability of 

MeTFA under photochemical conditions was studied by monitoring the rate of 
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functionalization of methane and the consumption of MeTFA over time (Figure 5.8). 

Similar to the findings in the thermal study, MeTFA was stable under the oxidizing photo-

OxE reaction conditions with KCl and NH4IO3. This indicates that the product protection 

by the TFA moiety is not limited to the thermal reaction and that it can be applied to other 

functionalization processes. Because the concentration of methane in solution is unknown, 

these data cannot be used to determine absolute rates of functionalization, however, as in 

the thermal study, these processes can be compared to one another approximately using the 

slopes of the linear fits from plots of MeX production versus time. The plot of methane 

functionalization versus time is approximately linear for the first 24 h, and that of MeTFA 

decay versus time is linear for the entire data set, thus fits of those data were used to obtain 

slopes of functionalization and decay, respectively (Figure 5.25). Consequently, the ratio 

of methane functionalization to MeTFA consumption is 13.4, very similar to the ratio of 

13.5 observed in the thermal process (see Chapter 2). EtTFA was also found to be rather 

stable under photo-OxE conditions, with 71(2)% of EtTFA remaining after 24 h (Scheme 

5.6). Overall, 85% of the initial EtTFA could be accounted for, taking into consideration 

the amount of 1,2-bis(trifluoroacetoxy)ethane that formed during the reaction. 
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Figure 5.8. Methane functionalization vs MeTFA decay in the presence of KCl, NH4IO3 
and HTFA under photochemical reaction conditions as a function of time. Standard 
deviations are based on at least three experiments. 
 

 

 

Scheme 5.6. EtTFA decay in the presence of KCl, NH4IO3 and HTFA after 24 h photolysis. 
Standard deviations are based on three experiments. 
 
5.3.2 Comparison to Radical Chlorination & Effect of Added Iodine  

To compare the photo-OxE process to radical chlorination, methane functionalization 

was tested using N-chlorosuccinimide (NCS) and benzoyl peroxide as the radical initiator. 

With NCS and benzoyl peroxide in HTFA, methane is converted to MeCl and CH2Cl2 

under photochemical reaction conditions. However, as was observed with the thermal OxE 

process, MeTFA is produced when iodine is added to the reaction (Scheme 5.7). The 

addition of iodine also serves to minimize over-oxidation to CH2Cl2. With and without 
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added iodine, CH2Cl2 accounts for < 9% and 25%, respectively, of functionalized products. 

As in the thermal process, these data demonstrate the efficacy of I2 as a radical trap under 

chlorination conditions. The yields of functionalized products by the photo-OxE process 

are not improved by the addition of iodine at the start of the reaction (Figure 5.9), 

demonstrating yet another similarity to the thermal process. Thus, iodine likely serves to 

trap methyl radical to form MeI, which is then converted to MeTFA in HTFA (Scheme 

5.8). Iodine increases the selectivity for MeTFA over MeCl, but it does not likely play a 

direct role in methane C–H bond breaking. 

 

 

Scheme 5.7. Addition of iodine to chlorination by N-chlorosuccinimide and benzoyl 
peroxide results in formation of MeTFA. Standard deviations are based on at least three 
experiments. 

 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.9. Photochemical functionalization of methane with KCl/NH4IO3 as a function 
of added iodine. Conditions: CH4 (100 psi), KCl (2.01 mmol), NH4IO3 (7.7 mmol), I2 (0-
0.2 mmol), HTFA, (8 mL), 24 h photolysis. Error bars denote standard deviations based 
on at least three experiments. 
 
 

Scheme 5.8. Proposed pathway where iodine acts a trapping agent for methyl radical to 
generate MeI which is converted to MeTFA in HTFA solvent. 
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5.3.3 Studies with Cyclohexane 

Given the superb performance of the photo-OxE process, we sought to understand the 

potential mechanistic differences between the thermal and photochemical reactions. While 

the previous studies examining the 3°:2° reactivity and kinetic isotope effect studies for the 

thermal process utilized adamantane as a model substrate (see Chapter 2), adamantane 

could not be used for mechanistic studies of the photochemical process due to its poor 

solubility in HTFA at the room temperature. Also, using adamantane would give 

ambiguous KIE results.13-15 Thus, cyclohexane was used instead for the photochemical 

studies and was also examined under thermal conditions for comparative purposes (Table 

5.1). While these results provide a comparison between the thermal and photochemical 

reactions with cyclohexane, the mechanistic conclusions might not extend to the reactions 

with light alkanes. 

Preliminary studies with cyclohexane used an equimolar amount of substrate and 

NH4IO3 oxidant with 0.25 eq. of chloride relative to cyclohexane (Table 5.1). Only trace 

amounts of functionalized products were observed on reaction in the dark at room 

temperature after 24 h. On heating the reaction mixture at 100 °C for 1 h, five 

functionalization products were observed by GC-MS, including the mono-functionalized 

products CyTFA and CyCl which are predicted to be generated through an H-atom 

abstraction pathway. The formation of the di-functionalized products is proposed to occur 

through an initial dehydrogenation of cyclohexane to cyclohexene,16 followed by the 

addition of Cl2, ICl or ICl3 (generated in situ) across the double bond to give a 

dihalocyclohexane intermediate (Scheme 5.9). As evidence of this potential pathway, 

trans-1,2-dichlorocyclohexane was detected as a product of the reaction.17 The dihalo-



 

 

164 

substituted intermediate is then proposed to undergo solvolysis in HTFA, which would 

result in the formation of 1,2-bis(trifluoroacetoxy)cyclohexane and 2-chloro-1-

trifluoroacetoxy-cyclohexane,18 which were observed by GC-MS and 1H NMR 

spectroscopy. Significantly higher yields of functionalized products are observed using a 

variety of light sources, and the highest are obtained using the UV reactor.  

Table 1. Cyclohexane functionalization under OxE conditions (thermal and 
photochemical).a 

 

 
 
 
 
 

 

 

 

 

aProducts were quantified using GC-MS vs. an internal standard (tetradecane). #Reaction 
run with cyclohexane (1 mmol), NH4IO3 (1 mmol), KCl (0.25 mmol), HTFA (1 mL) and 
cooled with a curtain of N2 flowing over the top of the vials. *Denotes detection and 
quantification by 1H NMR spectroscopy. ND = not detected. 

 
 

100 °C 
1 h

26W CFL 
24 h

105W CFL 
24 h

Blue LED 
24 h

UV-reactor 
18 h

Dark, RT
24 h

UV-reactor 
24 h, cooling#

R1 = TFA

R1 = Cl

R1 = R2 = TFA

R1 = R2 = Cl

R1 = Cl; R2 = TFA trace *6.4(3)

2.7(8)

1.6(1)

trace

trace

13.3(3)

4.5(1)

1.1(1)

1.6(1)

11.7(6)

4.7(3)

1.3(1)

Total product yield 4.3(8) 26.9(5)

2.2(3)

*5.6(3)

25.5(8)

30(2)

ND

4.7(2)

*10.1(5)

ND

45(2)

14(2)

1.9(4)

2.4(2)

3.0(1)

*5.9(3)

27(2)

ND

ND

ND

trace

trace

20.2(3)

4.2(1)

trace

2.2(1)

*9.3(1)

35.9(3)

(0.5 mmol)

KCl (0.13 mmol)
NH4IO3 (0.5 mmol)

HTFA, 2 mL
thermal or photochemical

R1 R1

R2

100 °C 
1 h

26W CFL 
24 h

R1 = TFA

R1 = Cl

R1 = R2 = TFA

R1 = R2 = Cl

R1 = Cl; R2 = TFA trace *6.4(3)

Product Yields (%)

2.7(8)

1.6(1)

trace

trace

13.3(3)

4.5(1)

1.1(1)

1.6(1)

105W CFL 
24 h

Blue LED 
24 h

UV-reactor 
18 h

11.7(6)

4.7(3)

1.3(1)

total product yield 4.3(8) 26.9(5)

2.2(3)

*5.6(3)

25.5(8)

30(2)

ND

4.7(2)

*10.1(5)

ND

45(2)

14(2)

1.9(4)

2.4(2)

3.0(1)

*5.9(3)

27(2)

dark, RT
24 h

ND

ND

ND

trace

trace

UV-reactor 
24 h, cooling#

20.2(3)

4.2(1)

trace

2.2(1)

*9.3(1)

35.9(3)
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Scheme 5.9. Proposed mechanism for the di-functionalization of cyclohexane via initial 
dehydrogenation to generate a cyclohexene intermediate and subsequent addition of Cl2, 
ICl or ICl3. X = I, Cl. Adapted from reference.16 
 

Whether using photochemical or thermal means to generate the active species for the 

OxE reaction, di-functionalized products were obtained in significant yields indicating that 

multiple reaction pathways could be occurring simultaneously. However, that should not 

inhibit estimation of the the isotope effect as it can be examined as a function of the initial 

H-atom abstraction from cyclohexane. Using a 1:1 mixture of perprotio- and 

perdeuterocyclohexane, the ratio of combined protio and combined deutero products was 

obtained under both thermal and photochemical reaction conditions (kH/kD, Table 5.1). This 

ratio differed significantly between the photochemical and thermal OxE processes, giving 

kH/kD values of 2.1(2) and 1.06(3), respectively. This difference indicates that different 

mechanisms are likely operative for thermally and photochemically driven cyclohexane 

functionalization. The kH/kD value for the photochemical process is in good agreement with 

the kH/kD of 1.14(1) observed in the study of the reaction of atomic chlorine with 

cyclohexane-h12/d12 by Li and Pirasteh.19-20 
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As UV-vis spectroscopy has been used to demonstrate that the addition of KCl and 

NH4IO3 or KIO4 to HTFA generates Cl2, ICl and/or ICl3 (Figure 5.31),5, 9 the potential for 

chlorine atom reactivity under photochemical reaction conditions was examined using KIE 

studies. The reactions were also performed under thermal conditions for comparison. The 

reactions of ICl3 and ICl with a 1:1 mixture of cyclohexane-h12 and cyclohexane-d12, under 

thermal conditions gave kH/kD = 2.3(2) and 4.3(1), respectively, which are indicative of 

significant kinetic isotope effects (Table 5.2). However, while the kH/kD observed when 

using KCl/NH4IO3 or KCl/KIO4 is similar to that of ICl3, previous studies (i.e., the 

selectivity study with propane comparing reactivity of KCl/NH4IO3 with NCS/benzoyl 

peroxide, see Chapter 2) indicate that the thermal OxE process might not operate via a 

purely chlorine-radical-based mechanism.9 Calculations suggest that the formation of IO2· 

is possibly generated in situ,9-10 thus, there may be additional pathways (i.e., in addition to 

chlorine radical-based H-atom abstraction) for H-atom abstraction in the thermal process. 

The KIE values for the thermal and photochemical OxE processes with iodate/chloride 

differ significantly {2.1(2) versus 1.06(3)}, as do those with periodate/chloride {1.94(3) 

versus 1.08(3)}, indicating that the active species of the thermal and photochemical 

processes are likely different. Furthermore, under those reaction conditions, ICl3 and ICl 

give kH/kD = 1.15(1) and 1.21(4), respectively (Table 5.2). The values for all photochemical 

conditions are similar to that of the reported process with Cl2 (kH/kD = 1.1-1.2).19-20 

Therefore, it is possible that the mechanism of the photo-OxE process involves H-atom 

abstraction solely by chlorine radicals, whereas other intermediates play a role in the 

thermal reaction. As there is evidence for the formation of Cl2, ICl and ICl3 in situ, each 

could act as a source of chlorine.21-24  
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Table 5.2. OxE kinetic isotope effect experiments with cyclohexane under thermal and 
photochemical conditions.a 

 

 

 

 

 

 

 

 

 

a Conditions: KCl (0.14 mmol), NH4IO3 (0.25 mmol) or KIO4 (0.25 mmol); ICl3 (0.25 
mmol); ICl (0.28 mmol). b kH/kD ratios reflect total protiated vs. total deuterated products. 
Product ratios were determined by GC-MS. Standard deviations are based on at least three 
experiments.   

5.4 Photochemical Functionalization of Light Alkanes with Ammonium Nitrate 

As nitrates were demonstrated to be effective oxidants for the functionalization of light 

alkanes under thermal conditions (Chapter 4), NH4NO3 was examined as an oxidant for the 

photochemical functionalization of methane (Scheme 5.10). As an initial screening, the 

total yield of MeX (X = TFA, NO2, Cl) based on NH4NO3 is high, > 60%. Thus, ammonium 

nitrate is an efficient oxidant under photochemical conditions, and additional studies are 

needed to optimize this process and to elucidate its reaction mechanism. 

 

 
 
Scheme 5.10. Photochemical functionalization of methane with KCl/NH4NO3 in HTFA. 
Conditions: CH4 (100 psi), KCl (0.1 mmol), NH4IO3 (1.1 mmol), HTFA (8 mL), 48 h 
photolysis with mercury arc lamp. Yields are reported relative to NH4NO3. Standard 
deviations are based on at least three experiments. 
 

CH4

KCl (0.1 mmol)
NH4NO3 (1.1 mmol)

HTFA
hν, 48 h

(100 psi)
MeTFA    +      MeNO2     +      MeCl

49(5)% yield 1.9(4)% yield10.9(5)% yield
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1 KCl/NH4IO3 2.1(2)

2 KCl/KIO4 1.94(3)
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4 ICl 4.3(1)

5 KCl/NH4IO3 1.06(3)

6 KCl/KIO4 1.08(3)
ICl3 1.15(1)7
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8 ICl 1.21(4)

d12
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5.5 Photochemical Functionalization of Light Alkanes with MnO2 

Manganese(IV) dioxide was also demonstrated to be an effective oxidant for the 

thermal functionalization of methane (Chapter 4). As an initial screening of reaction 

conditions for photo-OxE, the effect of different additives was examined (Figure 5.10). In 

contrast to the thermal studies where KCl did not have an effect on the methane 

functionalization reaction using MnO2 (see Chapter 4), the addition of KCl is critical for 

the photochemical reaction using MnO2. With only added iodine, the MeTFA yield is < 

11% relative to oxidant. However, when KCl and I2 are both added, 96(12)% yield relative 

to MnO2 is obtained.  

 

 
 
 
 
 
 
 
 
 
 
 
Figure 5.10. Photochemical functionalization of methane with MnO2 in HTFA. 
Conditions: CH4 (100 psi), KCl (if added, 0.1 mmol), MnO2 (1.1 mmol), I2 (if added, 0.1 
mmol) and HTFA (8 mL), 24 h photolysis with the mercury arc lamp. Standard deviations 
are based on at least three experiments. 
 

To optimize yields based on methane, the KCl/MnO2/I2 process was studied under 

different pressures of methane. With 100 and 50 psi of methane, the MeTFA yield based 

on oxidant is > 90%. At a lower methane pressure, this corresponds to a higher yield of 

MeTFA based on methane at 50 psi, 8.0(2)% versus 4.2(6)% when using 100 psi of 
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based on oxidant decreases sharply. Thus, 50 psi of methane was used in further attempts 

to optimize the yield of MeTFA based on methane. The scale of the reaction was 

subsequently examined (Figure 5.11). By doubling the starting amounts of KCl, MnO2 and 

I2, the MeTFA yield relative to methane increases, but not by a factor of two. Instead, the 

increase in MeTFA yield is from 8.0(2)% to 10.7(6)% as the yield based on oxidant 

decreases with increased oxidant loading (Figure 5.12).  

 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.11. Photochemical functionalization of methane with KCl/MnO2/I2 in HTFA as a 
function of methane pressure. Conditions: CH4, KCl (0.1 mmol), MnO2 (1.1 mmol), I2 (0.1 
mmol) and HTFA (8 mL), 24 h photolysis with mercury arc lamp. Standard deviations are 
based on at least three experiments. 
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Figure 5.12. Photochemical functionalization of methane with KCl/MnO2/I2 in HTFA. 
Conditions: CH4 (50 psi), KCl (0.1 or 0.2 mmol), MnO2 (1.1 or 2.2 mmol), I2 (0.1 or 0.2 
mmol) and HTFA (8 mL), 24 h photolysis with the mercury arc lamp. Standard deviations 
are based on at least three experiments. 
 

On evaluating the effect of water on the photochemical reaction with MnO2, it was 

found that the process exhibits a high tolerance for water, contrary to what was observed 

thermally (Figure 5.13). With 1 mL of added H2O, the yield of MeTFA relative to methane 

only decreases by 2.5%, to 8.1(4)%. Although the yields of MeTFA at present are lower 

than those obtained using the OxE process, the use of manganese oxides as oxidants is 

appealing due to its potential for more facile recyclability from air than is possible with 

iodate or periodate. The addition of O2 to the methane functionalization reaction with 

Mn2O3 by Chen and coworkers enabled catalytic turnover of the Mn oxidant.25 In contrast, 

the addition of O2 to the original OxE process with iodate did not result in improved yields, 

and as periodate is a stronger oxidant than iodate, it is unlikely that it would be recycled 

more easily.  
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Figure 5.13. Photochemical functionalization of methane with KCl/MnO2/I2 in HTFA or 
HTFA/H2O. Conditions: CH4 (50 psi), KCl (0.2 mmol), MnO2 (2.2 mmol), I2 (0.2 mmol) 
and HTFA (8 mL) or HTFA/H2O (8 mL/1 mL), 24 h photolysis with the mercury arc lamp. 
Standard deviations are based on at least three experiments. 
 
5.6 Tetrabutylammonium Decatungstate as a Photocatalyst for the Partial 
Oxidation of Light Alkanes 
 
5.6.1 Introduction 

The aforementioned processes in this Chapter demonstrate that a range of traditional 

oxidants are capable of selective partial oxidation of methane under photochemical 

conditions. However, all of these reactions are stoichiometric. These findings motivated 

the extension of this chemistry to study the use of photocatalysts as oxidants with the 

ultimate goal of using dioxygen as the oxidant. Photocatalysts differ from the previously 

studied oxidants in that they absorb radiation to generate excited species that can promote 

electron- and energy-transfer processes.26 Thus, instead of requiring a strong oxidant which 

can convert chloride to molecular chlorine in situ to give chlorine radicals on irradiation, 

it was proposed that a photocatalyst could be used to oxidize chloride to chlorine and then 

regenerate the original photocatalyst in solution (Scheme 5.11) 
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Scheme 5.11. Comparison of the proposed catalytic cycle for OxE and a simplified form 
of the envisioned catalytic cycle using a photocatalyst (PC) for chloride oxidation in a 
process similar to OxE where the terminal oxidant is O2. 
 

Tetrabutylammonium decatungstate (TBADT, Scheme 5.12) is an established 

polyoxometalate photocatalyst for the oxidation of alkanes, alkenes, alcohols, amides and 

amines.27-30 Recently, TBADT has also been demonstrated to functionalize unactivated sp3 

C–H bonds under aerobic conditions in flow.31 While there are many examples of C–H 

functionalization of alkanes using TBADT,30-35 its use for the functionalization of light 

alkanes has not been reported. 

 

 

 

 

 

Scheme 5.12. Structure of tetrabutylammonium decatungstate (TBADT). 
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The mechanistic pathways through which TBADT photocatalysis operates have been 

the subjects of extensive study.36 Functionalization is generally thought to occur via single 

electron transfer (SET) or hydrogen atom transfer (HAT) (Scheme 5.13). Which pathway 

is operable depends upon the substrate’s redox properties. As wO (i.e., TBADT’s reactive 

excited state) has a redox potential of approximately +2.44 V vs. SCE (saturated calomel 

electrode),37 if a substrate has a redox potential < +2.44 V vs. SCE then SET can take place, 

to form the alkyl radical cation.38 However, if the redox potential of the substrate does not 

match that value, then HAT is possible, resulting in the generation of alkyl radical (Scheme 

5.13). In either case, this results in the production of mono-reduced TBADT, (W10O32)5-. 

[W10O32]5- undergoes rapid disproportionation to give the [W10O32]4-, the oxidized form 

which can resume photocatalysis, and [W10O32]6-.38-39 The reduced form can be oxidized 

by O2 to the original active photocatalyst.27, 40 As a result, aerobic photocatalysis with 

TBADT is a burgeoning field,31-34 and the photocatalyst is a highly attractive candidate for 

new photochemical oxidation processes.  

 
Scheme 5.13. SET pathway for alkane functionalization with TBADT. wO = TBADT’s 
reactive excited state. Adapted from reference.38 
 
5.6.2 Photocatalytic Functionalization of Methane using Tetrabutylammonium 
Decatungstate 
 

TBADT was studied as a photocatalyst for methane functionalization. Under the initial 

screening conditions, the combination of KCl and TBADT in HTFA solvent gave ~10 TO 

MeX product (X = TFA, Cl) relative to TBADT (Scheme 5.14). Air is used as the reactions 

are set up under ambient atmosphere. The reaction favors the production of MeTFA with 

a > 20:1 ratio of MeTFA:MeCl. In the absence of KCl, no functionalization is observed. 

[W10O32]4-*[W10O32]4- hν
wO

(white)

RH R
H+[W10O32]5- 1/2 [W10O32]6-  + 1/2 [W10O32]4-

(blue)



 

 

174 

Thus, TBADT acts as a photocatalyst for the functionalization of methane under similar 

conditions to the photo-OxE process.  

 

 
Scheme 5.14. Photochemical functionalization of methane with KCl/TBADT. Conditions: 
CH4 (100 psi), KCl (0.67 mmol), TBADT (0.014 mmol), HTFA (8 mL), 24 h photolysis 
with the mercury arc lamp. Turnovers (TOs) are based on TBADT. Yields and standard 
deviations are based on three experiments. 
 

Subsequent studies examined the effect of added iodine, as the radical trap has been 

proposed to enable the high yields of mono-functionalization obtained with the OxE 

processes.9 The addition of 0.05 mmol of iodine results in improved yields from 10(1) TO 

of MeTFA in the absence of iodine to 17(3) TO of MeTFA (Figure 5.14). At higher 

loadings of iodine, average yields of MeTFA decrease slightly, but, since the standard 

deviations increase, the yields remain statistically identical.  

 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.14. Photochemical functionalization of methane with KCl/TBADT as a function 
of added iodine. Conditions: CH4 (100 psi), KCl (0.67 mmol), TBADT (0.014 mmol), I2 
(0-0.15 mmol), HTFA (8 mL), 24 h photolysis with the mercury arc lamp. Error bars denote 
standard deviations based on at least three experiments. 
 

 The effect of the reaction atmosphere was studied (Figure 5.15). Although the 

reaction of KCl/TBADT is complete after 24 h, if the reactions are purged with dioxygen, 
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slightly higher yields are possible and catalysis is extended past 24 h. After 48 h with O2, 

16(3) TO of MeTFA are obtained (Figure 5.15). Using the strong oxidant K2S2O8 to recycle 

TBADT in situ results in 0.29(2) mmol of MeTFA 0.064(4) mmol of MeCl, corresponding 

to 21(2) TO and 4.6(3) TO, respectively (Scheme 5.15). However, with KCl and K2S2O8 

in the absence of TBADT, statistically identical yields of MeTFA and MeCl are obtained, 

indicating that K2S2O8 is not merely recycling reduced TBADT in situ (Scheme 5.15).  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.15. Photochemical functionalization of methane with KCl/TBADT with and 
without O2 purging. Conditions: CH4 (150 psi), KCl (0.67 mmol), TBADT (0.014 mmol), 
HTFA (8 mL), photolysis with the mercury arc lamp. Air denotes experiments set up in 
air, and O2 denotes experiments where reactors were purged with O2 for 10 min prior to 
pressurizing with methane. Error bars denote standard deviations based on at least three 
experiments. 
 

 

 
 
 
Scheme 5.15. Photochemical functionalization of methane with KCl/TBADT using 
K2S2O8 as an in situ oxidant. Conditions: CH4 (150 psi), KCl (0.67 mmol), TBADT (0 or 
0.014 mmol), K2S2O8 (0.7 mmol), HTFA (8 mL), 24 h photolysis with the mercury arc 
lamp.  
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In the OxE processes, the strong acid HTFA has been proposed to be necessary to 

generate the active species in solution. However, for photocatalysis with TBADT, such a 

strong acid may not be necessary. HOAc was used to determine if the reaction could occur 

in less acidic reaction media. In HOAc, no evidence of methane functionalization was 

observed after 24 h of photolysis under the standard conditions (100 psi CH4, 0.67 mmol 

KCl, 0.014 TBADT, 8 mL solvent). Developing greater understanding of the requirements 

for solvents for photocatalysis with TBADT is the subject of further study. 

5.7 Summary & Future Directions 

Extending the thermal OxE process to photochemical reaction conditions has been 

extremely successful. The primary advancement of the photo-OxE process is its 

demonstration of the general nature of the ester’s protecting effect for partial oxidation, at 

least in carboxylic acid solvent. The mono-functionalized product with weaker (homolytic) 

C–H bonds than the starting alkane is stable under highly oxidizing conditions and in the 

presence of chlorine radical, a capable H-atom abstraction source. This stability enables 

high yields and selectivity for the mono-functionalized product, and the protecting effect 

of the ester could be applied to other functionalization systems, both thermal and 

photochemical. 

The photo-OxE process using iodate and chloride for the partial oxidation of light 

alkanes is highly efficient and selective for partial oxidation products. Yields of RX (R = 

Me, Et; X = TFA, Cl) are particularly high with methane and ethane (~50% and 80%, 

respectively). These results are significant as this demonstrates the use of a radical-based 

process for selective partial oxidation under photochemical conditions with high 

conversions. Mechanistic studies indicate that the photo-OxE process likely occurs by a 
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chlorine radical-based H-atom abstraction pathway, whereas multiple H-atom abstraction 

agents are predicted to be generated under thermal conditions. Additionally, the photo-OxE 

process exhibits greater tolerance to water and less acidic solvents than the thermal OxE 

process.  

In addition to being effective oxidants for thermal methane functionalization (Chapter 

4), nitrates and manganese(IV) dioxide are also capable oxidants for photochemical 

methane functionalization. The use of ammonium nitrate in combination with KCl in 

HTFA resulted in > 60% yield of MeX (X = TFA, NO2, Cl) relative to oxidant under un-

optimized conditions with the mercury arc lamp. With MnO2, comparisons between the 

thermal and photochemical processes indicate that the two processes likely occur by 

different mechanisms as chloride was required under photochemical conditions but not 

under thermal conditions. The photochemical oxidation process with KCl, MnO2 and I2 is 

selective for the formation of MeTFA, and nearly quantitative yields of MeTFA based on 

oxidant are observed, although MeTFA yields based on methane are limited to ~11% at 

present. The photochemical process with MnO2 also operates in dilute HTFA, an advantage 

over previous light alkane functionalization processes which require superacidic solvent 

media.8 

Further optimization of the photochemical functionalization of light alkanes using 

nitrates and transition metal-based oxidants is required. It is likely that the addition of 

iodine would serve to improve yields of functionalized product further, as was observed 

under thermal conditions. Optimization of the chloride loading could also have a significant 

impact on the reaction. Another major facet of future studies will be the in situ regeneration 

of the oxidant. To develop a process that can be used at scale for light alkane 
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functionalization, O2 must be the terminal oxidant. Future studies, similar to those outlined 

in Chapter 4, will involve the study of co-oxidants that can themselves be regenerated by 

O2 and which can oxidize reduced oxidant species such that functionalization can proceed. 

The use of a known photocatalyst, TBADT, further demonstrates the potential range of 

the OxE process. The photochemical reactions are catalytic in TBADT, with a maximum 

of 17(3) TO observed under optimized conditions. The addition of iodine results in slightly 

improved yields, potentially due to the role of iodine as a radical trap as was proposed for 

the thermal OxE process with iodate. Although further optimization studies are required, 

the studies with TBADT demonstrate proof-of-concept that the protection strategy can be 

applied to photocatalytic systems for selective partial oxidation of light alkanes. Primary 

future goals for photocatalysis with TBADT are to develop a greater understanding of the 

potential solvent media that can be used and to optimize conditions for re-oxidation of the 

photocatalyst. Although the use of added O2 has resulted in longer-lived catalysis, further 

studies are required to develop more effective methods for the in situ regeneration of the 

photocatalyst in order to improve its longevity.  

In addition to re-oxidation, the photocatalytic process could be improved through 

immobilization strategies. Preparation of heterogenized forms of decatungstate has been 

the subject of extensive study,41-46 and applying those techniques could aid the recyclability 

of the photocatalyst. Two additional photocatalyst candidates will be examined, 

Ru(bpz)3(PF6)2 and (Ir[dF(CF3)ppy]2(dtbpy))PF6 {bpz = 2,2-bipyrazine; [dF(CF3)ppy] = 2-

(2,4-difluorophenyl)-5-(trifluoromethyl)pyridine; dtbpy = 4,4'-di-tert-butyl-2,2'-

bipyridine} (Scheme 5.16). These photocatalysts were chosen for their strong oxidizing 

capabilities. Ru(bpz)3(PF6)2 and (Ir[dF(CF3)ppy]2(dtbpy))PF6 have excited state potentials 
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of +1.45 V vs SCE and 1.21 V vs SCE, respectively.47-48 Thus, both should be able to 

generate reactive species for H-atom abstraction in situ in an extension of the OxE 

chemistry which uses light to recycle the photocatalyst. 

 

 
 
 
 
 
 
 
Scheme 5.16. Photocatalyst candidates for future studies, Ru(bpz)3(PF6)2 and 
(Ir[dF(CF3)ppy]2(dtbpy))PF6. 
 
 

Mechanistic studies will seek to elucidate the operative reaction mechansims of these 

processes and, in turn, to enable further optimization of these photochemical 

functionalization processes. The photochemical reactions appear to exhibit similarities to 

the photo-OxE process which likely operates by a chlorine-radical-based mechanism. 

Obtaining the kH/kD for the photochemical reaction with cyclohexane-h12/d12 would enable 

comparisons between the reactions with these oxidants and Cl2, ICl, and ICl3. UV-vis 

studies could also help to determine the active species present in situ. 

 
5.8 Experimental Section 

General Considerations. Caution: Many of the reagents and conditions described 

herein are potentially hazardous. Safety procedures should be consulted prior to the use 

of concentrated acids, mixtures of hydrocarbons and oxygen and strong oxidants. 

Unless noted otherwise, all reactions were performed under ambient atmosphere. All 

chemicals were purchased from commercial sources, and other than N-chlorosuccinimide, 
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all were used as received. N-Chlorosuccinimide was recrystallized from acetic acid prior 

to use. Tetrabutylammonium decatungstate was prepared according to a literature 

procedure.49 Gases were purchases from GTS-Welco and used as received. All lamps were 

purchased from commercial sources and used as received. The mercury arc lamp (Hanovia, 

medium pressure, UV lamp, 450 W) was purchased from Ace Glass, the 105 W compact 

fluorescent lightbulb (CFL, 420 W equivalent, 5000 K full spectrum) was purchased from 

Amazon and the 26W CFL (2700 K) was purchased from Grainger. The UV reactor is a 

Rayonet Photochemical Reactor (RPR-100), and the blue LED is a Kessil H150-blue 30 

W High Luminous DEX 2100 LED. NMR analysis was performed using a Bruker, Avance 

500, Avance III 600 or Avance DRX-600 or a Varian Inova 500 spectrometer. NMR 

spectra of reaction mixtures from the functionalization of methane, ethane and propane 

were obtained using neat HTFA or HOAc with a C6D6 capillary as an internal lock 

reference. Nitromethane or acetic acid were added as internal standards and used to 

reference 1H NMR spectra (δ 4.18 and 2.04, respectively). GC-MS analysis was performed 

using an Agilent Technologies 7890A gas chromatograph equipped with a fused silica 

column and electron impact mass analyzer. High pressure reactions were performed in 

glass reactors from Andrews Glass with custom-built Swagelok reactor tops. 

General Procedures 

Photochemical functionalization of light alkanes by OxE. A Fisher-Porter reactor 

was charged with a stir bar, KCl (0.67-6.7 mmol), NH4IO3 or KIO4 (7.7 mmol), HTFA (8 

mL), and I2 (if added, 0.05-0.2 mmol) prior to being sealed and pressurized with the light 

alkane. The reactor was stirred on a stir plate inside a photolysis chamber with either a 

mercury arc lamp or lamp with a CFL bulb. The lamp was turned on for the reaction time, 
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with an additional 15 min added to the reaction time when the mercury arc lamp was used 

to account for the warm-up time of the bulb. After the reaction, the lamp was turned off 

and the reactor was vented. Internal standard (nitromethane or HOAc) was added and the 

reaction mixture was stirred. An aliquot was then removed for centrifugation and the 

supernatant was used for 1H NMR analysis. Representative 1H NMR spectra are shown 

below. Data are reported as averages of at least three experiments with standard deviations. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.16. Representative 1H NMR spectrum for photochemical methane 
functionalization with KCl/NH4IO3. Conditions: CH4 (100 psi), KCl (2.01 mmol), NH4IO3 
(7.7 mmol), HTFA (8 mL), 24 h photolysis using Hg lamp. Nitromethane (0.56 mmol) was 
added as an internal standard. 
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Figure 5.17. Representative 1H NMR spectrum for photochemical methane 
functionalization with KCl/KIO4. Conditions: CH4 (100 psi), KCl (2.01 mmol), NH4IO3 or 
KIO4 (7.7 mmol), HTFA (8 mL), 24 h photolysis with Hg lamp. Nitromethane (0.56 mmol) 
was added as an internal standard. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.18. Representative 1H NMR spectrum for photochemical ethane 
functionalization. Conditions: CH3CH3 (100 psi), KCl (2.01 mmol), NH4IO3 (7.7 mmol), 
HTFA (8 mL), 24 h photolysis with Hg lamp. Nitromethane (0.56 mmol) was added as an 
internal standard.  
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Figure 5.19. Representative 1H NMR spectrum for photochemical ethane functionalization 
at low ethane pressure. Conditions: CH3CH3 (25 psi), KCl (2.01 mmol), NH4IO3 (7.7 
mmol), HTFA (8 mL), 24 h photolysis with Hg lamp. Nitromethane (0.37 mmol) was 
added as an internal standard. 1,2-X,Y refers to 1,2-disubstituted ethane products. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.20. COSY spectrum for photochemical ethane functionalization, zoomed in to 
illustrate cross peak. Conditions: CH3CH3 (25 psi), KCl (2.01 mmol), NH4IO3 (7.7 mmol), 
HTFA (8 mL), 24 h photolysis with Hg lamp. Nitromethane (0.37 mmol) was added as an 
internal standard. 
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Figure 5.21. Representative 1H NMR spectrum for photochemical propane 
functionalization. Conditions: Propane (100 psi), KCl (2.01 mmol), NH4IO3 (7.7 mmol), 
HTFA (8 mL), 24 h photolysis with Hg lamp. Acetic acid (0.53 mmol) was added as an 
internal standard. 
 

Solvent screening for the photo-OxE process. A Fisher-Porter reactor was charged 

with a stir bar, KCl (2.01 mmol), NH4IO3 (7.7 mmol) and dichloroacetic acid (8 mL), 

HTFA/H2O (3:1 mol/mol, 8 mL) or glacial HOAc (8 mL) prior to being sealed and 

pressurized with the 100 psi of methane. The reactor was stirred on a stir plate inside a 

photolysis chamber with a mercury arc lamp. The lamp was turned on for 24 h, with an 

additional 15 min added to the reaction time to account for the warm-up time of the bulb. 

After the reaction, the lamp was turned off and the reactor was vented. Internal standard 

was added and the reaction mixture was stirred. An aliquot was then removed for 

centrifugation and the supernatant was used for 1H NMR analysis. Representative 1H NMR 
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spectra for dichloroacetic acid and HOAc are shown below. 1H NMR spectra in dilute 

HTFA are similar to those in neat HTFA. Data are reported as averages of at least three 

experiments with standard deviations. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.22. Representative 1H NMR spectrum for photochemical methane 
functionalization in dichloroacetic acid. Conditions: CH4 (100 psi), KCl (2.01 mmol), 
NH4IO3 (7.7 mmol), dichloroacetic acid (8 mL), 24 h photolysis with Hg lamp. 
Nitromethane (0.56 mmol) was added as an internal standard. 
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Figure 5.23. Representative 1H NMR spectrum for photochemical methane 
functionalization in HOAc. Conditions: CH4 (100 psi), KCl (2.01 mmol), NH4IO3 (7.7 
mmol), HOAc (8 mL), 24 h photolysis with Hg lamp. Nitromethane (0.56 mmol) was 
added as an internal standard. 
 

Study of MeTFA functionalization and decay. Functionalization reactions were set 

up following the general procedure listed above using KCl (2.01 mmol), NH4IO3 (7.7 

mmol), HTFA (8 mL). The reactor was pressurized with 50 psi of methane and photolyzed 

using the mercury arc lamp for reaction times of 6, 18 or 24 h. For decay experiments, a 

Fisher-Porter reactor was charged with a stir bar, MeTFA (5.5 mmol), KCl (2.01 mmol), 

NH4IO3 (7.7 mmol), HTFA (8 mL) before being pressurized with 50 psi of argon. The 

reaction mixture was photolyzed using the mercury arc lamp for 6, 12, 24 or 48 h. A 

representative 1H NMR spectrum from a MeTFA decay reaction is shown below. All data 

are given as averages of at least three experiments with standard deviations shown. 
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Figure 5.24. Representative 1H NMR spectrum from the reaction of methyl trifluoroacetate 
with KCl/NH4IO3 in HTFA. Conditions: Argon (50 psi), MeTFA (5.5 mmol) KCl (2.01 
mmol), NH4IO3 (7.7 mmol), HTFA (8 mL), Hg lamp photolysis, 12 h. Acetic acid (1.4 
mmol) was added as an internal standard. 

 

Figure 5.25. Linear fits for MeTFA (blue) production for the reaction of KCl (2.01 mmol), 
NH4IO3 (7.7 mmol) and HTFA (8 mL) with methane (50 psi) under photolysis with the Hg 
lamp. The decay of MeTFA (orange) was monitored using MeTFA (5.5 mmol), 50 psi Ar, 
KCl (2.01 mmol), NH4IO3 (7.7 mmol) and HTFA (8 mL). The initial amount of MeTFA 
for the decay series was determined by setting up controls and taking 1H NMR spectra 
immediately to account for loss due to volatility. 
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Chlorination with N-chlorosuccinimide and benzoyl peroxide with or without 

added iodine. A Fisher Porter reactor was charged with a stir bar, N-chlorosuccinimide 

(3.5 mmol), benzoyl peroxide (0.035 mmol), I2 (0 or 0.067 mmol) and HTFA (8 mL). The 

reactor was then sealed and pressurized with 100 psi of methane. The reactor was stirred 

in the photolysis chamber with the mercury arc lamp and photolyzed for 24 h. After the 

reaction, the lamp was turned off and the reactor was vented. Internal standard was added 

and the reaction mixture was stirred. An aliquot was then removed for centrifugation and 

the supernatant was used for 1H NMR analysis. Representative 1H NMR spectra are shown 

below. Data given in Scheme 5.5 are the average of at least three experiments with standard 

deviations shown. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.26. Representative 1H NMR spectrum for photochemical methane 
functionalization with N-chlorosuccinimide without added iodine. Conditions: CH4 (100 
psi), N-chlorosuccinimide (3.5 mmol), benzoyl peroxide (0.035 mmol), HTFA (8 mL), 24 
h of photolysis with Hg lamp. Acetic acid (0.53 mmol) was added as an internal standard. 
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Figure 5.27. Representative 1H NMR spectrum for photochemical methane 
functionalization with N-chlorosuccinimide with added iodine. Conditions: CH4 (100 psi), 
N-chlorosuccinimide (3.5 mmol), benzoyl peroxide (0.035 mmol), I2 (0.067 mmol), HTFA 
(8 mL), 24 h of photolysis with the mercury arc lamp. Acetic acid (0.53 mmol) was added 
as an internal standard. 
 

Cyclohexane functionalization. A microwave vial (8 mL) was charged with a stir bar, 

KCl (0.13 mmol), NH4IO3 (0.51 mmol), HTFA (2 mL) and cyclohexane (0.5 mmol). The 

vial was sealed with a crimp cap with a septum. Thermal: The vial was placed in an oil 

bath at 100 °C and heated and stirred for 1 h. Photochemical: The vial was placed in front 

of the light source and stirred at room temperature for 24 h, unless specified otherwise. 

Work-up: Following the reaction, the vial was cooled to room temperature and was then 

filtered through a PTFE filter into a new vial with internal standard (0.24 mmol 

tetradecane). The reaction vial was rinsed with 5 mL dichloromethane and the rinsing was 

filtered into the work-up vial with tetradecane as the internal standard. The combined 

filtrate and internal standard mixture was washed with H2O (2 × 10 mL). The layers were 

separated and the organic layer was dried over MgSO4. An aliquot was analyzed by GC-
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MS and product amounts were determined by comparison to the internal standard. For 1H 

NMR analysis, the product mixture was dried under vacuum and the residue was dissolved 

in CDCl3 for the identification and quantification of 2-chloro-1-trifluoroacetoxy-

cyclohexane. Reported data are the average of three experiments with the standard 

deviations shown. Representative data are shown below. 

Figure 5.28. Representative GC-MS trace for the functionalization of cyclohexane. 
Conditions: Cyclohexane (0.5 mmol), KCl (0.13 mmol), NH4IO3 (0.5 mmol), HTFA (2 
mL), 100 °C, 1 h. Tetradecane (0.24 mmol) was added as an internal standard. 
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Figure 5.29. Representative 1H NMR spectrum (CDCl3) for the functionalization of 
cyclohexane. Inset shows characteristic peak for 2-chloro-1-trifluoroacetoxy-cyclohexane. 
Conditions: Cyclohexane (0.5 mmol), KCl (0.13 mmol), NH4IO3 (0.5 mmol), HTFA (2 
mL), 100 °C, 1 h. Tetradecane (0.24 mmol) was added as an internal standard. 
 

Kinetic isotope effect studies. A microwave vial (8 mL) was charged with either KCl 

(0.14 mmol) and NH4IO3 (0.25 mmol), KCl (0.14 mmol) and KIO4 (0.25 mmol) or ICl 

(0.28 mmol) or ICl3 (0.25 mmol). HTFA (2 mL), cyclohexane-h12 (0.25 mmol) and 

cyclohexane-d12 (0.25 mmol) were also added to the vial. The vial was sealed with a crimp 

cap with a septum. The mixture was then reacted under the photochemical or thermal 

conditions described above. Following the reaction, the vial’s contents were filtered 

through a PTFE filter. The reaction vial was rinsed with 5 mL dichloromethane and the 

rinsing was filtered into the work-up vial. The combined filtrate and internal standard 

mixture was washed with H2O (2 × 10 mL). The layers were separated and the organic 

layer was dried over MgSO4. An aliquot was analyzed by GC-MS. Reported data are the 

average of three experiments with the standard deviations shown. A representative GC-MS 

trace is shown below. 

tetradecane 
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Figure 5.30. Representative GC-MS trace for the kinetic isotope effect experiments with 
cyclohexane. Conditions: cyclohexane (0.25 mmol), cyclohexane-d12 (0.25 mmol), KCl 
(0.14 mmol), NH4IO3 (0.27 mmol), HTFA (2 mL), 100 °C, 1 h. In each set of peaks for a 
given product, the fully protio product is indicated by an “H” and the fully deutero product 
is indicated by a “D.” 
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Figure 5.31. UV-vis spectrum obtained on the combination of KCl (0.15 mmol) and KIO4 
(0.5 mmol) to HTFA (2 mL) after filtering off the solids and diluting to 4 mL. 
 

Photochemical Functionalization of Methane with KCl/NH4NO3. A Fisher-Porter 

reactor was charged with a stir bar, KCl (0.1 mmol), NH4IO3 (1.1 mmol) and HTFA (8 mL) 

prior to being sealed and pressurized with the 100 psi of methane. The reactor was stirred 

on a stir plate inside a photolysis chamber with a mercury arc lamp. The lamp was turned 

on for 48 h, with an additional 15 min added to the reaction time to account for the warm-

up time of the bulb. After the reaction, the lamp was turned off and the reactor was vented. 

Internal standard (HOAc) was added and the reaction mixture was stirred. An aliquot was 

then removed for centrifugation and the supernatant was used for 1H NMR analysis. 

Nitromethane formation was verified by spiking a reaction mixture with a known standard. 

A representative 1H NMR spectrum is shown below. Data are reported as averages of at 

least three experiments with standard deviations. 

 

 

Cl2 

ICl/ICl3 
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Figure 5.32. Representative 1H NMR spectrum for photochemical methane 
functionalization with KCl/NH4NO3. Conditions: CH4 (100 psi), KCl (0.1 mmol), NH4NO3 
(1.1 mmol), HTFA (8 mL), 24 h of photolysis with the mercury arc lamp. Acetic acid (0.35 
mmol) was added as an internal standard. 

 

Photochemical Functionalization of Methane with MnO2. A Fisher-Porter reactor 

was charged with a stir bar, KCl (if added, 0.1 mmol), MnO2 (1.1 mmol), I2 (if added, 0.1 

mmol) and HTFA (8 mL) prior to being sealed and pressurized with the 100 psi of methane. 

The reactor was stirred on a stir plate inside a photolysis chamber with a mercury arc lamp. 

The lamp was turned on for 48 h, with an additional 15 min added to the reaction time to 

account for the warm-up time of the bulb. After the reaction, the lamp was turned off and 

the reactor was vented. Nitromethane was added as the internal standard and the reaction 

mixture was stirred. A 1 mL aliquot was then removed and added to a centrifugation tube 

with NaBiO3 and shaken prior to centrifugation. The supernatant was used for 1H NMR 

analysis. A representative 1H NMR spectrum is shown below. Data are reported as averages 

of at least three experiments with standard deviations. 

 

HTFA 

NH4
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Figure 5.33. Representative 1H NMR spectrum for photochemical methane 
functionalization with KCl/MnO2. Conditions: CH4 (100 psi), KCl (0.1 mmol), MnO2 (1.1 
mmol), HTFA (8 mL), 24 h of photolysis with the mercury arc lamp. Nitromethane (0.37 
mmol) was added as an internal standard. 300 mg of NaBiO3 was used for work-up. 
 

Photochemical Functionalization of Methane with TBADT. A Fisher-Porter reactor 

was charged with a stir bar, KCl (if added, 0.67 mmol), TBADT (0.014 mmol), I2 (if added, 

0.1-0.3 mmol), K2S2O8 (if added, 0.7 mmol) and acid (8 mL) prior to being sealed and 

pressurized with methane. If oxygen was used, the reaction mixture was purged with O2 

for 10 min prior to pressurizing with methane. The reactor was stirred on a stir plate inside 

a photolysis chamber with a mercury arc lamp. The lamp was turned on for the allotted 

reaction time, with an additional 15 min added to the reaction time to account for the warm-

up time of the bulb. After the reaction, the lamp was turned off and the reactor was vented. 

When HTFA was used as the solvent, acetic acid was added as the internal standard and 

the reaction mixture was stirred. If acetic acid was used, nitromethane was added as the 

internal standard. A 1 mL aliquot was then removed for centrifugation. The supernatant 

HTFA 

C6D6 MeTFA 

MeNO2 
(std) 
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was used for 1H NMR analysis. A representative 1H NMR spectrum is shown below. Data 

are reported as averages of at least three experiments with standard deviations. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.34. Representative 1H NMR spectrum for photochemical methane 
functionalization with KCl/TBADT. Conditions: CH4 (100 psi), KCl (0.67 mmol), TBADT 
(0.014 mmol), I2 (0.05 mmol), HTFA (8 mL), 24 h of photolysis with the mercury arc lamp. 
Acetic acid (0.35 mmol) was added as an internal standard. 
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6 Oxidative Alkenylation of Toluene with 1-Pentene 

6.1 Introduction to Olefin Hydroarylation and Arene Alkenylation 

6.1.1 Current Industrial Methods for Alkyl and Alkenyl Arene Production 

Alkyl and alkenyl arenes are widely used in the production of plastics, elastomers and 

detergents.1-4 For example, 25 million metric tons of styrene, the monomeric building block 

of the common plastic polystyrene, were produced globally in 2010.5 In industry, alkyl 

arenes have historically been produced using Friedel-Crafts alkylation catalysis with Lewis 

and Brønsted acids, and conversion of alkyl arenes to alkenyl arenes (such as ethylbenzene 

to styrene) requires dehydrogenation at high temperatures (≥ 550 °C) using metal oxide 

catalysts (Scheme 6.1).1 High reaction temperatures are often required (~400 °C) for the 

alkylation reaction, and recycling the catalyst is often not possible as it is neutralized 

following the reaction, which results in the production of stoichiometric amounts of 

halogenated waste.1, 6 Friedel-Crafts catalysis also suffers from low selectivity for mono-

functionalized products as alkylated arenes are activated toward further reaction, which 

results in the generation of poly-functionalized products.1 As a result, a transalkylation step 

is required to optimize the yield of the mono-functionalized product (Scheme 6.1). Zeolite 

catalysts (i.e., porous crystalline aluminosilicates) can also be used to produce alkyl 

arenes.2 Although zeolites offer substantial advantages compared to traditional Friedel-

Crafts catalysts, arene alkylation by zeolites also operates by an acid-based mechanism. 

Thus, many of the features of Friedel-Crafts catalysis are present when using zeolite 

catalysts. 
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Scheme 6.1. Friedel-Crafts alkylation of benzene to yield ethylbenzene, and subsequent 
dehydrogenation to produce styrene.7 
 

The acid-based mechanism for arene alkylation has significant drawbacks. Electron-

deficient arenes are unreactive or react slowly under acid-based arene alkylation 

conditions.8 Additionally, because the acid-based mechanism involves a carbocation 

intermediate, 1-aryl alkanes cannot be produced from simple α-olefins such as propylene, 

and 1-pentene (e.g., cumene is produced exclusively from benzene and propylene, Scheme 

6.2).9 Thus, Friedel-Crafts or zeolite-based arene alkylation using hydrocarbons is always 

selective for Markovnikov products. For benzene alkylation using long-chain α-olefins, not 

only are 2-aryl alkanes produced but also other internal alkanes, n-aryl alkanes (where n > 

2), are produced. Table 6.1 shows additional examples where acid-based catalysis with 

AlCl3 results in the selective formation of the branched alkyl arene product(s). 

Additionally, Friedel-Crafts catalysis often results in polyalkylation as the alkyl arene is 

activated toward further alkylation. As a result, for the large-scale synthesis of alkyl arenes 

transalkylation processes are often required to maximize the yield of mono-functionalized 

product (Scheme 6.1). Another disadvantage of acid-based catalysis is its regioselectivity. 

As it is an electrophilic aromatic substitution reaction, regioselectivity is dictated by 

activating or deactivating substituents on the aromatic ring. In effect, this limits the scope 

of products that can be generated using this method, as for example, the generation of para-

alkylated nitroarenes would not be feasible using acid-based catalysis. 

 

+ AlCl3/HF
~400 °C

Etn

(n = 0, 1, 2)

transalkylation
≥ 350 °C ≥ 550 °C

metal oxide catalyst
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Scheme 6.2. Acid-based mechanism of Friedel-Crafts alkylation for benzene with 
propylene results in the production of cumene (branched Markovnikov product). n-
Propylbenzene (linear anti-Markovnikov product) is not generated due to the instability of 
the intermediate primary carbocation. 
 
Table 6.1. Selected examples of acid-based alkylation with AlCl3.a Adapted from 
reference.10  
 

 
a,cData and conditions are from reference.9 bData and conditions are from reference.11 dData 
and conditions are from reference.12 
 
 
6.1.2 Transition Metal-Catalyzed Olefin Hydroarylation and Oxidative 
Alkenylation 
 

Transition metal-catalyzed olefin hydroarylation and oxidative arene alkenylation offer 

potential advantages over traditional acid-mediated alkylation catalysis for the production 

of alkyl arenes and alkenyl arenes, respectively.13-14 The transition metal catalyzed 

processes often operate by a different and non-acid based pathway. A general and 

commonly proposed catalytic cycle for olefin hydroarylation as well as a related cycle for 

oxidative olefin hydroarylation are shown in Scheme 6.3. For olefin hydroarylation 

(Scheme 6.3, blue), ethylene can coordinate to a metal-aryl complex (a phenyl ligand is 

depicted in Scheme 6.3) and then insert into the metal-phenyl bond to generate a phenethyl 

intermediate. Upon benzene coordination and C–H activation, the alkyl arene product is 

released to regenerate the starting metal-aryl complex. In oxidative arene alkenylation 

+H F+

H
F-

+ HF

Arene α-Olefin o:m:p L:B Product(s)

Benzenea Propylene n/a 100% branched

Benzeneb Isobutylene n/a 100% branched

Toluened Propylene 3:1:2.6 > 98% branched

Benzenec 1-Hexene n/a 100% branched
nBu
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(Scheme 6.3, red), the metal-phenethyl intermediate undergoes β-hydride elimination to 

generate a hydride complex with coordinated styrene (Scheme 6.3). Dissociation of the 

aryl olefin (styrene in Scheme 6.3) and reaction of the M–H with an oxidation can 

regenerate the catalyst.   

  
Scheme 6.3. Frequently invoked catalytic cycles for transition metal catalyzed 
hydrophenylation of ethylene (blue) and oxidative arene alkenylation (red). Steps involved 
in both catalytic cycles are in black. [O] = oxidant; M = metal complex; X = conjugate base 
of HX. 
 

Because these processes operate via olefin insertion into metal-aryl bonds, the 

production of linear products (i.e., 1-aryl alkanes or 1-aryl alkenes) from α-olefins is 

possible. However, prior to the Gunnoe group’s recent rhodium-based catalysts,7, 10, 15 

highly selective generation of linear products using hydrocarbon substrates had not been 

reported. Olefin hydroarylation and oxidative arene alkenylation have been extensively 

studied by our group using ruthenium-,14, 16-24 platinum-25-30 and rhodium-based catalysts.7, 

10, 15, 31 Examples that are most directly related to the results described in this Chapter are 

discussed below. 

Ethylene coordination

Benzene C–H activation &
Ethylbenzene release

β-hydride elimination

Benzene C–H activation

M

M

M

M

Ethylene insertion

M
H

M
XBenzene coordination

HX

Oxidation,
Ethylene coordination &

Styrene release

+ [O]X

H[O] +
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6.1.3 Use of Rh-Based Catalysts for Arene Alkenylation 

The Gunnoe group reported the use of Pt(II) catalysts for the production of styrene, but 

turnovers were limited as the catalysts decomposed to inactive Pt(0) after formation of ~1 

TO of styrene.26-29 It was speculated, based on kinetic studies, that the generation of Pt(II)-

hydride intermediates provide a kinetically accessible pathway for bimolecular (i.e., 

reaction of two Pt complexes) reduction to form elemental Pt. In an effort to improve the 

longevity of catalysis, Rh(I) catalyst precursors were studied. Some data suggest that 

reduction to Rh(0) is less thermodynamically favorable than reduction of Pt(II) to Pt(0).7 

In our initial efforts, (FlDAB)Rh(TFA)(η2-C2H4) (FlDAB = N,N'-bis(pentafluorophenyl)-

2,3-dimethyl-1,4-diaza-1,3-butadiene) was used as a catalyst precursor for arene 

alkenylation with CuX2 {X = acetate (OAc), trifluoroacetate (TFA), pivalate (OPiv) and 2-

ethyl hexanoate (OHex)} as in situ oxidant.7 Yields discussed in previous reports and 

herein are often based on the CuX2 oxidant, which is typically the limiting reagent (with 

the exception of reactions where in situ regeneration of Cu(II) with air or O2 is possible). 

The generation of one equivalent of styrene requires the reduction of two equivalents of 

CuX2, 

 (FlDAB)Rh(TFA)(η2-C2H4) converts benzene, ethylene and CuX2 oxidants to styrene, 

CuX and HX with optimized yields of ≥ 95% (based on the limiting reagent CuX2) with 

nearly 100% selectivity for styrene.7 Catalyst longevity up to 96 h was observed with > 

800 turnovers (TO) of styrene observed under optimized conditions (Scheme 6.4).7  
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Scheme 6.4. Oxidative ethylene hydrophenylation with (FlDAB)Rh(TFA)(η2-C2H4) 
(FlDAB = N,N’-bis(pentafluorophenyl)-2,3-dimethyl-1,4-diaza-1,3-butadiene; TFA = 
trifluoroacetate) as a catalyst precursor. Conditions: Benzene (10 mL), ethylene (75 psi), 
0.0001 mol% (FlDAB)Rh(TFA)(η2-C2H4) relative to benzene, 2400 equiv. Cu(OAc)2 
(relative to Rh), 150 °C, 96 h. The reaction was run in duplicate which yielded 817 and 
852 TO of styrene.7 The theoretical yield was 1200 TO. 
 

The Gunnoe group extended this Rh-based catalysis to α-olefins in efforts to study the 

linear:branched selectivity.32 The nomenclature of alkyl/alkenyl arenes in industry can be 

misleading, where linear alkyl or alkenyl arenes are mixtures comprised primarily of 2-aryl 

alkanes or alkenes with linear (i.e., unbranched) alkane or alkene chains. As discussed 

above, acid-catalyzed processes do not generate 1-aryl alkanes or alkenes.33 Thus, we 

differentiate between linear alkyl arenes with n-aryl alkanes (n > 1) and 1-aryl alkanes or 

alkenes by denoting the latter as "super" linear alkyl or alkenyl arenes (or SLABs). 

Whereas acid-catalyzed arene alkylation always favors the production of branched 

products (i.e., n-aryl alkanes where n > 1; e.g., always > 98% branched),9, 11-12 with [Rh(η2-

C2H4)2(µ-OAc)]2, linear products are favored regardless of the arene or α-olefin (Table 

6.2). In this study, the lowest observed linear:branched (L:B) ratio when using [Rh(µ-

OAc)(η2-C2H4)2]2 with Cu(OAc)2 as the oxidant was ~8:1. Further, the products of rhodium 

catalysis favored meta- and para-substituted alkenyl arenes, likely as a result of steric 

effects, whereas AlCl3-catalyzed reactions favored the production of ortho- and para-

substituted alkenyl arenes as predicted by the activation of those positions toward 

electrophilic aromatic substitution.  

 

+

0.0001 mol% (FlDAB)Rh(TFA)(η2-C2H4)
2400 equiv. Cu(OAc)2

150 °C, 96 h

> 800 TO
(75 psi)
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Table 6.2. Selected examples of arene alkenylation using [Rh(η2-C2H4)2(µ-OAc)]2 and 
Cu(OAc)2 versus traditional alkylation with AlCl3. Adapted from reference.10  

 

aL:B ratios with [Rh(η2-C2H4)2(µ-OAc)]2 were determined after hydrogenation of the 
unsaturated products. NR = not reported. Conditions using [Rh(η2-C2H4)2(µ-OAc)]2: 0.01 
mol% [Rh(η2-C2H4)2(µ-OAc)]2 relative to arene, 25 psi gaseous olefin or 2000 equiv. of 
olefin, 150 °C, 48 h, 240 equiv. Cu(OAc)2 relative to [Rh(η2-C2H4)2(µ-OAc)]2. 
Hydrogenation was performed using 5% Pt/C under hydrogen atmosphere. bData and 
conditions from reference.9 cData and conditions from reference.11 dData and conditions 
from reference.12 e72 h. 
 
6.2 Introduction to Polyethylene Naphthalate (PEN) 

Polyethylene naphthalate (PEN), a polyester similar to polyethylene terephthalate 

(PET), has naphthyl rings rather than the phenyl rings of PET (Scheme 6.5).34 Although 

PET has many commercial applications, as discussed in Chapter 3, PEN offers potential 

advantages over PET. PEN has a more rigid structure, resulting in greater dimensional 

stability.35 Further, PEN exhibits better resistance to heat and has a higher barrier to gas 

permeability.34, 36 As a result, the PEN polymer is likely better for storing substances prone 

to oxidation, especially in the food sector.  

 
Scheme 6.5. Structures of polyethylene terephthalate (PET) and polyethylene naphthalate 
(PEN). 
 

Catalyst Arene α-Olefin o:m:p L:B TON Products

AlCl3[b] Benzene Propylene

[Rh(μ-OAc)(η2-C2H4)2]2 Benzene Propylene

n/a

n/a

100% branched

8:1

95

80(4)

AlCl3[c] Benzene Isobutylene

[Rh(μ-OAc)(η2-C2H4)2]2 Benzene Isobutylene[e]

n/a

n/a

100% branched

100% linear

NR

100(2)

AlCl3[d] Toluene Propylene

[Rh(μ-OAc)(η2-C2H4)2]2 Toluene Propylene

3:1:2.6

1:8.9:9.3

> 98% branched

9.4:1

NR

86(17)

O

OO

O O

O
O

O

n
n

PET
PEN
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PEN is produced through the polymerization of ethylene glycol with naphthalate 

monomer, typically either 2,6-naphthalenedicarboxylic acid or the methyl ester 

derivative.34 2,6-Naphthalenedicarboxylic acid is produced from the oxidation of 2,6-

dimethylnaphthalene (2,6-DMN). The primary method for 2,6-DMN synthesis requires 

harsh reaction conditions (i.e., use of potassium metal and anhydrous HF) and requires 

multiple steps (Scheme 6.6).35, 37 Hence, the expense of 2,6-DMN is a major inhibition for 

economic synthesis of PEN. Consequently, the production of PEN has been limited in spite 

of its advantages over the current polyester market leader PET.34 

 

Scheme 6.6. Overview of the industrial route for the synthesis of 2,6-dimethylnaphthalene 
from o-xylene and butadiene. K catalyst = calcined CaO stirred with potassium metal at 
150 °C. Adapted from references.35,37-38 
 

Because of the aforementioned synthetic challenges, the development of a more 

economical route for the synthesis of 2,6-DMN is desirable. As there are existing 

technologies capable of converting n- and 2-pentenyltoluenes to 2,6-DMN,39-41 efficient 

production of these pentenyltoluenes could provide an alternative to current processes for 

2,6-DMN production. 42-43 The selectivity of such a process for n-pentenyltoluenes and 2-

pentyltoluenes is critical as 3-pentenyltoluenes cannot be ring-closed to give 2,6-DMN. 

Further, the ring-closure to form 2,6-DMN is more efficient with n-pentyltoluenes than 2-

pentyltoluenes. 

+
K catalyst

N2, ~100 °C

anhydrous HF (excess)
pentane, 25 °C

-2H2
2,6-DMN

+

Pd/C, Δ
N2, 8 h

anhydrous HF (excess)
BF3

benzene, 70 °C
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The Gunnoe group's Rh-based catalysis has demonstrated the capability to convert 

arenes and α-olefins to alkenyl arenes with high L:B ratios.10, 15 Thus, we speculated that 

our oxidative arene alkenylation chemistry is well-suited to enable production of n- and 2-

pentenyltoluenes, favoring the n-pentyltoluenes, which can be most readily ring-closed, 

from 1-pentene and toluene (Scheme 6.7). Importantly, toluene is an inexpensive arene and 

1-pentene is a byproduct of Fischer-Tropsch reduction of CO. Thus, we proposed that our 

Rh-based catalysis would offer advantages in selectivity over acid-based catalysis, which 

favors the formation of the 2- and 3-pentyltoluenes and does not produce the most highly 

desired n-pentyltoluenes (Scheme 6.8). This Chapter details studies of the oxidative 

alkenylation of toluene with 1-pentene as the α-olefin to produce pentenyltoluenes 

(Scheme 6.7).   

 

Scheme 6.7. Envisioned process for a possible route to 2,6-DMN from toluene and 1-
pentene using a Rh catalyst with a CuX2 oxidant. A hydrogenation step is included for 
clarity (vide infra). 
 

 

Scheme 6.8. Comparison of pentyltoluene products from acid- and Rh-based 
functionalization and implications for 2,6-DMN production. Products from Rh catalysis 
are shown following a hydrogenation step for clarity. n-Pentyltoluenes cannot be produced 
by acid-based catalysis. M-, p- and o-isomers are not shown as 2,6-DMN can be produced 
from isomerization of other DMNs. The checkmark for 2-pentyltoluene for Rh catalysis is 
smaller to indicate the greater selectivity for the linear product. 

+

1. Rh catalyst, CuX2 oxidant
2. H2, Pd/C

n-pentyltoluenes 2,6-DMN2-pentyltoluenes

+

+

(cannot be ring-closed)(best for ring-closure)
n-pentyltoluenes 2-pentyltoluenes 3-pentyltoluenes

(can be ring-closed)

Acid-mediated catalysis:

Rh catalysis:

X
X
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6.3 Oxidative Alkenylation of Toluene with 1-Pentene 

6.3.1 Introduction 

The report using [Rh(η2-C2H4)2(µ-OAc)]2 as a catalyst for arene alkenylation examined 

the conversion of toluene and propylene and the conversion of benzene and 1-pentene.10 

However, toluene and 1-pentene were not combined in this study due to the complexity of 

the resulting product mixture. The conversion of toluene and propylene to 

propenyltoluenes was studied, and the selectivity for L:B products was 9.4:1 (Table 6.1).10 

The conversion of benzene with 1-pentene to pentenylbenzenes was also examined, giving 

an 8:1 ratio of n-pentylbenzene:2-pentylbenzene after hydrogenation (Table 6.1).10 These 

results demonstrated that toluene and 1-pentene could serve as substrates for oxidative 

olefin hydroarylation and indicated that high L:B ratios were likely possible using the 

rhodium salt [Rh(η2-C2H4)2(µ-OAc)]2 as a catalyst precursor  and Cu(OPiv)2 as an oxidant. 

Michael Webster-Gardiner performed preliminary experiments examining the use of 

rhodium catalysts for the alkenylation of toluene with 1-pentene to generate 

pentenyltoluenes. Bill Schinksi (retired, Chevron) served as an additional advisor for this 

work.  

6.3.1 Results and Discussion  

The oxidative arene alkenylation of toluene with 1-pentene using Cu(OPiv)2 as the 

oxidant could result in the production of multiple possible byproducts in addition to the 

desired n- and 2-pentenyltoluenes and undesired 3-pentenyltoluenes. Such possible 

byproducts include C10 species resulting from olefin coupling, biaryl products resulting 

from toluene coupling, pentenyl pivalates and products resulting from the hydroarylation 

of any of the aforementioned products and byproducts. As E- and Z-isomers of each of the 
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alkenyl products could be produced, the resultant product mixture is complicated. Further, 

m-, p- and o- products could be generated for each product incorporating a substituted 

toluene (i.e., pentenyltoluenes). Separation and quantification of these products is 

challenging. But, hydrogenation of the product mixture allows for a simplified analysis as 

it avoids the complications resulting from geometric isomers (i.e., both E- and Z-products 

funnel to the same alkyl derivative).  

In agreement with the previous study that used [Rh(η2-C2H4)2(µ-OAc)]2 as an arene 

alkenylation pre-catalyst, toluene and 1-pentene are converted to pentenyltoluenes using 

0.01 mol% Rh with varying concentrations of 1-pentene and Cu(II) oxidant in neat toluene 

at 150 °C. To simplify analysis, the reaction mixtures were hydrogenated using H2 and 

Pd/C. High L:B (i.e., n-pentyltoluene:2-pentyltoluene) ratios were observed, and 

production of 3-pentyltoluenes is not observed under any of the studied reaction conditions 

indicating that isomerization of 1-pentene is slow under the reaction conditions. Typically, 

L:B ratios of > 5:1 are observed, with higher ratios of ~12:1 observed under certain 

conditions (Table 6.2).  In order to optimize catalysis, a variety of reaction conditions have 

been examined. For each experiment in this Chapter, the mol% Rh is relative to toluene 

and the equivalents of 1-pentene and Cu(II) oxidant are relative to Rh. 

The effect of varying the 1-pentene concentration has been examined using 0.01 mol% 

of [Rh(η2-C2H4)2(µ-OAc)]2 and 240 eq. of Cu(OPiv)2 at 150 °C (Table 6.2). The L:B ratios 

increase with increasing 1-pentene concentration. The highest L:B ratio of 12(1):1 was 

obtained using 2000 eq. of 1-pentene (relative to Rh), a marked increase from the 5.59(9):1 

obtained using 250 eq. of 1-pentene. Higher concentrations of olefin might facilitate more 

rapid dissociation of pentenyltoluenes and reduce the extent of isomerization to generate 
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the branched products. However, the total yield of pentyltoluenes remained similar under 

all studied conditions, ~65% based on Cu(OPiv)2 as the limiting reagent (Table 6.2). Under 

all conditions, the production of meta- and para-pentyltoluenes in agreement with the 

previous study using [Rh(η2-C2H4)2(µ-OAc)]2 providing evidence against an acid-

catalyzed mechanism.10 Under each set of conditions, meta, para and ortho products 

account for ~62-70%, ~30-35% and < 2% of the total, respectively. 

Table 6.3. Effect of 1-pentene loading on pentyltoluene and decane production.a  

 

 
a% Yield represents the total % yield of pentyltoluenes based on the amount of the copper 
oxidant. Averages and standard deviations are based on three experiments. *Decane was 
not fully hydrogenated in one of the three trials, thus data for decane formation are from 
two experiments. 
 
 
 

+
0.01 mol% Rh

240 eq. Cu(OPiv)2
150 °C, 1-13 h

H2

Pd/C
+

250-2000 eq

(Rh source = [Rh(η2-C2H4)2(μ-OAc)]2)

+ decane

L:B
5.5(9):1

7.5(8):1
250

500

% Yield Pentyltoluenes

73(5)%

60(4)%

Eq. Decane Produced

2.6(7)

Eq. 1-Pentene

9.3(9):11000 64(4)% 7.81(5)

12(1):12000 47(4)% 18(1)*

ND
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Figure 6.1. Pentyltoluene product distribution as a function of 1-pentene loading. Error 
bars denote standard deviations based on three experiments. 
 

The yield of pentyltoluenes is potentially limited by the decomposition of the Rh 

catalyst under reaction conditions and the generation of undesired byproducts. For 

example, pentyl pivalate and C10 products have been detected by GC-MS. At high 1-

pentene concentrations (> 500 eq. relative to Rh), C10 species are generated (Tables 6.2 and 

6.3). Upon hydrogenation, the various C10 products are converted to n-decane, and at higher 

olefin concentrations, 4-methylnonane has also been detected by GC-MS. As 1-pentene is 

a relatively costly reactant and the formation of byproducts is undesirable, we sought to 

minimize olefin coupling. Thus, there is a balance between achieving the highest L:B ratio 

possible while minimizing the formation of undesired C10 products. As such, the 1-pentene 

loadings in studies discussed herein use either 500 eq. or 1000 eq. of the olefin. 

Subsequent experiments examined the effect of varying the copper(II) amount. The 

L:B ratios are high, ~10:1, and statistically identical using between 120 and 360 eq. of 

Cu(OPiv)2
 (Table 6.3). The overall yield of pentyltoluene products is also statistically 

identical for each of the three conditions (Table 6.3), indicating that product formation 
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increases proportionally with increased amount of Cu(OPiv)2. There is a slight increase in 

the formation of C10 products with the highest Cu(OPiv)2 amount. The formation of decane 

(on hydrogenation) is likely Rh-catalyzed. Decane was not observed in control reactions 

performed in the absence of [Rh(η2-C2H4)2(µ-OAc)]2. As in the olefin optimization study, 

the formation of meta- and para-pentyltoluenes is favored (Figure 6.2). 

Table 6.4. Effect of copper(II) oxidant concentration on pentyltoluene and decane 
production.a  
 

 

 
a% Yield represents the total % yield of pentyltoluenes based on the amount of the copper 
oxidant. Averages and standard deviations are based on three experiments. 
 

 

 

Figure 6.2. Pentyltoluene product distribution as a function of Cu(OPiv)2 loading. Error 
bars denote standard deviations based on three experiments. 
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To determine if using another soluble copper(II) oxidant would result in an improved 

L:B ratio or pentyltoluene yield, Cu(OHex)2 and Cu(Ole)2 (OHex = 2-ethylhexanoate, Ole 

= oleate) were tested under identical reaction conditions. Although the pentyltoluene yields 

are statistically identical and the amounts of decane produced are similar for Cu(OPiv)2 

and Cu(OHex)2, the yield of pentyltoluenes is significantly lower with Cu(Ole)2. The L:B 

ratio varies based on the oxidant, from 11(1) with Cu(Ole)2 to 9.3(9):1 with Cu(OPiv)2 to 

5.8(4):1 with Cu(OHex)2 (Table 6.4). The reason for these changes is unknown, but 

Cu(OPiv)2 was used as the oxidant for additional studies given its ability to obtain a high 

L:B ratio and yield of pentyltoluenes. The formation of meta- and para-pentyltoluenes is 

favored regardless of the copper(II) oxidant (Figure 6.3). 

Table 6.5. Effect of oxidant identity on pentyltoluene and decane production.a  

  

 
a% Yield represents the total % yield of pentyltoluenes based on the amount of the copper 
oxidant. Averages and standard deviations are based on three experiments. 

+
0.01 mol% Rh

240 eq. CuX2
150 °C, 2 h

H2

Pd/C
+

1000 eq.
(X = OPiv, OHex or Ole)

(Rh source = [Rh(η2-C2H4)2(μ-OAc)]2)

+ decane

L:B

9.3(9):1

5.8(4):1

Cu(OPiv)2
Cu(OHex)2

% Yield Pentyltoluenes

70(4)%

64(4)%

Eq. Decane Produced

7.81(5)

11(1)

Cu(II) Oxidant

11(1):1Cu(Ole)2 17(1)% 3.3(2)
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Figure 6.3. Pentyltoluene product distribution as a function of CuX2 (X = OPiv, OHex, 
Ole) oxidant identity. Error bars denote standard deviations based on three experiments. 
 
 

The effect of varying the reaction temperature was also examined. For each temperature 

from 120-180 °C, the L:B ratio is high (Table 6.5). The large deviations are possibly due 

to poor signal-to-noise for the branched products. However, as the trial with the larger 

amount of 2-pentyltoluenes also had a higher overall yield, the L:B for that trial was ~7:1, 

indicating that it was still highly selective for the production of n-pentyltoluene. Yields of 

pentyltoluenes are similar across this temperatures, with the highest yield 64(5)% obtained 

at 150 °C. Decane formation is statistically identical for all three reaction temperatures 

(Table 6.4). As demonstrated previously, the formation of meta- and para-pentyltoluenes 

is favored at each temperature (Figure 6.4). 
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Table 6.6. Effect of reaction temperature on pentyltoluene and decane production.a  
 

  

 
a% Yield represents the total % yield of pentyltoluenes based on the amount of the copper 
oxidant. Averages and standard deviations are based on three experiments. 
 
 

 

 

 

 

 

 

Figure 6.4. Pentyltoluene product distribution as a function of reaction temperature.  Error 
bars denote standard deviations based on three experiments. 
 
 

The concentration of the rhodium catalyst in the aforementioned experiments and in 

the initial report discussing the use of [Rh(η2-C2H4)2(µ-OAc)]2 is 0.01 mol% relative to 

arene.10 As rhodium is expensive, it would be preferable to use a lower concentration. 

Using the lower concentration of 0.001 mol% Rh, the L:B ratio improves from 7.5(8):1 

when 0.01 mol% is used to 10(1):1 (Table 6.6). The formation of C10 products is effectively 

reduced when using the lower Rh concentration, but their formation is minimal, < 3 

equivalents, under these reaction conditions with 0.01 mol% Rh. The percent yield of 
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pentyltoluenes is much lower when using the lower Rh concentration, decreasing from 

73(5)% to 44(2)% (Table 6.6). While the L:B ratio improves with the lower Rh 

concentration, the significant decrease in yield is problematic as the goal of this chemistry 

is to develop a process for facile generation and isolation of pentenyltoluene products. With 

either Rh concentration, the formation of meta- and para-pentyltoluenes is favored (Figure 

6.5). 

Table 6.7. Effect of Rh concentration on pentyltoluene and decane production.a  

 

 
a% Yield represents the total percent yield of pentyltoluenes based on the amount of the 
copper oxidant. Averages and standard deviations are based on three experiments. 
 

 

Figure 6.5. Pentyltoluene product distribution as a function of rhodium concentration.  
Error bars denote standard deviations based on three experiments. 
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As the goal of this research is to develop a process to efficiently produce 

pentenyltoluenes as precursors for 2,6-DMN, the pentenyltoluenes from a test reaction 

were isolated using conditions from Table 6.3 with 360 equivalents of Cu(OPiv)2. 

Following work-up (see Experimental section), 88 mg of pentenyltoluenes were isolated, 

32% yield based on Cu(OPiv)2. This demonstrates that Rh-catalyzed alkenylation of 

toluene can be used to produce a desirable precursor to next-generation plastics.  

6.4 Conclusions & Future Directions 

Following hydrogenation, the Rh-catalyzed oxidative alkenylation of toluene with 1-

pentene selectively produces n- and 2-pentyltoluenes. The linear (n-) pentyltoluene is the 

major product under the studied reaction conditions, and the undesired 3-pentyltoluene, 

which cannot be used in the ring closure reaction to generate 2,6-DMN is not observed. 

High L:B ratios on the order of ~10:1 are observed under a variety of reaction conditions. 

The reaction operates over a range of temperatures (120-180 °C) and high L:B ratios are 

obtained with a variety olefin, oxidant or rhodium catalyst concentrations.  

Future studies will focus on the use of 1-hexene as the olefinic substrate, as 

hexenyltoluenes can also be converted 2,6-dimethylnaphthalene. 1-Hexene would provide 

a possible economical advantage over 1-pentene, as it is available from a variety of 

commercial sources, while 1-pentene is primarily produced by a single manufacturer.44 

Thus, the commercialization of this alkenylation reaction would be aided if it could operate 

effectively using another olefin source. Additional studies will center on the use of air-

stable rhodium catalysts in order to prolong catalyst longevity and increase product yield, 

as additional efforts will require scale-up of this process and on the isolation of 

pentenyltoluene and hexenyltoluene products. 
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6.5 Experimental Section 

General Considerations. All alkenylation reactions were performed under inert 

atmosphere in a glovebox. The purity of the glovebox atmosphere was maintained by 

nitrogen purges and was monitored using an oxygen analyzer (O2 < 15 ppm for all 

reactions). Reactions were performed in glass Fischer-Porter reactors. Toluene was 

distilled over calcium hydride prior to use and was stored over molecular sieves. Cu(OPiv)2 

and [Rh(η-C2H4)2(µ-OAc)]2 were synthesized according to literature procedures.45-46 n-

Pentyltoluenes were independently synthesized according to adapted literature procedures 

and were used as authentic standards for quantification.47 All other chemicals were 

purchased from commercial sources and used as received. Hydrogen was purchased from 

GTS-Welco and used as received. 

GC-MS was performed using a Shimadzu GCMS-QP2010 Plus instrument with a 30 

m × 0.25 mm SHRXI-5MS column with a 0.25 µm thickness. Electron impact (EI) 

ionization was used. Products were quantified using a linear regression analysis of gas 

chromatograms relative to standard samples. Plots of peak areas versus molar ratios were 

gave regression lines using cyclooctane as the internal standard for pentyltoluene and 

decane formation. For the normal (n-) m-, p- and o-pentyltoluene products, the slope and 

correlation coefficient of the regression lines were 1.34 and 0.998 (n-m-pentyltoluene), 

1.85 and 0.997 (n-p-pentyltoluene) and 1.84 and 0.998 (n-o-pentyltoluene), respectively. 

For decane, the slope and correlation coefficient were 2.08 and 0.998, respectively. 

Production of 2-pentyltoluene products was quantified using the slope and correlation 

coefficient for a curve of cumene:n-propylbenzene which enabled an approximation of the 
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ratio of n- to 2-pentyltoluene products. The slope and correlation coefficient of the 

regression line were 0.998 and 0.98 for cumene:n-propylbenzene, respectively. 

General Procedures 

Catalytic Oxidation Alkenylation of Toluene with 1-Pentene. For a representative 

catalytic reaction, a stock solution was prepared with 0.01 mol% of Rh {Rh source = 

[Rh(η2-C2H4)2(µ-OAc)]2}, cyclooctane (63 µL, 10 eq. relative to Rh), and toluene (50 mL). 

Glass Fischer-Porter reactors were charged with a stir bar, 10 mL of stock solution, 1-

pentene and Cu(II) oxidant. The reactors were sealed and pressurized with 50 psi of 

nitrogen. Reactors were heated in an oil bath and stirred. The reaction was stopped when 

all of the copper(II) was consumed, indicated by a color change of the reaction mixture.7 

Reactions were allowed to cool prior analysis by GC-MS and subsequent hydrogenation. 

 

Figure 6.6. Representative GC-MS trace of a reaction mixture from the catalytic oxidative 
alkenylation of toluene with 1-pentene. Conditions: 0.01 mol % Rh {Rh source = [Rh(η2-
C2H4)2(µ-OAc)]2} relative to toluene, 10 eq. cyclooctane relative to Rh), toluene, 240 eq. 
Cu(OHex)2 relative to Rh, 1000 eq. 1-pentene relative to Rh, 150 °C, 2 h. 
 
 

Hydrogenation Procedure. Glass Fischer-Porter reactors were charged with a stir bar, 

an aliquot of the reaction mixture (0.1 mL), 10% Pd/C (8 mg) and 200 proof ethanol (4 

mL). The reactors were sealed and the headspace was evacuated before being pressurized 

with 100 psi of H2. The reactions stirred overnight at room temperature. The reactors were 

carefully vented and the mixture was analyzed by GC-MS. 
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Figure 6.7. Representative GC-MS trace of a reaction mixture from the catalytic oxidative 
alkenylation of toluene with 1-pentene (reaction conditions shown in Figure 6.6) following 
hydrogenation according to the above procedure. 
 

Pentenyltoluene Isolation Procedure. Following catalysis, the reactor was cooled to 

room temperature. The reaction mixture was diluted with ~40 mL of EtOAc, 10 mL of 10% 

aqueous NaOH solution and 50 mL DI H2O. The layers were separated and the aqueous 

layer was extracted with 3 × 40 mL of EtOAc. The organic layers were combined. The 

organic layer was washed with DI H2O (3 × 40 mL), dried over MgSO4 and filtered. The 

filtrate was concentrated in vacuo and then purified by column chromatography using silica 

as the solid phase and cyclohexane/EtOAc as the eluent. After concentrating in vacuo, the 

yellow product was then filtered through a plug of alumina, eluting with cyclohexane. The 

filtrate was concentrated in vacuo and then purified by column chromatography using a 

silica column and eluting with pentane. The product was concentrated in vacuo and 

characterized by GC-MS. 
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Figure 6.8. GC-MS trace of isolated pentenyltoluenes (reaction conditions described 
above).  
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ABSTRACT: Recent experiments report high yield (up to 40%) and selectivity (generally > 85%) for the direct 
partial oxidation of methane to methyl trifluoroacetate in trifluoroacetic acid solvent using hypervalent iodine as 
the oxidant and in the presence of substoichiometric amounts of chloride anion. We develop here the reaction 
mechanism for these results based on DFT calculations at the M06-2X/6-311G**++/aug-pVTZ-PP level of 
plausible intermediates and transition states. We find a mechanistic process that explains both reactivity as well as 
selectivity of the system. In this oxy-esterification (OxE) system IO2Cl2

− and/or IOCl4
− act as key transient 

intermediates, leading to the generation of the high-energy radicals IO2· and Cl· that mediate methane C–H bond 
cleavage.  These studies suggest new experiments to validate the OxE mechanism. 

INTRODUCTION 
Natural gas is a naturally-occurring hydrocarbon 
mixture composed chiefly of methane that is generally 
found in the same places as petroleum.[1] However, 
methane is a gas with a very low boiling point of 
−161.5°C, making it difficult to liquefy, and 
consequently expensive to store and transport.[2] 
Because natural gas sells for a much lower price than 
petroleum on the world market, it is often 
uneconomical to harvest.[3] And because it is also a 
potent greenhouse gas with 72 times the climate 
change potential of CO2, release into the atmosphere 
can have significantly deleterious environmental 
effects.[4] It has been estimated that 140 billion cubic 
meters of natural gas are flared annually.[5]  
Much effort has been expended towards partially 
oxidizing methane to methanol onsite.[6] As a liquid 
under standard conditions and a common chemical 
feedstock, methanol is both easier to store and 
transport, and also more valuable than methane.[7] A 
frequently used industrial process is called steam-
methane reformation (SMR). A mixture of methane 
and steam is passed through a nickel catalyst at high 
temperatures and pressures to form synthesis gas (CO 
and H2), which is then recombined in a second 
catalytic process to form methanol. Unfortunately, this 
process is both highly energy and capital intensive, 
and it is generally not feasible to be located near 
remote extraction sites.[8] Another strategy for 
methane functionalization is methane 

oxychlorination, which involves the catalyzed 
reaction of methane with HCl and O2 to form methyl 
chloride and water. The products can further react to 
produce methanol and regenerate HCl.[9] 
Unfortunately, this process produces a large amount 
of over-oxidized byproducts such as methylene 
chloride, chloroform, and carbon tetrachloride. In fact, 
a common limitation of radical based mechanisms 
such as oxychlorination is the fact that the C–H bond 
of methane, 104 kcal/mol, is stronger than that of 
methanol (96 kcal/mol) or methyl chloride (100 
kcal/mol), leading to abundant over-oxidized side 
products.[10] 
In the 1960s, Shilov and coworkers discovered that 
platinum salts in aqueous HCl solution could activate 
methane under mild conditions, producing methyl 
chloride (and consequently methanol by hydrolysis) 
through an electrophilic two-electron C–H activation 
mechanism.[11] In the ensuing decades, much work has 
been done to improve catalyst stability, find less 
expensive alternatives to platinum, and replace Pt(IV) 
with dioxygen as the stoichiometric terminal 
oxidant.[12] One of the most promising developments 
is the Catalytica process developed by Periana and 
coworkers, in which methane in oleum solution 
(H2SO4/SO3) is oxidized to methyl bisulfate via 
diverse late-transition metals such as Pt, Pd, Hg, and 
Au.[13] In all of these cases, the reaction is selective for 
methyl bisulfate production, often with negligible 
over-oxidation. This has been attributed to the 
presence of the electron withdrawing group –OSO3H 
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which serves as a protecting group, removing electron 
density from the methyl C–H bond and slowing over-
oxidation by electrophilic catalysts.[14] Currently, the 
chief drawback of the Catalytica family of methane 
oxidation systems is the use of superacidic media such 
as oleum, which must be constantly replenished due to 
H2O being produced by the reaction, rendering cost-
effective product extraction very difficult. 
Our work on the partial oxidation of methane has 
focused on the search for processes efficient under less 
acidic environments, in particular trifluoroacetic acid 
(TFAH).[15] For instance, we have characterized a 
number of rhodium complexes with C–H activation 
ability in TFAH.[16] Recently, we have reported the 
ability of hypervalent iodine complexes to oxidize 
light alkanes (methane, ethane and propane) under 
mild conditions. Hypervalent iodine complexes were 
reported to activate C–H bonds in an electrophilic 2-
electron oxidation.[17] Since then, we have also seen 
that simple iodate and other iodine oxide salts oxidize 
methane and other light alkanes in the presence of 
catalytic amounts of chloride anion.[18] In addition to 
2-election pathways, our work on the hypervalent 
iodine oxide reactions indicate that 1-electron radical 
pathways should be explored. 
In this contribution, we use density functional theory 
(DFT) to determine the mechanism for the oxidation 
of methane to methyl trifluoroacetate in TFAH 
solution using hypervalent iodine oxide as the oxidant. 
Our results explain current observations for a range of 
iodine based oxidants. In particular, we provide a 
comprehensive characterization of the mechanism of 
iodate oxidation, and suggest how it may be extended 
to other iodine sources. In addition, our calculations 
are valid for TFAH and predict non-reactivity in acetic 
acid. We also present our experimental work 
conducted in parallel to our calculations that accounts 
for reactivity in acetic acid and supports our calculated 
results.  

MATERIALS AND METHODS 
General calculations 

All quantum mechanical calculations were carried out 
using the Jaguar software version 8.4 developed by 
Schrödinger Inc.[19] Geometry optimizations were 
carried out on initial guess structures, and vibrational 
frequencies were calculated to confirm the optimized 
geometries as intermediates (no negative curvatures) 
or transition states (one negative curvature) and to 
calculate the zero-point energy, entropy, and 
temperature corrections to obtain the free energy 
profile. Calculations were performed using the M06-
2X density functional[20] with the Grimme post-SCF 
D3 correction for van der Waals interactions.[21] The 
double-ζ 6-31G** basis set[22] was used for all 
elements except bromine and iodine (which used the 
Peterson pseudopotential along with a diffuse-

augmented correlation-consistent triple-ζ basis set 
without f functions, i.e. aug-cc-PVTZ-PP(-f)[23]) for 
geometry optimization and frequency calculations. All 
calculations were performed using a temperature set 
to 498.15 K.  A comparison of relevant calculated and 
experimental reaction enthalpies is given in Table S4. 

Construction of the solvation energy 

Solvation energies ΔEsolv were calculated using the 
PBF Poisson-Boltzmann implicit continuum solvation 
model[24] using the triple-ζ 6-311G**++ basis set[25] 
for all elements except bromine and iodine, which 
used the aug-cc-PVTZ-PP basis set with Peterson 
pseudopotential and f functions.[23] This model treats 
any arbitrary solvent with two parameters: its 
dielectric constant ε and its probe radius r. The probe 
radius is calculated according to the formula !	 =
	 $%&' ()*+,
$ , where r is the probe radius in Å, 

MW is the molecular weight, NA is Avogadro’s 
number, ρ is the density, and Δ is the liquid packing 
density and estimated at 0.5 (for comparison, Δ = 0.74 
for FCC and HCP crystals).[26] Solvent energies were 
calculated using a dielectric constant of 8.55 for 
TFAH.[27] Using the above formula, the probe radius 
was thereby set to 2.451 Å. 

Construction of the free energy 

The state energies for each species in the gas phase 
were calculated using the formulae Ugas = Egas + ZPE 
+ Ulib, Hgas = Ugas + pV, and Ggas = Hgas – TS, where Ulib 
is the total contribution of temperature-dependent 
librational (translational, rotational, and vibrational) 
effects to the internal energy. For each species in the 
solution phase, the free energy was calculated as Gsol 
= Ggas + ΔEsolv + ΔGgas→solv, where ΔEsolv is the 
solvation energy as described above and ΔGgas→solv = 
kTln(24.5) represents the free energy change of 
compressing 1 mol of an ideal gas (volume 24.5 L at 
25°C) to 1 L (for 1 M standard concentration). In the 
specific case of individual atoms or ions such as Br· 
or Cl–, ZPE = 0 and Htot = 5/2kT, and S is taken from 
Chase.[28] 

Experimental methods 

All reactions were prepared in air. Glacial acetic acid 
(HOAc), acetic acid-d4, methyl acetate (MeOAc), 
ammonium iodate (NH4IO3), and potassium chloride 
(KCl) were purchased from commercial sources and 
used as received. Methane and argon were purchased 
from GTS-Welco and used as received. 1H NMR 
spectra were recorded on a Varian Inova 500 MHz 
NMR spectrometer, using neat samples each with 
C6D6 in a sealed capillary as an internal lock reference. 
Chemical shifts are reported relative to standards of 
nitromethane (CH3NO2) (1H NMR δ 4.30). GC-MS 
data were obtained on a Shimadzu GC-2010 
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instrument equipped with a Restek RT-Qbond 30 m × 
8 mm fused silica PLOT column. Reactions were 
carried out in in-house-built high-pressure stainless 
steel VCO reactors using Swagelok parts. Each reactor 
had a Teflon liner and stir bar and was heated in an 
aluminum block. 

RESULTS 

The ability of simple iodate salts to oxidize methane 
was reported by Fortman et al.[18a] A wide variety of 
iodine containing species were investigated in that 
contribution, and the chemistry was subsequently 
extended to simple periodate salts in a follow-up 
contribution.[18b] Table 1 is a summary of the reactions 
methane undergoes in TFAH, when various iodine 
oxidants and other additives are added.  

Table 1. Summary of experimentally determined 
methane oxidation reactions in TFAH with various 
iodine oxidants and other additives.a 

Entry Species Additive Yield MeTFA; 
MeX 

1 I2 − − 

2 I2 KCl − 

3 I2 NH4IO3 2% 

4 ICl − − 

5 ICl3 − 5%; 43% MeCl 

6 I(TFA)3 − 7% 

7 I(TFA)3 KCl 43% 

8 NH4IO3 KCl 21%; <1% 
MeCl 

9 (IO2)2S2O7 − <1% 

10 (IO2)2S2O7 KCl 48% 

11 I2O4 − 2%; 15% MeI 

12 I2O4 KCl 30%; 17% MeI 

13 (IO)2SO4 − 5.3% 

14 (IO)2SO4 KCl 31% 

15 KIO4 KCl 41%; 1% MeCl 

aYields for all entries except for 8 and 15 are reported 
relative to the amount of iodine source, which was 0.4 
mmol. Yields for entries 8 (NH4IO3) and 15 (KIO4) are 
relative to methane (8.4 mmol for NH4IO3 and 2.9 
mmol for KIO4). The experiment with KIO4 (entry 15) 
was performed at 200 °C, whereas all other 
experiments were performed at 180 °C. 

In the following sections, we will address the 
individual observations in each entry of Table 1. 

Entries 1-2. The lack of reaction with elemental 
iodine is of little surprise, as iodine radicals are 
generally thought of as being too weak to break the C–
H bonds of methane. This is confirmed by our 
calculations (equations 1-3). From equation 2, we see 
that abstracting a hydrogen atom from methane by an 
iodine radical is endergonic by 25.8 kcal/mol. More 
importantly, by combining equations 2 and 3 we see 
that conversion of methane and iodine to methyl 
iodide and hydrogen iodide is both endothermic and 
endergonic. 

I.
					
2I ∙ ΔHa = 36.5;  

ΔG = 32.2 
(1) 

I ∙ +CH4
					
HI

+ CH5 ∙ 
ΔHa = 31.7;  
ΔG = 25.8 

(2) 

CH5 ∙ +I.
					
CH5I

+ I ∙ 
ΔHa = −19.0;  
ΔG = −16.9 

(3) 

aValues based on experimental BDEs.[29] All numbers in 
kcal/mol. 

Entry 3. Although I2 and KIO3 have been reported to 
oxidize methane in oleum,[30] the same reaction was 
not observed in the more weakly acidic TFAH. The 
oleum reaction is proposed to involve I+ as a reactive 
intermediate, but we find that this species is too 
unstable to be accessible in TFAH (equation 4). TFAI 
may be seen as a lower-energy analogue (equation 5); 
however, the O–I bond dissociation energy is still too 
high (equation 6). 

 

I. + TFAH
					
I9 + HI

+ TFA: 
ΔH = 97.4; 
ΔG = 86.2 

(4) 

I. + TFAH
					
HI

+ TFAI 
ΔH = 38.8;  
ΔG = 38.7 

(5) 

TFAI
					
TFA ∙ +I ∙ ΔH = 52.1;  

ΔG = 39.5 
(6) 

Entry 4. ICl has a BDE of 51 kcal/mol, and breaking 
the bond is too endergonic to occur to any significant 
extent under reaction conditions (equation 7). 
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However, if we assume that it could break into 
chlorine and iodine radicals, we see from equation 8 
that the chlorine radicals are able to break the C–H 
bonds of methane. The resulting methyl radicals 
would react with additional ICl to form iodine radicals 
(equation 9), which may be able to regenerate 
additional chlorine radicals (equations 10). Hence our 
DFT shows that ICl cannot initiate methane oxidation, 
although it may be able to sustain a reaction that has 
already been initiated by a different radical source. 

ICl
					
I ∙ +Cl ∙ ΔHa = 51;  

ΔG = 45.1 
(7) 

Cl ∙ +CH4
					
HCl

+ CH5 ∙ 
ΔHa = −0.2;  
ΔG = −5.6 

(8) 

CH5 ∙ +ICl
					
CH5Cl

+ I ∙ 
ΔHa = −30.0;  
ΔG = −29.5 

(9) 

I ∙ +ICl
					
I. + Cl ∙ 

ΔHa = 14.5;  
ΔG = 12.9 

(10) 

aValues based on experimental BDEs.[29] All numbers in 
kcal/mol. 

Entry 5. ICl3 actually exists in the solid form as the 
dimer I2Cl6,[31] although under reaction conditions it is 
monomeric (equation 11). It is known to be a powerful 
oxidizer and chlorine source. In our mechanism, ICl3 
generates chlorine atoms (equation 12), which abstract 
the hydrogen from methane to generate methyl 
radicals. The methyl radical abstracts chlorine from 
another equivalent of ICl3 to generate the product, 
methyl chloride (equation 13). Finally, radical 
propagation is achieved through the decomposition of 
ICl2·, which generates additional chlorine radicals 
(equation 14). 

I.Cl<
					
2ICl5 ΔH = 6.1; ΔG = 

−0.6 
(11) 

ICl5
					
ICl. ∙ +Cl ∙ 

ΔH = 41.0; ΔG = 
28.3 

(12) 

Cl ∙ +CH4
					
HCl

+ CH5 ∙ 
ΔHa = −0.2; ΔG = 
−5.6 

(8) 

CH5 ∙ +ICl5
					
CH5Cl

+ ICl. ∙ 
ΔH = −46.9; ΔG = 
−46.3 

(13) 

ICl. ∙
					
ICl + Cl ∙ ΔH = 25.7; ΔG = 

17.9 
(14) 

aValues based on experimental BDEs.[29] All numbers in 
kcal/mol. 

This is our first entry in which methane is oxidized to 
a significant extent, although the main product is 
methyl chloride. Equations 11 and 12 show that 
dissociation to the monomer ICl3 is favorable and I–
Cl bond homolysis is accessible. According to 
experimental observations,[18a] methyl chloride does 
not convert to methyl trifluoroacetate under reaction 
conditions. However, methyl iodide is rapidly 
converted via SN2 attack to methyl trifluoroacetate, 
even at room temperature, but only under basic 
conditions such as for the NH4IO3/KCl case (entry 8) 
or the KIO4/KCl case (entry 17). 

Entries 6-7. In 2014, Konnick et al. reported the 
ability of the hypervalent I(III) compound 
(C6F5)I(TFA)2 to oxidize methane to MeTFA in 
TFAH solution.[32] Their mechanism, supported by 
DFT calculations, involved the electrophilic 2-
electron activation of methane to form an 
organoiodine(III) intermediate, which is then attacked 
via SN2 to form MeTFA. However, our calculations 
which examine I(TFA)3 instead find that the 
analogous closed-shell transition state is too high in 
energy (Scheme 1). Hence, we believe an alternative 
mechanism is needed to explain the reactivity in 
entries 6 and 7. 

Scheme 1. Closed shell mechanism of methane 
oxidation by I(TFA)3. 

 

Instead, we propose a radical mechanism initiated by 
the homolysis of an I–TFA bond (Scheme 2). Both 
radical fragments TFA· and I(TFA)2· can then either 
activate methane (red) or decompose (blue). Finally, 
the methyl radical can react with another equivalent of 
I(TFA)3 to form the product MeTFA and propagate 
the reaction (equation 15).  

Scheme 2. Open shell mechanism of methane 
activation by I(TFA)3

a. 

 
aMethane activation in red; decomposition in blue. bValues 
based on experimental BDEs.[29] All numbers in kcal/mol. 

CH5 ∙ +I(TFA)5					
CH5TFA + ITFA. ∙ 

ΔH = −52.9;  
ΔG = −54.8 

(15) 
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From a close examination of Scheme 2, we see that a 
number of decomposition pathways may affect the 
yield of CH3· radical generation, hence explaining the 
low yield observed for entry 6. Our case is bolstered 
by the experimental observation of fluoroform 
formation as a side product as reported by Konnick et 
al.,[32] indicating that their hypervalent iodine reaction 
may have a radical component as well. Also, evidence 
of radical CF3

 formation is found for the conversion of 
methane and iodate/chloride in TFAH.[18] 

In comparing entries 6 to 7, we see that the addition of 
chloride greatly improves yield from 7% to 43%. We 
first consider the possibility of I(TFA)3 and Cl− 
forming adducts (equations 16-18), and we see that 
substitution of TFA by Cl is favorable for all three 
reactions. However, we consider that only the 
formation of I(TFA)2Cl is feasible since only 
substoichiometric amounts of KCl are added. 

I(TFA)5 + Cl
:

					
I(TFA).Cl + TFA

: 
ΔH = −6.5; ΔG = 
−14.5 

(16) 

I(TFA).Cl + Cl
:

					
I(TFA)Cl. + TFA

: 
ΔH = −2.9; ΔG = 
−11.2 

(17) 

I(TFA)Cl. + Cl
:

					
ICl5 + TFA

: 
ΔH = −6.8; ΔG = 
−12.2 

(18) 

From I(TFA)2Cl, we may expect thermal homolysis to 
break either the I–TFA (equation 19) or I–Cl (equation 
20) bond. Either way, radicals are formed that can 
activate methane as in Scheme 2. 

I TFA .Cl 					
I TFA Cl ∙ +TFA ∙ 

ΔH = 48.8;  
ΔG = 27.7 

(19) 

I TFA .Cl
					

 
I(TFA). ∙ +Cl ∙ 

ΔH = 47.8;  
ΔG = 34.8 

(20) 

The resulting methyl radicals can react with additional 
I(TFA)2Cl to form MeTFA (equation 21) in preference 
to MeCl (equation 22), which provides an explanation 
for why only MeTFA is observed as an oxidized 
product. 

CH5 ∙ +I TFA .Cl					
CH5TFA

+ I TFA Cl ∙ 

ΔH = −52.8;  
ΔG = −55.1 

(21) 

CH5 ∙ +I TFA .Cl					
CH5Cl + I TFA . ∙ 

ΔH = −40.0;  
ΔG = −39.8 

(22) 

Non-radical paths for CH4 activation using potential 
I(III) intermediates were sought, but no thermally 
accessible transition states were found (see Supporting 
Information, Scheme S1).  

Entry 8. The reaction of methane and iodate salts in 
the presence of catalytic amounts of chloride is the 
chief focus of the report by Fortman et al.[18a] and may 
be considered the “canonical” hypervalent iodine 
oxidation reaction. Hence, we devote the bulk of our 
analysis to this reaction and its variations. 

We begin by noting that while iodate is quite basic in 
TFAH solution under reaction conditions (equation 
23) and thus protonated to HIO3, chloride, iodide, and 
water are all weak bases (equations 24-26, 
respectively) and remain unprotonated.  

IO5
: + TFAH

					
HIO5

+ TFA: 
ΔH = 0.3;  
ΔG = −2.4 

(23) 

Cl: + TFAH
					
HCl

+ TFA: 
ΔH = 10.6;  
ΔG = 6.9 

(24) 

I: + TFAH
					
HI

+ TFA: 
ΔH = 19.3;  
ΔG = 15.1 

(25) 

H.O + TFAH
					
H5O

9

+ TFA: 
ΔH = 26.4;  
ΔG = 25.2 

(26) 

Furthermore, we note that if elemental iodine is in the 
system (as it is the eventual fate of iodate in the 
reaction[18]), it can complex to chloride and iodide 
(equations 27-28, respectively). This would further 
decrease the thermodynamic activity of these halides 
and thus make their protonation even less likely. 

Cl: + I.
					
I.Cl

: ΔH = −10.9;  
ΔG = −3.4 

(27) 

I: + I.
					
I5
: ΔH = −9.4;  

ΔG = −2.9 
(28) 

Having established that iodate is initially protonated 
to HIO3, we wish to ascertain if the TFAH 
environment may result in TFA/aqua/chloro adducts 
being formed. In order to approach this rigorously, we 
begin by noting that HIO3 is an I(V) complex with 
only oxo and hydroxo ligands. In water, an oxo ligand 
can interconvert with two hydroxo ligands. In TFAH, 
an oxo can interconvert with two TFA ligands. And in 
the presence of a chloride salt, hydroxo and TFA 
ligands may interconvert with chloro ligands. Thus, 
we would expect HIO3 in wet TFAH with chloride to 
exist as a multitude of iodine complexes with a 
combination of oxo, hydroxo, chloro, and TFA 
substituents such that the overall oxidation state of the 
iodine is +5. 

A complete accounting of I(V) species in TFAH/H2O 
with optional chloro ligands, along with their relative 
energies, is given in Table S1. From this table, we can 
extract the lowest energy I(V) species containing at 
least one I–Cl bond (Scheme S2). By calculating the 
difference in energy between each species and the 
corresponding species with the I–Cl bond broken, we 
can find the BDEs and free energies for homolytically 
cleaving each I–Cl bond (see Supporting Information, 
Scheme S2, in red). These values are in excellent 
agreement with the previous coupled-cluster work by 
Dixon and coworkers.[33] However, we did not find a 
species with a readily homolyzible bond. The lowest 
energy species are IO2Cl2

– and IOCl4
–, but breaking 

the I–Cl bond of these species is endergonic by 44.1 
and 37.7 kcal/mol, respectively, which is too 
unfavorable to be considered as contributing 
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processes. By contrast, the species IOCl3 and ICl5 can 
have their I−Cl bonds broken at a free energy cost of 
23.8 and 17.1 kcal/mol, respectively, but they are 
significantly less stable than IO2Cl2

− (Grel of 10.3 and 
20.1 compared to −6.5 for IO2Cl2

−) and hence not 
likely to be present in solution. 

In considering how the reaction might proceed, we 
decided to investigate more closely the role of 
elemental iodine. We have observed experimentally 
that elemental iodine is formed as a final product in 
our reaction.[18a] Elemental iodine is well known to be 
a radical inhibitor, due to the relative inertness (as far 
as radicals go) of I·.[34] Hence, we decided to add the 
assumption that the system at steady state would 
include a significant concentration of I·, either 
produced from 1), the reaction of other radicals with 
I2, or 2), the autolysis of I2 itself, which according to 
equation 1 is endergonic by a relatively accessible 
32.2 kcal/mol. A steady state approximation for the 
reaction kinetics should also affect our calculation for 
the overall reaction barrier, given later in this section. 

We thus look at the reaction of several I(V) species 
with I· (Figure S1), and we are gratified to find that 
the abstraction of Cl is generally facile. In particular, 
we see that our low energy anionic species IO2Cl2

− and 
IOCl4

− also have the lowest barriers for reacting with 
I·, generating ICl and IO2Cl− (which spontaneously 
decomposes to IO2· and Cl−) or IOCl3

−, respectively 
(equations 29-30).  

I ∙ +IO.Cl.
:
					
ICl

+ IO.Cl
: ∙ 

IO.Cl
: ∙

					
IO. ∙ +Cl

: 

ΔG‡ = 4.5;  
ΔG = 0.6 

(29) 

I ∙ +IOCl4
:
					
ICl

+ IOCl5
: ∙ 

ΔG‡ = 8.3;  
ΔG = –7.4 

(30) 

Both ICl and IOCl3
− can generate Cl radicals: ICl 

through reaction with I·, and IOCl3
− through auto-

dissociation (equations 31-32). 

I ∙ +ICl
					
I. + Cl ∙ 

ΔHa = 14.5;  
ΔG = 12.9 

(10) 

IOCl5
: ∙

					
 

IOCl.
: + Cl ∙ 

ΔH = 26.6;  
ΔG = 17.7 

(31) 

aValues based on experimental BDEs.[29] All numbers in 
kcal/mol. 

Both IO2· and Cl· radicals are able to initiate hydrogen 
abstraction from methane (equations 32 and 8, 
respectively). The HCl produced by equation 8 is then 
deprotonated and absorbed by I2 (equations 24 and 
27), while the HIO2 produced by equation 32 
disproportionates to HIO3 and HOI (equation 33), 
which can then convert to additional ICl (equation 34). 
A more detailed treatment of HIO2 and other I(III) 
species can be found below in the section for entries 
11-14. 

IO. ∙ +CH4
					
HIO. + CH5 ∙ 

ΔH = 14.3;  
ΔG = 10.3 

(32) 

Cl ∙ +CH4
					
HCl + CH5 ∙ 

ΔHa = −0.2; 
ΔG = −5.6 

(8) 

2HIO.
					
HIO + HIO5 ΔH = −21.6; 

ΔG = −21.3 
(33) 

HIO + I.Cl
: + TFAH

					
 

ICl + I. + H.O + TFA
: 

ΔH = 0.4; 
ΔG = −10.2 

(34) 

aValues based on experimental BDEs.[29] All numbers in 
kcal/mol. 

Due to the presence of elemental iodine in the 
reaction, the methyl radicals produced will most likely 
react with I2 to produce CH3I (equation 35), which is 
converted to the product CH3TFA under reaction 
conditions (equation 36). Finally, the iodine radicals 
can recombine to form additional I2 (equation 37), and 
the iodide produced in equation 36 can 
comproportionate with HIO to produce additional 
elemental iodine (equation 38). 

CH5 ∙ +I.
					
CH5I

+ I ∙ 
ΔHa = −19.0; 
ΔG = 16.9 

(35) 

CH5I + TFA
:

					
CH5TFA + I

: 
ΔH = −9.4;  
ΔG = −2.9 

(36) 

2I ∙
					
I. ΔHa = −36.5;  

ΔG = −32.2 
(37) 

I: + HIO

+ TFAH
					
I.

+ H.O + TFA
: 

ΔH = −21.0;  
ΔG = −23.7 

(38) 

aValues based on experimental BDEs.[29] All numbers in 
kcal/mol. 

Scheme 3 shows the synthesis of the above equations 
into a full mechanism for the conversion of methane 
to methyl trifluoroacetate for the iodate-based OxE 
process. The mechanism proceeds through typical 
phases of initiation, propagation, and termination. 
During initiation, the lowest energy I(V)−Cl species 
are formed, and I· radical is generated. Propagation 
begins with the I· radical reacting with the I(V) species 
to create the more reactive radicals IO2· and Cl· 
(reactive radical activation). The radicals IO2· and Cl· 
then abstract hydrogen atoms from methane, which 
rebounds on elemental iodine to form methyl iodide 
and regenerate I· (methane activation and iodine 
radical regeneration). Finally, methyl iodide can 
undergo SN2 attack by TFA− to produce the methyl 
TFA product, and the iodide and HIO2 can 
disproportionate and comproportionate to form 
additional iodate and elemental iodine (iodate 
regeneration). 

In order to estimate the overall kinetic barrier for 
Scheme 3, we consider a steady-state approximation 
for [I·], using the method in Carey and Sundberg’s 
Advanced Organic Chemistry page 683.[35] We 
approximate that the rate of formation and destruction 
of I· to be equal, i.e. @A I. = @:A I ∙

., where @A I.  
is the rate of initiation (equation 1) and @:A I ∙ . the 



 

 

234 

rate of termination. Then, I ∙ = @A/@:A[I.]
A/.. We 

can also say that the rate of the reaction is the rate of a 
propagation step, for example equation 29: rate =
@.I I ∙ IO.Cl.

: = @.I @A/@:A[I.]
A/. IO.Cl.

: . 
Hence, the rate constant is @ = @.I @A/@:A. Using 

the Eyring-Polanyi equation @ = JKL

M
exp	(−

∆R‡

TL
),[36] 

we see that overall activation barrier is then ∆U‡ =

−VWln
M

JKL
@.I @A/@:A = ∆U.I

‡
−

A

.
VWln @A/

@:A = ∆U.I
‡
+

A

.
∆UA

‡
−

A

.
∆U:A

‡ . If we assume that the 
dissociation and reformation of I2 has minimal barrier, 
we can approximate ∆UA

‡
≈ ∆UA and ∆U:A

‡
≈ 0. Since 

we have calculated ∆U.I
‡  as 4.5 kcal/mol (Scheme 3) 

and ∆UA as 32.2 kcal/mol (equation 1), we estimate the 
effective barrier to be about 20.6 kcal/mol. 

Scheme 3. Overall summary of the mechanism for the iodate-based OxE process for methane oxidation. All 
numbers in kcal/mol. *Values based on experimental BDEs.[29] 

 

Equation 39 shows the overall reaction of the 
iodate/chloride oxidation. 

2HIO5 + 5CH4
+ 5TFAH

					
I. + 6H.O

+ 5CH5TFA 

ΔH = −234.1;  
ΔG = −228.3 

(39) 

Entry 8, acetic acid variation. Previously, we 
showed that the reaction of methane and 
iodate/chloride in acetic acid produces methyl acetate 
(MeOAc).[18a] However, on further evaluation, it was 
found that MeOAc formed under these conditions is 
the result of the reaction with acetic acid only and that 
the majority of the MeOAc is not derived from 
methane oxidation. Control reactions in the absence of 
methane gave statistically identical MeOAc yields as 
reactions that include methane, approximately 30% 
yield with respect to oxidant using 0.67 mmol KCl and 
7.7 mmol of NH4IO3 in acetic acid. Furthermore, GC-

MS analysis of the reaction of perprotio-methane in 
acetic acid-d4 indicated that the fully deuterated 
derivative CD3CO2CD3 accounts for > 90% of methyl 
acetate production, while the product that would arise 
from methane functionalization, CD3CO2CH3, 
accounts for < 2% of the methyl acetate product.  

Using DFT, it is readily apparent that the same 
mechanism proposed for the iodate-based OxE 
process in TFAH when translated to acetic acid 
solvent will not work. The biggest difference between 
acetic acid and TFAH is the much milder acidity of 
acetic acid. In equation 23, we see that iodate is quite 
basic in TFAH and is expected to be fully protonated. 
However, by comparison we can see from equation 40 
that iodate is a weak base in HOAc and is expected to 
remain in the anionic form. Chloride is expected to 
remain anionic in both cases (equations 24 and 41); 
however, in HOAc it is not expected to be absorbed by 
elemental iodine (compare equation 42 to 27). 

Initiation:

HIO3 + 2I2Cl- + TFAH IO2Cl2- + 2I2 + H2O + TFA- ΔH = 3.0, ΔG = -6.5 I2 2I ΔH = 36.5*, ΔG = 32.2

Propagation:

I  + IO2Cl2- I
O O

ClClI ICl + Cl- + IO2
ΔH  = -2.0, ΔG  = 4.5
ΔH = 12.5, ΔG = 0.6

I  + I
Cl
Cl Cl

Cl

O

I

I
Cl
Cl Cl

Cl

O

ICl +

Reactive radical activation

Cl
I

ClO

Cl
ΔH  = -0.7, ΔG  = 8.3
ΔH = -2.1, ΔG = -7.4

I  + ICl I I Cl I2 + Cl1 2 ΔH1 = -9.6, ΔG1 = -0.8
ΔH2 = 22.3, ΔG2 = 13.7
ΔH = 14.5*, ΔG = 12.9

Methane activation

IO2  + CH4 H3C H O
I O

CH3  + HIO2 ΔH = 14.3*, ΔG = 10.3 Cl  + CH4 H3C H Cl CH3  + HCl ΔH = -0.2*, ΔG = -5.6

Cl
I

ClO

Cl
Cl  +

Cl I Cl

O
ΔH = 26.6, ΔG = 17.7

Iodine radical and iodate regeneration

CH3  + I2 H3C I I CH3I + I ΔH = -19.0, ΔG = -16.9 2HIO2 HOI + HIO3 ΔH = -21.6, ΔG = -21.3

HOI + I- + TFAH I2 + H2O + TFA- ΔH = -21.0, ΔG = -23.7

Termination and product formation

2I ΔH = -36.5*, ΔG = -32.2I2 CH3I + TFA- CH3TFA + I- ΔH = -9.4, ΔG = -2.9

HIO3 + 4I2Cl- + 3TFAH IOCl4- + 4I2 + 2H2O + 3TFA- ΔH = 14.2, ΔG = -6.1

HOI + I2Cl- + TFAH ICl + I2 + H2O + TFA- ΔH = 0.4, ΔG = -10.2
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IO5
: + HOAc

					
HIO5

+ OAc: 
ΔH = 17.0;  
ΔG = 13.7 

(40)a 

Cl: + HOAc
					
HCl

+ OAc: 
ΔH = 32.3;  
ΔG = 27.9 

(41)a 

Cl: + I.
					
I.Cl

: ΔH = −6.2;  
ΔG = 1.3 

(42)a 

aValues calculated for HOAc solution All numbers in 
kcal/mol. 

The calculated energies of various I(V)−Cl species 
compared to this new IO3

−/Cl− baseline reveal that 
they are much higher in energy (Figure S2). We are 
simply unable to form the same quantities of the 
I(V)−Cl intermediates necessary to generate high 
energy radicals. We also note that the H−O bond in 
acetic acid is much weaker (BDE 112 kcal/mol) than 
that in TFAH (124.5 kcal/mol); hence, radicals that are 
generated are much more likely to react with the acetic 
acid solvent, abstracting H atoms to form species such 
as ·CH2CO2H and CH3CO2·, which may decompose 
to liberate CO2 and form other radicals such as CH3· 
that ultimately become MeOAc. 

Entries 9-10. The mechanism for IO3
− and Cl− as 

described for entry 8 can easily hold if the iodate 
source is replaced by (IO2)2S2O7. We would expect 
any water in the system to hydrolyze (IO2)2S2O7 to 
HIO3 and H2SO4 (equations 43-44). Hence, it is 
expected the same mechanism with improved yield 
due perhaps to the improved acidity of the system.  

(IO.).S.O_ + 2H.O					
2HIO5 + H.S.O_ 

ΔH = −59.1;  
ΔG = −65.6 

(43) 

H.S.O_ + H.O					
2H.SO4 

ΔH = −26.8;  
ΔG = −32.2 

(44) 

Note that HS2O7
− and HSO4

−, like Cl− and I−, are weak 
bases in TFAH, but S2O7

2− and SO4
2− are favorable in 

reacting with TFAH and are thus protonated 
(equations 45-48). 

HS.O_
: + TFAH

					
H.S.O_ + TFA

: 
ΔH = 16.0;  
ΔG = 16.9 

(45) 

S.O_
.: + TFAH

					
HS.O_

: + TFA: 
ΔH = −4.6; 
ΔG = −3.9 

(46) 

HSO4
: + TFAH

					
H.SO4 + TFA

: 
ΔH = 3.3; 
ΔG = 3.3 

(47) 

SO4
.: + TFAH

					
HSO4

: + TFA: 
ΔH = −24.0; 
ΔG = −26.8 

(48) 

Also note that H3O+ is a weak acid in TFAH (equation 
49), and since the reaction generates H2O as a 
byproduct, we would expect H3O+ and not TFAH2

+ to 
be the active Brønsted acid in acidic wet TFAH 
solution. Although H2S2O7, H2SO4, HCl, and HI are all 
considered strong acids in aqueous solution, due to the 
much lower dielectric constant of TFAH, none of 
them are likely to protonate H2O in TFAH solution 
(equations 50-53). 

H5O
9 + TFAH

					
H.O + TFAH.

9 
ΔH = 20.3;  
ΔG = 21.5 

(49) 

H.S.O_ + H.O					
HS.O_

: + H5O
9 

ΔH = 10.3;  
ΔG = 8.3 

(50) 

H.SO4 + H.O					
HSO4

: + H5O
9 

ΔH = 23.1;  
ΔG = 21.9 

(51) 

HCl + H.O
					
Cl:

+ H5O
9 

ΔH = 15.7; 
ΔG = 18.2 

(52) 

HI + H.O
					
I:

+ H5O
9 

ΔH = 7.1; 
ΔG = 10.0 

(53) 

We also note that with the conversion of (IO2)2S2O7 to 
HIO3 and H2SO4, the system is still not acidic enough 
to remove chloride from its sequestration by elemental 
iodine (equations 54-55).   

H.S.O_ + I.Cl
:

					
HS.O_

: + I. + HCl 
ΔH = 5.5; 
ΔG = −6.6 

(54) 

H.SO4 + I.Cl
:
					
HSO4

:

+ I.
+ HCl 

ΔH = 18.3; 
ΔG = 7.0 

(55) 

Although in basic solution the energies of I(V) species 
can be referenced to the species HIO3, I2Cl−, I2, H2O, 
TFAH, and TFA−, in acidic solution they should be 
referenced to the species HIO3, I2Cl−, I2, H2O, TFAH, 
H2SO4, and HSO4

−. The columns in Table S1 that are 
marked “acid” show the energies of the I(V) species 
recalculated to this new reference. As in the basic case 
of the IO3

−/Cl− system, the lowest energy species 
formed are still IO2Cl2

− and IOCl4
−, with the only 

difference being that IOCl4
− is now favored over 

IO2Cl2
−. Scheme S3 shows the new initiation steps for 

the methane oxidation in acidic condition (i.e., 
(IO2)2S2O7), whereas the propagation and termination 
steps remain the same as for Scheme 3. 

Entries 11-14. I2O4 and (IO)2SO4 can be analyzed as 
ionic species, consisting of a linear polymeric cationic 
(IO)n

n+ chain with either IO3
− or SO4

2− as the 
counterion.[37] The iodine atoms in (IO)n

n+ have a 
formal positive charge, and the counterions may be 
coordinated to them (strongly so in the solid and in 
low dielectric solvents; more weakly in high dielectric 
solvents such as ethanol and dimethylformamide).[37b] 
We see that the (IO)n

n+ chain itself must be active in 
effecting methane oxidation, since entry 14 shows that 
the reaction works with an inert sulfate counterion. In 
general, it is known that I(V) salts are more stable than 
I(III), and indeed, both I2O4 and (IO)2SO4 are known 
to disproportionate to HIO3 and I2 in hot water and 
sulfuric acid, respectively.[37a] We would thus expect 
HIO3 to be likely formed in hot TFAH as well. 

Our computational studies initially indicated that 
(IO)n

n+ chains in TFAH are unstable with respect to 
dissociation into I=O+ monomers (equation 56).[38] 
However, iodate or sulfate is the counterion, and both 
are very basic (equations 23 and 48), leading to the 
formation of TFA−, which can very favorably react 
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with IO+ to form TFA−I=O (equation 57). The 
TFA−I=O produced can further add a water or TFAH 
molecule across the I=O double bond (equations 58-
59), or polymerize (equations 60-61). Table S2 shows 
a comprehensive listing of all monomeric I(III) 
species that may be formed in TFAH solution. The 
lowest energy monomeric species is ICl3 in both basic 
and acidic systems. Since the polymerization of 
I(OH)TFA2 is approximately thermoneutral (equation 
61), and since ICl3 is significantly lower in energy 
than I(OH)TFA2 (equation 62), we can restrict our 
mechanistic considerations to monomeric I(III) 
species only.  

IO `
`9

					
IO9 + IO `:A

(`:A)9 
ΔH ~ −17 to 
−20; ΔG ~ 
−30 to −33 

(56) 
[38b] 

IO9 + TFA:
					
I O TFA ΔH = −39.1; 

ΔG = −25.3 
(57) 

I O TFA + H.O					
I OH .TFA 

ΔH = −24.4; 
ΔG = −9.2 

(58) 

I O TFA + TFAH
					
I(OH)TFA. 

ΔH = −24.8; 
ΔG = −6.1 

(59) 

H I O TFA `TFA
+ I O TFA
					
H I O TFA `9ATFA 

ΔH ~ −29 to 
−24; ΔG ~ 
−8 to −4 

(60) 
[39] 

H I O TFA `TFA
+ I OH TFA.					
H I O TFA `9ATFA

+ TFAH 

ΔH ~ −4 to 
1; ΔG ~ −2 
to 2 

(61) 
[40] 

I OH TFA. + 3I.Cl
:

+ TFAH 
					
ICl5 + 3I. + H. + 3TFA

: 

ΔH = 26.6; 
ΔG = −15.5 

(62) 

We now see that the species involved here form the 
same collection of species in the reactions of entry 5 
(ICl3) and entry 7 (ITFA3/Cl−). As in the case of entry 
7, MeTFA and not MeCl is formed due to the catalytic 
amounts of Cl− preventing the build-up of ICl3 itself. 
We can also consider a disproportionation route to 
form I(V) that can enter that mechanistic route. In one 
such example, monomeric I(O)TFA favorably 
disproportionates to IO2TFA (equation 63), which can 
then convert to HIO3 (equation 64). The I(V) 
mechanism as for the iodate reaction (entry 8) then 
applies. The TFAI byproduct can convert to ICl 
(equation 65) and enter the I(V) mechanism from 
there.  

2I O TFA
					
IO.TFA

+ ITFA 
ΔH = −22.9; 
ΔG = −20.7 

(63) 

IO.TFA + H.O
					
HIO5

+ TFAH 
ΔH = −10.0; 
ΔG = −12.8 

(64) 

TFAI + I.Cl
:
					
ICl+I.
+ TFA: 

ΔH = 1.9; 
ΔG = −10.0 

(65) 

Entry 15. Periodate can actually refer to two different 
ions: metaperiodate (IO4

−) and the water adduct 
orthoperiodate (H4IO6

−).[37a] Whereas orthoperiodate 

is generally known to be the preferred species in 
aqueous solution, we wanted to ascertain if 
metaperiodate persists under our reaction conditions 
(potentially wet TFAH). Scheme S4 shows that both 
addition of water and protonation to IO4

− is 
unfavorable; hence, we can begin our analysis with the 
IO4

− species itself. 

In the presence of elemental iodine, 
comproportionation to iodate is favorable (equation 
66). In the absence of I2, chloride may serve as a 
reducing agent instead (equations 67-68).  

5IO4
: + I. + H.O					
5IO5

: + 2HIO5 
ΔH = −27.6;  
ΔG = −40.4 

(66) 

IO4
: + Cl:

					
IO5

:

+ ClO: 
ΔH = 24.0;  
ΔG = 18.5 

(67) 

ClO: + TFAH
					
HOCl

+ TFA: 
ΔH = −18.9;  
ΔG = −20.6 

(68) 

As shown in Scheme 3, in the presence of chloride the 
iodate can oxidize methane to CH3TFA and generate 
HIO2 (equation 32), which then disproportionates to 
regenerate HIO3 through several other iodine oxyacids 
(equations 33-34). The hypochlorous acid produced in 
equations 67-68 can react with these iodine oxyacids, 
aiding in the regeneration of HIO3 (equations 69-70). 

HOCl + HIO. + I. + TFA
:

					
I.Cl

:

+ HIO5
+ TFAH 

ΔH = −35.6; 
ΔG = −22.8 

(69) 

HOCl + ICl + H.O + 2I.
+ 2TFA: 

					
2I.Cl

: + HIO. + 2TFAH 

ΔH = −14.5; 
ΔG = 8.7 

(70) 

Because IO3
− is generated from IO4

− (equation 66), our 
mechanism for IO3

− (entry 8) should also be valid for 
IO4

−. However, since IO4
− can be expected to make a 

much richer set of chloro, TFA, oxo, and hydroxo 
complexes than IO3

−, we have only demonstrated the 
feasibility of one possible reaction pathway (IO4

− to 
methane oxidation via IO3

−) without discounting the 
possibility of other pathways. Equation 71 shows the 
overall reaction of the periodate/chloride oxidation, 
which is even more downhill than iodate/chloride 
oxidation (compare to equation 39). 

2HIO4 + 7CH4
+ 7TFAH

					
I.

+ 8H.O + 7CH5TFA 

ΔH = −374.4;  
ΔG = −372.5 

(71) 

DISCUSSION 

As mentioned above, a common limitation of radical 
mechanisms is the difficulty of preventing over-
oxidation. For example, free radical chlorination of 
methane at reasonable conversions often yields a 
mixture of methyl chloride, methylene chloride, 
chloroform, and/or carbon tetrachloride.[41] Methane 



 

 

237 

oxidation by electrophilic C–H activation can be 
selective for CH3X (X = TFA, SO3H, etc.) due to the 
electron-withdrawing nature of X acting as a 
protecting group.[14] In the iodate/chloride OxE 
process, methane and ethane were oxidized to 
CH3TFA and EtTFA respectively, with conversions 
greater than 20% and with formation of minimal over-
oxidized products.[18a] Is it possible that TFA could 
serve as a protecting group against radical oxidation? 

Consider the immediate result of a radical H-atom 
abstraction on CH3TFA: the formation of the radical 
·CH2TFA. A case could be made that a lone pair on 
the O atom of TFA directly bound to the CH2 can 
stabilize the radical via the formation of a two-
centered, three-electron bond.[35] This would make 
radical attack on CH3TFA and thus over-oxidation 
more likely, similar to observations for methane 
oxychlorination. A case could also be made that in the 
transition state [TFACH2---H---Cl]·‡, the C has partial 
cationic character due to the electronegative nature of 
the Cl atom. The presence of the electron-withdrawing 
TFA group thus destabilizes the transition state in 
what is termed a radical polar effect, and hence 
inhibits over-oxidation.[42] 

In order to investigate the competing trends of lone 
pair stabilization and polar effect destabilization, we 
examine several radical abstraction reactions and 
compare them to equation 8 (equations 72-76). Our 
insights from the comparisons are summarized in 
Table 2. 

Cl ∙ +CH4
					
HCl

+ CH5 ∙ 
ΔG‡ = 3.2;  
ΔG = −5.6 

(8) 

Br ∙ +CH4
					
HBr

+ CH5 ∙ 
ΔG‡ = 15.5;  
ΔG = 8.6 

(72) 

Cl ∙ +CH5TFA
					
HCl

+ TFACH. ∙ 
ΔG‡ = 6.1;  
ΔG = −6.3 

(73) 

Br ∙ +CH5TFA
					
HBr

+ TFACH. ∙ 
ΔG‡ = 19.6;  
ΔG = 7.9 

(74) 

Cl ∙ +CH5Cl
					
CH.Cl

∙ +HCl 
ΔG‡ = 3.6;  
ΔG = −7.6 

(75) 

Cl ∙ +CH.Cl.
					
CHCl.

∙ +HCl 
ΔG‡ = 4.3;  
ΔG = −8.9 

(76) 

 

Table 2. Comparison of radical H-abstractions to 
isolate polar and lone pair effects. 

Comparison ΔΔG‡ ΔΔG 

CH4 v. CH3TFA + Cl· (eqs. 8 v. 
73) 2.9 −0.7 

CH4 v. CH3TFA + Br· (eqs. 72 v. 
74) 4.1 −0.7 

CH4 v. CH3Cl + Cl· (eqs. 8 v. 75) 0.4 −2.0 

CH3Cl v. CH2Cl2 + Cl· (eqs. 75 v. 
76) 0.7 −1.3 

As shown in the final column of Table 2, the 
calculated ΔΔGs confirm the lone pair stabilization 
effect: In all cases, ΔG for the reaction Y ∙ +CX`H4:`					
HY + CX`H5:` ∙ is lower if X is a substituent such 

as Cl or TFA as opposed to H.  

From examining the ΔΔG‡ column instead, we see that 
the transition state for H atom abstraction for CH3TFA 
+ Y· (Y = Cl or Br) is about 3-4 kcal/mol higher than 
the corresponding transition state for CH4 + Y·. This 
is the polar effect, and it can be confirmed by Mulliken 
charges (Table S3). The charge on carbon in CH4 is 
−0.60 due to the relative electronegativity of carbon 
versus hydrogen. For CH3TFA and CH3Cl, this 
increases to −0.33 and −0.40, respectively; due to the 
electron withdrawing TFA or Cl groups, which have 
Mulliken charges −0.27 and −0.12, respectively. In the 
transition states [CH3---H---Cl]·‡ and [CH3---H---
Br]·‡, the charge on C is increased to −0.52 and −0.51, 
respectively; an illustration of the polar effect due to 
the electronegative Cl and Br atoms. In the 
comparison of CH3TFA to the transition states 
[TFACH2---H---Cl]·‡ and [TFACH2---H---Br]·‡, the 
charge on TFA is increased from −0.27 to −0.16 and 
−0.07, which is quite destabilizing due to the electron-
withdrawing nature of the TFA substituent. The 
charge on Cl for CH3Cl and [ClCH2---H---Cl]·‡ 
similarly increases from −0.12 to 0.10, but this is less 
destabilizing due to the greater polarizability of Cl. As 
for CH2Cl2 and [Cl2CH---H---Cl]·‡, the average 
charge on the Cl’s increases from −0.01 to 0.16. Thus, 
we see the relative lack of over-oxidation protection 
for CH3Cl and CH2Cl2.  

This analysis explains the reason for the increased ΔG‡ 
of CH3TFA activation, and thus the origin of 
protection against over-oxidation.  

CONCLUSION 

We have examined existing experimental data 
regarding the oxidation of methane to methyl 
trifluoroacetate using a wide variety of hypervalent 
iodine complexes, and used DFT to model viable 
mechanistic pathways for each reaction. Although 
there is a wide variety of iodine reagents capable of 
effecting the reaction, the tendency of iodine 
complexes to disproportionate into I2 and I(V) serves 
as a “funnel” that unites the sundry iodine precursors 
into the same mechanism based on iodic acid. In our 
common iodate/OxE mechanism, iodic acid is 
converted to IO2Cl2

− or IOCl4
− as the key intermediate, 
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which reacts with iodine radicals present in the system 
to form IO2· and Cl· radicals. These radicals are able 
to mediate the C−H bond cleavage of methane, 
leading to CH3I and ultimately the final product, 
CH3TFA, which is protected from further oxidation by 
the polar effect. 

We thus report a simple and unifying solution to the 
mechanism of the iodate/OxE process, a problem that 
initially appears to involve an intractable soup of 
chemical species. These insights may serve as a 
starting point for further investigations into this class 
of oxidation reactions. 
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