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Our country continues to demand clean renewable energy to meet the growing energy 

needs of our time. Thus, natural gas, which is 87% by volume of methane, has become a hot 

topic of discussion because it is a clean burning fuel. However, the transportation of methane is 

not easy because it is a gas at standard temperature and pressure. The usage of transition metals 

for the conversion of small organic species like methane into a liquid has been a longstanding 

practice in stoichiometric chemistry. Nonetheless, the current two-step process takes place at a 

high temperature and pressure for the conversion of methane and steam to methanol via CO + H2 

(syngas). The direct oxidation of methane (CH4) into methanol (CH3OH) via homogeneous 

catalysis is of interest if the system can operate at standard pressure and a temperature less than 

250 °C. Methane is an inert gas due to the high C−H bond dissociation energy (BDE) of 105 

kcal/mol. This dissertation discusses a series of computational investigations of oxy-insertion 

pathways to understand the essential chemistry behind the functionalization of methane via the 

use of homogeneous transition metal catalysis.  

The methane to methanol (MTM) catalytic cycle is made up of two key steps: (1) C−H 

activation by a metal-methoxy complex, (2) the insertion of oxygen into the metal−methyl bond 

(oxy-insertion). While, the first step (C−H activation) has been well studied, the second step has 

been less studied. Thus, this dissertation focuses on oxy-insertion via a two-step mechanism, 

oxygen-atom transfer (OAT) and methyl migration, utilizing transition metal complexes known 



to activate small organic species (e.g., PtII and PdII complexes). This research seeks to guide 

experimental investigations, and probe the role that metal charge and coordination number play.  
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CHAPTER 1  

INTRODUCTION 

1.1 Methane to Methanol (MTM) 

Pursuing and securing a sustainable energy future for all Americans is one of the greatest 

technological challenges of our time. The uncertainty in the price of crude oil and the continual 

debate over energy independence has prompted discussions about “green” energy sources of 

alternative fuels. Thus, all renewable energy sources must be considered and explored (e.g., 

wind, solar, hydrogen, hydroelectric, natural gas, etc.). However, some of these renewable 

energy sources cannot solve our need for hydrocarbons and their products (e.g., plastics). Thus, 

we must continue to investigate all possible clean energy sources.  

Compared to crude oil, the U.S. has abundant resources of natural gas, which is ~ 87% 

methane by volume.1 According to the U.S. Energy Information Administration (EIA), the 

natural gas storage as of Friday, May 24, 2013 was ~2,141 billion ft3.2 However, methane is a 

gas at standard pressure and temperature and thus is not as easily transported as crude oil, a 

liquid under the same conditions. While this dissertation does not deal with the debates over 

energy generation, the big question is: how do we transport and best use the energy we do have 

in a manner that will protect both the planet and its inhabitants?  

Among all the hydrocarbon fuels and products obtained from crude oil and manufactured 

from a variety of raw materials such as natural gas, coal, biomass, including wood, agricultural 

by-product and municipal solid waste, methanol has certain advantages as a fuel for general 

transportation. Methanol was first discovered over 120 years ago by the distillation of wood.3 

Methanol is a simple, safe and easy to store and transport liquid oxygenated hydrocarbon.4 At 
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present, most of the methanol produced comes from natural gas (methane) via a two-stage steam 

reforming process.5 

For many years the partial oxidation of methane-to-methanol (MTM) has inspired 

researchers because of the ease of transportability of liquid methanol.6 In addition to its use as a 

fuel (it has an octane number of 100),4 methanol is a feedstock for other useful organic 

compounds, Figure 1, dimethyl ether (DME, a diesel alternative) with a high cetane index rating 

of 55 - 60 compared to traditional diesel fuel (40 – 55);4 formaldehyde, which is a building block 

for resins, glues and adhesives;7 acetic acid (vinyl acetate monomer (VAM)); and, ethylene (a 

building block for plastics).4,8,9 In 2010, world methanol production was ~45.6 million metric 

tons and increased slightly in 2011 to ~50 million metric tons.4  

Figure 1-1. The world demand for methanol 2008.10  The numbers on the charts signify 
percentage. 
 

The current high temperature and high pressure two-stage process to convert methane-to-

methanol is very costly in both energetic and environmental impact. The first step entails high 

temperature and high pressure steam reforming for the conversion of methane and water to 
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syngas, which is carbon monoxide and hydrogen (CO + H2), over a nickel/magnesium oxide 

(Ni/MgO) catalyst, equation 1.1.11 

CH4(g)
 + H2O(g) CO(g)

  +  3H(g)
[Ni/MgO]

∆

34.2 kcal/mol∆rG° =
  

The second step converts syngas into methanol, using a copper/zinc (Cu/Zn) catalyst, 

with carbon dioxide (CO2) as a by-product, equation 1.2.11 

[Cu/Zn]

10.1 kcal/mol∆rG° =

CO(g)
  +  2H(g) CH3OH(l)∆

 

From the above calculations at standard temperature and pressure, the Gibbs free energy 

for the production of methanol is seen to be very endergonic by ~44 kcal/mol. As a result, a 

direct methanol-to-methanol (MTM) catalyst, operating at ambient pressure (~ 1 atm) and low 

temperatures (< 200 °C), via the partial oxidation of methane has been extensively researched. 

The selectivity of the MTM process is complicated, particularly with respect to over-oxidation of 

the methanol. Therefore, considerable research has focused on two vital reactions in the process. 

Scheme 1-1 depicts (i) oxy-insertion or functionalization step, which entails insertion of an 

oxygen atom into the metal-carbon bond (e.g., metal-methyl to metal-methoxide in MTM),12,13 

and (ii) activation of the methane C—H bond.2,14 

 

(1.1) 

(1.2) 

 



4 

 

Scheme 1-1. Prototypical catalytic cycle for methane-to-methanol 

 
There are a multitude of precedents in the experimental literature concerning C—H bond 

activation (CH bond scission or deprotonation). For example, calculations performed as part of 

this dissertation (Chapter 2) show the importance of “designing” the CH activation transition 

state (TS) geometry such that the ground state is already structurally “prepared” and so need not 

undergo any energetically costly geometric perturbations to access the methane CH activation 

transition state.15 Few studies of oxy-insertion (methyl-migration or hydride-migration) have 

been reported.16 Thus, the subject of oxy-insertion has been a focus of this dissertation,6 Scheme 

1-2. For example, the investigation into the oxidative addition of a two-coordinate, d10–L2M
0 (M 

= Pd or Pt; L= N-heterocyclic carbene or phosphine), suggested that reaction of LnM
0 with 

O2/CH4 to form LnM(YO)(CH3) (YO = oxidant) is only slightly uphill (ΔG ~ 10 kcal/mol).6 The 

reaction of L2Pt0 with CH4 and O2 was predicted to be more favorable by first addition of CH4 

then followed by reaction of O2.
6 This research raised several important issues in methane-to-

methanol (MTM) catalysis, which are outlined in Chapter 2. 

A component of a viable MTM catalysis is that the oxidant must directly or indirectly 

come from O2. Obviously, most organometallics that can perform C—H activation or oxy-
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insertion will react very quickly with dioxygen (O2) given the enormous driving force for their 

conversion to metal-oxide, carbon dioxide and water. 

 
Scheme 1-2. Proposed mechanistic pathways for reaction of LnM-Me + YO leading to the 
production of LnM(OMe) + Y (YO = Oxidant, Y = Leaving group, Ln = NHC and PR3). 

 

1.2 Theory 

1.2.1 Computational Methodology 

Computational chemistry is the investigation of chemical systems using computer 

software and algorithms, which is extremely valuable in understanding reactions that are too 

difficult to study experimentally, contain radioactive or toxic materials, are very expensive, or 

are too time consuming to solve by conventional experimental methods. Computational 

chemistry is “green” as it can help eliminate or minimize hazardous waste by allowing 

experimental researchers to focus on the most promising recommended reaction pathways. In a 

sense, computational chemists seek to be proactive guides in identifying new chemistry. 
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Computational modeling utilizes mathematical equations based on the fundamental laws 

of physics, and over the last 40 years the field has achieved great progress.17-19 However, one 

must still understand the chemistry of the species or the catalyst one is working with or 

designing. When using quantum mechanics, the electronic structure of molecules is described by 

either ab initio wavefunction or density functional theory (DFT) techniques. For large molecular 

systems such as transition metal catalysts, wavefunction theory is now less commonly employed 

due to the high computational cost associated with ab initio calculations that incorporate explicit 

electron correlation.19 Thus, DFT has become instrumental in theoretical studies of mechanisms 

in metal-mediated catalysis.6,20-27 A detailed explanation of both methods goes beyond the scope 

of this dissertation. However, let us briefly introduce the Schrödinger equation, which is the 

foundation of much of modern computational chemistry.  

 

1.2.2 Schrödinger Equation 

ĤΨ = EΨ      (1.3) 

The methodologies used in this dissertation fall under the broad title of “electronic 

structure calculations,” specifically density functional theory (DFT). The goal here is to model 

chemical reactions by computing their electronic properties using the non-relativistic, time-

independent Schrödinger equation eq. (1.3).28 The wavefunction (Ψ) in equation 1.3 is an 

eigenfunction of the Hamiltonian describing the molecular orbitals. The Hamiltonian operator 

(Ĥ) acts upon the wavefunction, yielding the energy of an atom or molecule. The kinetic and 

potential energy terms of the Hamiltonian operator for the electrons and nuclei can be written as 

a collection of operators: 

Ĥ = Tn + Te + Vee + Ven + Vnn     (1.4) 
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Tn and Te represent the kinetic energy operators for the nuclei and electrons in the 

system, respectively. Vee, Vne, and Vnn represent the potential energy operators for electron-

electron repulsion, nuclear-electron attraction, and nuclear-nuclear repulsion, respectively. The 

exact solution to the Schrödinger equation is only completely solvable for one-electron systems 

(e.g., H + H+ → H2
+); for other many-body systems, the energy (E) is approximated.  

One approximation for solving the Schrödinger equation is the adiabatic Born-

Oppenheimer approximation,29 which assumes no coupling between nuclear and electronic 

motion because of the negligible mass of an electron compared to the mass of nuclei, which are 

thus moving much, much slower than the electrons. The Born-Oppenheimer approximation 

achieves this decoupling by fixing the position of the nuclei. The electronic wavefunction can 

then be solved for a set of fixed nuclear positions. Hence, the collection of operators can be 

defined in three parts as in equation 1.5. 

Ĥ = Te + Vee + Ven     (1.5) 

 

1.2.3 Quantum Chemical Levels of Theory  

Computational investigations based on quantum mechanics can be broadly divided into 

ab initio and density functional theory (DFT). For the end user, the effective difference between 

ab initio and DFT levels of theory is largely price-to-performance ratio. The computational costs 

for ab initio levels of theory scale from ~N3-4 (Hartree-Fock) to Nn! (full configuration 

interaction), where N is the number of basis functions. DFT scales as ~N3-4, approximately the 

same computational cost as Hartree-Fock (HF) techniques, which is the least expensive of the ab 

initio methods. The big advantage of DFT over HF is the inclusion of electron correlation in the 

former. In this research, DFT is the primary theory used to model the potential energy surfaces 

(PESs) of the transition metal complexes studied. DFT is a quantum mechanical electronic 
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structure method in which the Schrödinger equation is solved as a function of the electron 

probability density (ρ).30-32 As compared to post-Hartree-Fock wavefunction methods like 

coupled cluster singlets and doubles with approximate triples, CCSD(T),31,33,34 Møller–Plesset 

second order perturbation theory, (MP2),31,35,36 configuration interaction (CI)31,37-39, etc., DFT is 

much more computationally efficient.  

 

1.2.4 Basis Sets 

In simple terms, a basis set is a set of mathematical functions that is used to construct the 

electronic wavefunctions (Ψ) of a given molecule.31,40,41 A basis set is built using a combination 

of functions to describe the size, orientation, and energy of the orbitals in an atom, equation 1.6.  

 

 

 

Here, μ denotes the size/number of functions in the basis set; φ is the basis function (AO) 

and Ψi is the molecular orbital described as a linear combination of atomic orbitals (LCAO-MO). 

A wide variety of basis sets have been derived to describe different chemical systems depending 

upon the desired accuracy in calculated properties and experimental results, molecular 

composition of the system, computational resources, etc.31,41-43 The choice of the right 

combination of basis sets together with DFT methodologies (level of theory) is critically 

important to obtain the desired results from electronic structure calculations. 

 

1.2.5 Pseudopotentials 

For many transition metal containing systems, explicit inclusion and correlation of all 

electrons is often not computationally feasible; therefore, pseudopotentials have been introduced 

(1.6) 𝜳𝒊 = �𝑪𝝁𝒊

𝑁

𝝁=𝟏

𝝋𝝁   
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to reduce the cost associated with the calculation of a reaction potential energy surface for a 

transition metal complex.44 There are several types of pseudopotentials in the literature. I will 

focus only on the pseudopotentials used in this dissertation, which is an effective core potential 

(ECP). The ECP exploits the idea that the core electrons are chemically inert and only the 

valence electrons participate directly in chemical bonding.44,45 Because of this, a frozen core 

approximation can be employed. A further approximation can be made that replaces the frozen 

core with a pseudopotential.44 The compact effective potential (CEP) is one such ECP that 

replaces the core electrons, which has been derived from numerical Dirac-Fock atomic 

wavefunctions to generate shape-consistent pseudo-orbitals.46  
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CHAPTER 2  

THE IMPORTANCE OF HAVING THE LIGANDS IN THE RIGHT PLACE 

2.1 Introduction 

The MTM process is complicated with respect to controlling over-oxidation of methanol. 

Thus, considerable effort has focused on the critical component reactions: activation of the 

methane C—H bond and C—O bond formation (oxy-insertion) or the insertion of an oxygen 

atom into a metal-carbonyl bond (M—Me → M—OMe) to yield a methoxide intermediate. If the 

latter could activate C—H bonds, a reaction for which there is precedent,1 one could generate 

methanol and regenerate the metal-methyl species.2 

We focus our attention in the present research on catalyst models with N-heterocyclic 

carbene (NHC) supporting ligands. The use of NHC ligands in catalysis was pioneered by 

Herrmann et al.3,4 NHC complexes of the transition metals have been well studied in catalysis 

over the past 40 years since they were first introduced by Arduengo.5-7 NHC ligands are of 

interest as supporting ligands for MTM catalysis given their ability to be systematically modified 

in terms of their steric and electronic properties.8-21 Also, NHCs have proven less prone to 

oxidative degradation than traditional organometallic ligands such as phosphines.22 This chapter 

focuses on model PtII—NHC complexes and their ability to accomplish C—H bond activation.23 

The cationic NHC model complex studied has an unsaturated C=C spacer, Scheme 2-1. The 

nitrogen atoms of NHC are decorated with methyl groups to avoid spurious hydrogen-bonding 

interactions with electronegative chemical groups, while maintaining a reasonable degree of 

computational tractability. As discussed previously,6 NHC ligands display reasonably strong 

trans influences, which may direct weakly ligated reacting species cis to any open coordination 

sites. 
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Scheme 2-1. Binding of methane to [(NHC)Pt(II)(OMe)]+. Note that methane preferentially 
bonds trans to the methoxy ligand, cis to the NHC. 

 

Five mechanistic C—H bond activation pathways are modeled for PtII—NHC systems, 

Scheme 2-2: two via {[(NHC)PtII(OMe)]+ + (CH4)} a mono-methoxy cationic complex, and the 

remainder by pathways starting from a neutral bis-methoxy complex {[(NHC)PtII(OMe)2]+ + 

(CH4)}. The main goals of this research are to (1) compare and contrast the cationic and the 

neutral species intermediates, transition states (TS) and potential energy surface (PES) pathways, 

(2) investigate competing pathways such as σ-bond metathesis (σBM), oxidative hydrogen 

migration (OHM), oxidative addition/reduction elimination (OA/RE), base-assisted 

deprotonation (BAD), and (3) probe the impact of charge and coordination numbers upon C—H 

activation for low-valent, late transition metal species. 
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Scheme 2-2. B3LYP/CEP-31G(d) (THF solvent corrections included) calculated C—H bond 
activation pathways for PtII-NHC complexes. OHM = oxidative hydrogen migration; OA = 
oxidative addition; SBM = σ-bond metathesis; RE = reductive elimination. Free energies in 
kcal/mol. Note that the same color scheme is used throughout this chapter. 

 
 

2.2 Computational Methods 

Density functional theory (DFT) within the Gaussian 0924 package was used to 

characterize the structures and energies of stationary points. The hybrid functional – combining 

Becke’s 3-parameter exchange functional (B3) with the Lee-Yang-Parr (LYP) correlation 

functional (B3LYP) – was used.25 The basis set was a pseudopotential valence double-zeta set 

with d-polarization functions added to main group elements (CEP-31G(d)).25-28 All quoted 

energies are free energies, calculated with THF (ε = 7.4257), CH3CN (ε = 35.688) and DMSO (ε 
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= 46.826) solvent models (CPCM method)29 at 298.15 K and 1 atm and utilize unscaled 

B3LYP/CEP-31G(d) vibrational frequencies and gas-phase optimized stationary points. Little 

difference among these solvents is observed, so the present chapter focuses on the THF results. 

Stationary points are characterized in the gas-phase as minima or transition states (TSs) via 

calculation of the energy Hessian and observation of the correct number of imaginary 

frequencies, zero (0) and one (1), respectively. Intrinsic reaction coordinates (IRC) are calculated 

from all TS geometries to authenticate the imaginary modes, and confirm that the TS of interest 

connected the requisite products and reactants.30,31 Except for one geometry optimization 

discussed in the Prospectus section, all geometry optimizations were performed without 

symmetry restraint. All species were closed-shell singlets, unless stated otherwise, for which 

restricted Kohn-Sham theory was employed.32 

 

2.3 Results and Discussion 

2.3.1 C—H Activation of Methane by a Cationic Pt(II)-NHC 

Scheme 2-3 depicts the calculated free energies for several of the mechanisms 

investigated for methane carbon-hydrogen (C—H) bond activation.33,34 The “internal” C—H 

activation mechanisms studied for a cationic PtII-NHC 5d8 complex are oxidative addition, 

followed by reductive elimination, and σ-bond metathesis. Note also that an oxidative hydrogen 

migration (OHM)1,35,36 transition state was also isolated. Oxidative addition is common for low-

valent, electron-rich complexes.36 The σBM (or the related OHM and σ-complex assisted 

metathesis (σ-CAM) pathways) occur without the formal oxidation state of the metal 

changing.37,38 Metathesis mechanisms are known for both early and late transition metals for C—

H bond activation.1 
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Scheme 2-3. B3LYP/CEP-31G(d) calculated free energies for oxidative addition/reductive 
elimination (pink), as well as σ-bond metathesis (σBM, higher) and oxidative hydrogen 
migration (OHM, lower) (blue) in kcal/mol. Free energies are corrected for continuum THF 
solvent effects. 
 

    
+OHM‡+       +σBM‡ 

Figure 2-1. DFT-optimized oxidative hydrogen migration transition state (left) and σ-bond 
metathesis transition state (right). 

 

For the reactions involving cationic-PtII complexes shown in Scheme 2-3, both redox 

(OA/RE)1 and non-redox (OHM) pathways are calculated to be reasonably facile, while the 

cationic σBM pathway has a much higher barrier. Analysis of pertinent geometries and orbitals 

suggests that the effect arises from the pyramidalization (or lack thereof) of the methyl group 

from the methane substrate. To wit, in +σBM‡, the methyl carbon is ~sp2, hence the remaining p 

orbital can overlap with the s-orbital of H, but less well with the Pt center. However, in +OHM‡, 
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the methyl carbon is more pyramidalized, and the hybrid sp3 orbital points more of less midway 

between the H and the Pt centers, thus assisting in stabilizing both groups in the active site, and 

thus also the methyl from the substrate, which in turn lowers the kinetic barrier for the OHM 

pathway.  

The single-step electrophilic σBM pathway [(NHC)PtII(OMe)]+•CH4 → +σBM‡ → 

[(NHC)PtII(CH3)(MeOH)]+ is exergonic by -23.9 kcal/mol, while the free energy of methane C—

H bond activation is ∆G‡ = 49.7 kcal/mol. Pertinent bond distances for the cationic σBM 

transition state (+σBM‡) within the active site are Pt—OCH3, Pt—H, and Pt—CH3 = 2.09, 2.54 

and 2.24 Å, respectively. However, a lower energy cationic oxidative hydrogen migration 

transition state (+OHM‡), whose geometry is more reminiscent of those discussed by Goddard et 

al.,35 has a calculated barrier of only ∆G‡ = 26.9 kcal/mol relative to the methane adduct depicted 

in Scheme 2-3. Metal-ligand bond lengths in the active site of +OHM‡ are Pt—OCH3, Pt—H, and 

Pt—CH3 = 2.04, 1.84 and 2.34 Å, respectively. It is notable that the Pt—H bond lengths in 

+OHM‡ and +σBM‡ differ by 0.70 Å with the former being much shorter, hence our designation 

of it as an oxidative hydrogen migration TS. Calculation of the intrinsic reaction coordinates 

(IRCs) from +OHM‡ and +σBM‡ reveal that they connect the same reactants and products, 

Scheme 2-3. For the latter, [(NHC)PtII(CH3)(MeOH)]+, the strong trans-influencing methyl 

ligand is trans to an open coordination site.39  
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[(NHC)PtII(CH3)(MeOH)]+     [(NHC)PtIV(CH3)(MeO)(H)]+ 

Figure 2-2. DFT-optimized ground states. 
 

Scheme 2-3 also summarizes the energetics of a two-step MTM mechanism (oxidative 

addition followed by reductive elimination) starting from the cationic methane adduct. The first 

step from [(NHC)PtII(OMe)]+•CH4→+OA‡ → [(NHC)PtIV(CH3)(MeO)(H)]+ is mildly endergonic 

(+3.7 kcal/mol), leading to a PtIV-metal-hydride intermediate. The oxidative addition proceeds 

with a calculated free energy barrier of ∆G‡ =14.4 kcal/mol. The second step, 

[(NHC)PtIV(CH3)(MeO)(H)]+→+RE‡→ {[(NHC)PtII(CH3)(MeOH)]+, reductive elimination has 

an activation barrier of ∆G‡ = 9.5 kcal/mol from the PtIV-hydride. The ∆G‡ for the reductive 

elimination TS is thus 13.2 kcal/mol uphill versus the methane adduct. Of course, the overall 

thermodynamics for OA/RE is the same as the one-step processes, ∆G = -23.9 kcal/mol. Taken 

as a whole, the calculations predict that for the cationic, PtII-NHC model complex, Scheme 2-3, 

that a two-step, OA/RE process is preferred over one-step, non-redox pathways. Additionally, 

the calculations indicate that the initial methane C—H oxidative addition would be the rate 

determining step. 
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+OA‡       +RE‡ 

Figure 2-3. DFT-optimized oxidative addition/reductive elimination (OA/RE) transition states. 
 

2.3.2 Base Assisted Deprotonation (BAD) of Methane 

Scheme 2-4 represents a fourth (C—H) calculated bond activation mechanistic pathway 

inspired by Macgregor and coworkers:40,41 base-assisted deprotonation.34,42,43  

 

 
Scheme 2-4. B3LYP/CEP-31G(d) calculated free energies (kcal/mol) for base-assisted 
deprotonation (BAD) of methane by external base (methoxide). Free energies are corrected for 
continuum THF solvent effects using the CPCM method. 
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Deprotonation of coordinated methane by methoxide anion was investigated, 

{[(NHC)PtII(OMe)]+•(CH4) + OMe-} → +BAD‡ → {[(NHC)PtII(Me)(OMe)]+•MeOH}. The TS 

identified is only 7.7 kcal/mol above the cationic methane adduct. However, an IRC calculation 

indicates that the base-assisted transition state connects to a neutral, bis-methoxy-PtII methane 

adduct reactant (see Section 2.3). From this mechanism, the minimum is exergonic by –5.7 

kcal/mol, Scheme 2-4. However, the calculated activation barrier is very high (∆G‡ = 63.8 

kcal/mol) relative to the neutral methane adduct, [trans-PtII(OMe)2(NHC)(CH4)]. 

     
+BAD‡      [(NHC)PtII(Me)(OMe)]•MeOH 

Figure 2-4. DFT-optimized base-assisted deprotonation (BAD) (left) and ground state (right) 
complexes. 
 

 
2.3.3 C—H Bond Activation of Methane by a Neutral Pt(II)-NHC 

The most stable coordination isomer of [(NHC)PtII(OMe)2•(CH4)] found is that in which 

the NHC ligand is trans to methane, and hence the methoxy ligands are mutually trans. This 

places both OMe ligands cis to the methane substrate for σBM/OHM C—H activation by the PtII 

complex. The isomer of [(NHC)PtII(OMe)2(CH4)] where the methoxy ligands are cis and the 
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NHC is now trans to a methoxy ligand is 10.3 kcal/mol higher in free energy than the trans 

coordination isomer. 

     

Trans-[(NHC)PtII(OMe)2(CH4)]    Cis-[(NHC)PtII(OMe)2(CH4)] 

Figure 2-5. DFT-optimized of trans and cis ground state complexes. 
 

For neutral-PtII species, Scheme 2-5, non-redox (σBM/OHM) and redox (OA/RE) 

pathways are computed to be competitive. The calculated free energy for trans-

[(NHC)PtII(OMe)2(CH4)] → OHM‡ → [(NHC)PtII(OMe)(CH3)(HOCH3)] is -1.8 kcal/mol 

relative to the bis-methoxy methane adduct, while the barrier for C—H bond activation is ∆G‡ = 

26.1 kcal/mol. The IRC from OHM‡ connects to the product [(NHC)PtII(CH3)(OMe)(MeOH)] 

with the strong trans influencing methyl ligand cis to methanol.39 Calculations suggests that this 

intermediate at ∆Grel = -57.9 kcal/mol converts to the minimum at ∆Grel = -66.6 kcal/mol, 

Scheme 2-5, via methanol dissociation, rearrangement of the three-coordinate complex formed, 

and re-association of methanol. The Pt—H bond length in the OHM‡ (1.95 Å) more closely 

resembles the value calculated for the cationic OHM‡ TS (+OHM‡), suggesting oxidative 

hydrogen migration as a more apt description of this TS than σ-bond metathesis.35  
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An oxidative addition/reductive elimination (OA/RE) pathway starting from the neutral 

methane adduct is given in Scheme 2-5. The insertion of PtII into the C—H bond of methane 

{trans-[(NHC)PtII(OMe)2(CH4)] → OA‡ → [(NHC)PtIV(OMe)2(CH3)(H)] to produce the 

metal-hydride PtIV intermediate is calculated to be endergonic by +23.3 kcal/mol relative to the 

neutral methane adduct. The oxidative addition barrier (OA‡) is calculated to have ∆G‡ = 22.8 

kcal/mol. Notably, the calculated TSs for OHM and OA for the neutral PtII-NHC model are 

energetically competitive (∆∆G‡ = 3.3 kcal/mol), unlike the cationic PtII models, which show a 

marked preference for the oxidative addition pathway. 

 

Scheme 2-5. B3LYP/CEP-31G(d) calculated free energies for oxidative addition/reductive 
elimination (red) and σ-bond metathesis (brown) in kcal/mol from a neutral PtII-NHC complex. 
Free energies are corrected for continuum THF solvent effects using the CPCM method. 
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The reductive elimination step, [(NHC)PtIV(CH3)(MeO)2(H)] → RE‡ → 

[(NHC)PtII(CH3)(OMe)(MeOH)], has a calculated ∆G‡ = 6.6 kcal/mol from the neutral PtIV-

hydride intermediate. The ∆G‡ for the neutral reductive elimination TS is thus +29.9 kcal/mol in 

relation to the neutral methane adduct trans-[(NHC)PtII(OMe)2(CH4)]. Based on the present 

calculations, the neutral OHM is favored over the neutral OA pathway due to the RE step, which 

is showing a higher barrier than the OHM pathway. It should be noted that the stepwise OA/RE 

pathway, Scheme 2-5, is overall exergonic from the neutral bis-complex by -10.5 kcal/mol, 

which is much less than the OA/RE pathway for the cationic model, see Scheme 2-3. 

      

OHM‡      [(NHC)PtII(CH3)(OMe)(MeOH)] 

      

OA‡        [(NHC)PtII(OMe)(CH3)(CH3OH)] 
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RE‡      [(NHC)PtIV(OMe)2(CH3)(H)] 

Figure 2-6. DFT-optimized transition state (left) and ground state (right) geometries. 
 

 
2.3.4 Replacing a Small NHC with a Larger NHC Model 

Scheme 2-6 depicts the PES for the calculated lowest barrier model reaction, oxidative 

addition/reductive elimination of methane to [(NHC)PtII(OMe)]+, where NHC denotes either the 

smaller model discussed above or a much larger model, depicted by IPr*. Recently, Marko et. 

al. reported the synthesis of 1,3-bis(2,6-bis(diphenylmethyl)-4-methylphenyl)imidazo-2-ylidene 

(IPr*).44 Among several notable studies,44-47 Hillhouse et al. used IPr* to stabilize a remarkable 

two-coordinate, Ni-nitrene complex.47  

The bulky IPr* raises the stationary points by an average free energy of ~ 13 kcal/mol 

along the reaction coordinates. Given that the calculations indicate that IPr* binds slightly more 

strongly (∆∆G = -3.5 kcal/mol) than the less bulky NHC for the two-coordinate [NHC 

PtII(OMe)]+, suggests that the calculated free energy differences between NHC and IPr* for the 

other stationary points are primarily steric in origin.  
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Scheme 2-6. B3LYP/CEP-31G(d) calculated free energies for oxidative addition/reductive 
elimination (pink), where the green reaction coordinates depicts a large NHC (IPr*) complex. 
Free energies are corrected for continuum THF solvent effects. 

 

 

 
IPr* 

Figure 2-7. DFT-optimized IPr* ground state geometry. 
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2.4 Summary and Conclusions 

A comprehensive DFT study of five specific pathways for C—H activation of methane 

by cationic and neutral PtII-NHC complexes has been presented. The study aims to evaluate 

different C—H bond activation mechanisms vis-à-vis metal coordination number, metal formal 

oxidation state, and overall charge on the complex. Some important observations have resulted 

from this study, which should inform experimental efforts to identify novel low-valent electron-

rich, late transition metal catalysts for methane partial oxidation.  

Density functional theory suggest that methane C—H activation by cationic NHC-PtII-

methoxy complexes is exergonic (-23.9 kcal/mol). However, the non-redox, σ-bond metathesis 

TS (+σBM‡) has a ∆∆G‡ of 35.3 kcal/mol relative to the two-step oxidative addition/reductive 

elimination (OA/RE) pathway, which has a barrier of only 14.4 kcal/mol. Interestingly, an 

isomeric oxidative hydrogen migration TS (+OHM‡), with a calculated free energy barrier of 

26.9 kcal/mol for methane C—H activation is much favored versus the σ-bond metathesis TS. 

The transition state for OHM has a much shorter (~ 0.7 Å) Pt—H distance in the TS than the 

corresponding σ-bond metathesis TS, pointing to the importance of this transannular interaction 

in stabilizing non-redox C—H activation transition states. 

Therefore, based on the calculations for the cationic Pt-NHC model system, the 

transformation from methane adduct {(NHC)PtII(OMe)(H—CH3)}+ to methanol-bound product 

is predicted to proceed via a two-step OA/RE pathway, with a barrier for the rate determining 

step (the initial oxidative addition to form a PtIV-hydrido/methyl intermediate) of only 14.4 

kcal/mol.  

Base assisted deprotonation (BAD) using a methoxide as the base was also modeled. 

However, the kinetic barrier is very large. Calculation of the intrinsic reaction coordinate 
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connects this BAD transition state to the neutral bis-methoxy methane adduct, trans-

[(NHC)(PtII(OMe)2CH4)], by a free energy barrier of > 60 kcal/mol.  

The neutral bis-methoxy methane adduct, trans-[(NHC)(PtII(OMe)2CH4)], is favored over 

the isomer where the OMe ligands are cis by 10.3 kcal/mol in free energy. The lower energy 

isomer places the stronger trans influencing NHC trans to the weakly bound methane ligand, thus 

allowing for a facile C—H bond activation by the Pt—OMe bonds. For neutral PtII-NHC 

methoxy models, OHM and oxidative addition transition states are calculated to be competitive 

(∆∆G‡ = 3.3 kcal/mol in favor of the OA/RE pathway), much less than the ∆∆G‡ = 12.5 kcal/mol 

for the related TSs for the cationic model complexes.  

  

Neutral OHM TS - ∆G‡ ~ 26.1 kcal/mol   Neutral OA TS - ∆G‡ ~ 22.8 kcal/mol 

  

Cationic OHM TS - ∆G‡ ~ 26.9 kcal/mol  Cationic OA TS - ∆G‡ ~ 14.4 kcal/mol 

Figure 2-8. DFT-optimized lowest energy transition states for methane C—H activation with 
calculated free energy barriers. 
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2.5 Prospectus 

The calculated methane C—H activation barriers for the neutral NHC-PtII-methoxy 

complexes are 22.8 and 26.1 kcal/mol for oxidative addition and σ-bond metathesis, 

respectively. Thus, this is unlike cationic PtII complexes. Specifically, oxidative hydrogen 

migration (OHM) has a calculated free energy barrier of 26.9 kcal/mol, commensurate with the 

aforementioned neutral methane activation barrier. However, oxidative addition to the cationic 

NHC-PtII complex is only 14.4 kcal/mol. Comparing the lowest energy geometries obtained for 

these four calculated transition states (+OHM‡, +OA‡, OHM‡ and OA‡) from the same visual 

perspective (i.e., NHC to the “left” and methane “up”), is instructive, Figure 2-1. For both 

neutral TSs, the [(NHC)PtII(OMe)2] fragment is in a cis conformation, which has a ca. 10 

kcal/mol higher (∆G) than the trans isomer (cf. trans- and cis-[(NHC)PtII(OMe)2(CH4)]). 

Subtracting this 10 kcal/mol “penalty” implies intrinsic barriers arising from C—H scission in 

the range of ~ 13 - 16 kcal/mol for both neutral PtII complexes. For the cationic TSs, the OHM 

transition state has a trans disposition of NHC and OMe (placing the NHC cis to methoxy yields 

TSs that revert to the trans arrangement upon geometry optimization), but for the cationic OA 

transition state, NHC and OMe are in the preferred cis arrangement. Constrained geometry 

optimizations on [(NHC)PtII(OMe)]+ indicate a free energy penalty of ~10 kcal/mol to go from 

the fully optimized NHC-Pt-OMe angle of 112.5° (Scheme 1) to a linear (NHC-Pt-OMe = 180°) 

arrangement.  The additive 10 kcal/mol “penalty”  cis/trans (methoxy ligated ligand) to the 

overall free energy barrier, would suggests an intrinsic methane C—H scission barrier of ~17 

kcal/mol, commensurate with what is calculated for the other three TSs, Figure 2-1. Thus, one 

may argue that the cationic, oxidative addition TS has the lowest calculated barrier because the 

ground state active species is already structurally prepared and need not undergo any geometric 
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perturbations to achieve the preferred ligand orientation in the transition state for activation of 

the methane substrate. 

 The foregoing analysis highlights the obvious importance of having the ground state (GS) 

active species in the correct conformation for C—H bond scission in the subsequent transition 

state. One may reasonably assume that any energetic investment to distort the ligands, putting the 

active species in an appropriate arrangement for C—H activation will result in higher free energy 

barriers. In this regard, three comments seem germane vis-à-vis the continued search for more 

potent catalysts for hydrocarbon functionalization. First, one might assume that lower coordinate 

complexes, in addition to being sterically and electronically more potent, would have negligible 

reorganization free energies. The present results suggest that this may not always be so. Second, 

a priori, one may further assume that lighter, more Earth-abundant (3d) metals may have an 

advantage over heavier, precious (4d, 5d) metal catalysts in terms of the energetic investment 

needed to position the ligands upon transforming from GS → TS given that ligand-metal-ligand 

bending potentials are expected to be softer for 3d metals. Finally, calculations argue for the 

importance of designing C—H activation catalysts where the GS active species is already 

structurally “prepared” and which either needs not undergo any geometric perturbations to access 

the methane C—H activation TS, or such perturbations are not energetically inordinate. Among 

the important ligand-based design properties impacting this consideration, trans influence comes 

most immediately to mind. 
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CHAPTER 3  

REDOX INSERTION OF OXYGEN INTO METAL-CARBON BONDS  

3.1 Introduction 

The mechanisms of C−H bond activation have been well studied over the decades.1 

However, the methyl-migration/functionalization step has not been as well studied. Therefore, 

we have focused on understanding the response of C-O formation/functionalization to M and Ln 

modification as part of an overall effort to identify promising transition metal catalysts for MTM 

via a partial oxidation pathway. Carbon-hydrogen bond activation, it may be proposed, is best 

carried out with an early transition metal (TM).2 Notably, Wolczanski’s group3 has shown that 

coordinatively unsaturated, d0 multiply bonded complexes of Group 4 and 5 are extremely avid 

C−H bond activators, activating even the 105 kcal/mol (homolytic bond enthalpy) C−H bond of 

methane. However, attempts to incorporate these and related high-valent complexes into 

catalytic cycles has been thwarted by their reluctance to participate in reductive 

elimination/oxidative addition couples. The oxy-insertion reaction, on the other hand, may 

arguably be best carried out with late TMs capable of producing an “electrophilic” oxo (arising 

from the greater electronegativity of these metals) with weak π-bonds (due to higher d-orbital 

counts). This chapter concentrates on oxy-insertion.2 The Baeyer-Villiger (BV) or non-redox 

pathway was explored due to its major application in a wide range of organic syntheses;4 the BV 

transition state was calculated for the present complexes to be significantly higher than the rate 

determining transition state for the oxo pathway. 

Our goal is to identify MTM catalysts that operate via a partial oxidation mechanism. To 

this end, a more complete understanding is required for C−Ο bond formation. We focus our 

catalyst models upon those with N-heterocyclic carbene (NHC) ligands, to best complement 
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collaborative synthetic efforts. NHCs have been well studied since first synthesized by Öfele and 

Wanzlick more than 40 years ago.5 This chapter focuses on the design of a specific NHC catalyst 

to accomplish C-O formation (methyl-migration) and C−H activation. The NHC complex studied 

has a five-membered N2C3 ring system with an unsaturated C=C spacer. As discussed below, this 

NHC displays a strong trans influence.  

Three plausible oxy-insertion (i.e., Pt-CH3 → Pt-OCH3)/functionalization (i.e., CH4 + 

1/2O2 → CH3OH) pathways were modeled for Pt-NHC systems – one via a mono-NHC 

complex, (NHC)Pt0, another starting from bis-(NHC)2Pt0 {a model of a known complex}6 and a 

third pathway involving a cationic PtII complex [(NHC)PtII(Me)]+. Oxo-mediated migration and 

Baeyer–Villiger (BV) pathways were compared for oxy-insertion using OOH- as a model 

oxidant.7 The potential of these PtII-O bonded systems to activate methane C−H bonds was also 

of interest with respect to the potential of models of these systems to combine oxy-insertion and 

functionalization steps within a methane-to-methanol (MTM) catalytic cycle. Our main goals 

were to (a) compare and contrast [(NHC)PtIIMe]+ and [bpyPtIIMe]+ pathways to assess the 

impact of supporting ligand upon oxy-insertion, (b) investigate competing BV (non-oxo) and oxo 

pathways for a prototypical late transition metal complex, and (c) probe the role that metal d 

orbital occupation and metal coordination number upon the studied reactions. 

 

3.2 Computational Methods 

Density functional theory (DFT) simulations within the Gaussian 09 package are 

performed to study proposed pathways for model Pt-NHC complexes.8,9 Calibrations of the level 

of theory are derived from experimental thermodynamic data from the NIST Webbook for 

organic oxidants (YO = N2O, OOH-, H2O2, etc.) for prototypical MeH + YO = MeOH + Y 
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reactions, and known crystal structures for geometric predictions.10 The methods are also 

calibrated by comparing a standard level of theory, B3LYP/CEP-31G(d), with a larger, 

B3LYP/CEP-121G(d), level of theory for these PtII-NHC complexes. The results indicate that the 

more expensive B3LYP/CEP-121G(d) methods do not alter the computed geometries and 

energetic results significantly. Therefore, to best conserve computational resources and provide a 

base of comparison with previous modeling studies,8 the CEP-31G(d) basis set is used for the 

simulations discussed below. An in-depth investigation of Pt coordination geometries (e.g., T-

shape versus trigonal planar) and coordination isomers (e.g.., different ligands trans to the vacant 

coordination site in T-shape geometry) has been performed to isolate the lowest energy minima. 

The lowest energy isomers found are those discussed in this chapter. 

All quoted energies are free energies calculated at 298.15 K and 1 atm and utilize 

unscaled B3LYP/CEP-31G(d) vibrational frequencies. Stationary points are characterized as 

minima or transition states (TSs) via calculation of the energy Hessian and observation of the 

correct number of imaginary frequencies. Intrinsic reaction coordinates (IRC) were calculated 

from TS geometries to authenticate the imaginary modes. All geometry optimization are 

performed without symmetry restraint, and all species are closed-shell singlets, unless stated 

otherwise, for which a restricted Kohn-Sham formalism is employed.11  

 

3.3 Results and Discussion 

3.3.1 Pt(0)-Mono-NHC Pathways - Initial Loss of NHC 

In Scheme 3-1, the removal of an NHC ligand from (NHC)2Pt0 complex requires +43.9 

kcal/mol. The optimized mono-NHC complex geometry indicates that the loss of one of the 

NHC ligands significantly shortens the remaining Pt-CNHC bond, which may allow easier access 
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to the platinum for a substrate like MeOOH for a more experimentally relevant (NHC)Pt0 model 

with bulkier N-substituents. The Pt-NHC bond length reduces from 2.02 Å in the bis-NHC 

complex to 1.90 Å in the mono-NHC complex, indicating substantial trans influence for the 

NHC ligand. The (NHC)Pt0 thus formed can either undergo CO or OO oxidative addition with 

methylhydroperoxide (CH3OOH) oxidant. 

      

(NHC)2Pt0       (NHC)Pt0 

Figure 3-1. DFT-optimized bis-Pt N-heterocyclic carbene (NHC) and mono-Pt NHC complexes. 
 

3.3.2 Methyl-Migration (Oxy-Insertion) 

The formation of (NHC)PtII(Me)(OOH) from MeOOH and (NHC)Pt0 is exergonic by -

13.8 kcal/mol. The free energy barrier for formation of a PtII-methyl/hydroperoxide complex 

(kappa1 and kappa2 isomers shown below) via a oxy-insertion TS (28qst2) is calculated to 

require only +25.4 kcal/mol, Scheme 3-1. Two low energy conformations of 

(NHC)PtII(OOH)(Me), and a transition state (TS) to connect them, kappa12ts, have been 

isolated. The kappa1 and kappa2 minima are near degenerate, with free energies relative to 

separated (NHC)Pt0 + MeOOH of -13.7 and -13.8 kcal/mol, respectively. The free energy of the 

TS that connects these two minima (kappa12ts) is +2.4 kcal/mol relative to kappa1. Therefore, 

one expects a rapid equilibrium between these (NHC)PtII(OOH)(Me) isomers. There is 

movement of the distal oxygen on the hydroxide of OOH “toward” the metal as one progresses 
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from kappa1 (Pt--OH = 2.90 Å) → kappa12ts (Pt--OH = 2.78 Å) → kappa2 (Pt--OH = 2.38 

Å). Hence, for the (NHC)PtII(κ2-O,O-OOH)(Me) isomer, kappa2, the terminal oxygen is now 

closer to platinum, an arrangement that would presumably make the O-O bond more prone to an 

intramolecular OO insertion to form a d6-PtIV-oxo intermediate, which is addressed in section  

 
Scheme 3-1. B3LYP/CEP-31G(d) calculated free energies (in kcal/mol) for molded pathway for 
reactiontion involing mono-NHCPt(0) with MeOOH via bis-NHCPt(0) for oxy-insertion leading 
to the production of cis and trans [(NHC)Pt(II)(OMe)(OH)] methoxy complexes. The methoxy 
complex may subsequently produce CH3OH via C−H activation. 
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28qst2         kappa1 

    

kappa12ts       kappa2 
Figure 3-2. DFT-optimized NHC transition state (left) and ground state (right) complexes. 

 

3.3.3 Intermolecular OO-Insertion 

The oxidant MeOOH and (NHC)Pt0 may react to activate the OO bond of the 

hydroperoxide. Intermolecular OO-insertion to form (NHC)PtII(OH)(OMe), Isomer_4a, from 

MeOOH and (NHC)Pt0 is highly exergonic by -53.0 kcal/mol, while the transition state barrier 

for OO insertion is only +10.2 kcal/mol relative to separated reactants. This is in contrast to the 

CO-insertion reaction discussed above, where the free energy barrier is +25.4 kcal/mol. 

Therefore, the OO-insertion reaction of (NHC)Pt0 with MeOOH is much more favorable, 

kinetically and thermodynamically, than the CO-insertion pathway. Hence, calculations suggest 

that the reaction of a Pt0-NHC complex with a hydroperoxide results in the formation of a PtII-

hydroxide/alkoxide (Isomer_4a). It is interesting to note that the most stable coordination isomer 



39 

of (NHC)PtII(OH)(OMe) found is that in which the NHC ligand is trans to the open coordination 

site, suggesting that the NHC has a stronger trans influence than either the hydroxyl or methoxy 

ligands. 

  

MeMig‡       Isomer_4a 

Figure 3-3. DFT-optimized NHC methyl migration (MeMig‡) transition state (left) and ground 
state (right) complexes. 

 

3.3.4 Baeyer-Villiger Pathway 

The calculations discussed thus far suggest that oxidation of (NHC)Pt0 by MeOOH will 

result in T-shaped (NHC)PtII(OH)(OMe), Isomer_4a, with bond angles of 98° (OMe-Pt-CNHC), 

99° (CNHC-Pt-OH) and 164° OMe-Pt-OH. As these bond angles add up to ~360°, the coordination 

about Pt is planar. The reactivity of this complex with methane to form methanol is explored (see 

section 3.8 below). To link with other studies from our group,12 a Baeyer-Villiger (BV) pathway 

from (NHC)PtII(OOH)(Me) → (NHC)PtII(OMe)(OH) was first explored.7 The calculations 

indicated that this is exergonic by -39.3 kcal/mol. Despite numerous TS searches, we could not 

isolate a bona fide Baeyer-Villiger TS akin to those isolated for bpyPtII complexes13; the closest 

structure to a BV “transition state” has an imaginary frequency of 610i cm-1, and structurally 

resembled the BV TS calculated for [bpyPtII(OOH)(Me)] → [bpyPtII(OH)(OMe)].13 However, 
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the stationary point (BV_“TS”) has an extra imaginary frequency, 36i cm-1, corresponding to 

rotation of the migrating methyl group. Attempts to remove the small imaginary frequency lead 

to either reactants or products upon geometry optimization. The free energy of BV_“TS” is 72 

kcal/mol above (NHC)PtII(OOH)(Me), which is even higher than the reported BV transition state 

for [bpyPtIIMe(OOH)] (∆GBV
‡ ~ 57 kcal/mol).13 

 

BV-“TS” 

Figure 3-4. DFT-optimized Baeyer-Villiger (BV) transition state (TS). 
 

3.3.5 Pt(IV) - Oxo Pathway 

Given the high energy barrier implicated for a one-step BV pathway, an alternative route 

was sought to convert the hydroperoxide complex (NHC)PtII(OOH)(Me) into a hydroxy-

methoxy complex.14 As alluded to in section 3.4, the geometry of (NHC)PtII(k2-O,O-OOH)(Me), 

kappa2, implies facile intramolecular OO insertion to form a PtIV-oxo intermediate. While PtIV-

oxo complexes are rare, a recent example has been reported by Milstein and coworkers.15 Hence, 

this pathway was pursued. A PtIV-oxo species, oxo, {(NHC)PtIV(Me)(OH)(O)} is obtained. 

Relative to (NHC)PtII(k2-O,O-OOH)(Me), oxo is endergonic by only +6.6 kcal/mol. The free 

energy barrier to form the oxo species is calculated to be +27.9 kcal/mol (via the TS OAT‡), 

which is obviously less than the estimated BV barrier of ~72 kcal/mol. Interestingly, the 
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calculated free energy of activation for OAT‡ (relative to oxo) is close to the BV barrier 

calculated by Goddard and co-workers for a d0-[ReVIIO3Me(OOH)]- → d0-[ReO3(OMe)(OH)]- 

transformation, ca. 22.4 kcal/mol (25 kcal/mol with the computational methods employed here).2  

      

 

OAT‡        MeMig‡ 
 

 

oxo 

Figure 3-5. DFT-optimized NHC transition state (top) and ground state (bottom) complexes via 
the two-step oxo cycle. 

 

The (NHC)PtIV(Me)(OH)(O) complex, oxo, may rearrange further by migrating the 

methyl ligand to the oxo oxygen to form (NHC)PtII(OH)(OMe), Isomer_4a. Note that the 

methyl group is known to be one of the poorest migrating groups in organic BV 

transformations,4 which are consistent with the high barrier estimated from the present 
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calculations.7,16 However, for the PtIV-oxo-mediated process there is a low free activation barrier 

to methyl migration. The C-O migration is exergonic by -45.9 kcal/mol; the second step of the 

two-step process has a free energy barrier of only +14.7 kcal/mol methyl-migration (MeMig‡) 

relative to oxo. Kinetically, therefore, the two-step oxo-mediated pathway is much preferred to 

the one-step BV pathway. 

From the DFT calculations in Scheme 3-1, it is concluded that (NHC)2PtII(OOH)(Me) 

will not follow a BV pathway to make (NHC)PtII(OH)(OMe) due to a high barrier of ~72 

kcal/mol. The calculated preferred pathway is (NHC)PtII(OOH)(CH3) → 

(NHC)PtIV(OH)(Me)(O) {PtIV-oxo}  (NHC)PtII(OH)(OMe).14 The hydroxide/methoxide is 

formed by overcoming free energy barriers of 27.9 kcal/mol and 14.7 kcal/mol for 

intramolecular OO insertion and methyl migration, respectively. 

 

3.3.6 Methane (CH4) Adducts of (NHC)Pt(II)(OH)(OMe) 

Given that (NHC)PtII(OMe)(OH) is the most stable species thus far modeled in the 

reaction of MeOOH and (NHC)Pt0, its reactivity with methane was modeled to simulate a 

methane-to-methanol (MTM) catalytic cycle. The most stable coordination isomer of 

(NHC)PtII(OH)(OMe) is that in which the NHC ligand is trans to the open coordination site. 

Therefore, this places the OH and OMe ligands cis to the open coordination site of this T-shaped 

complex and hence either may conceivably activate the C−H bond of methane once it 

coordinates to Pt. We also investigated methane activation by isomers of (NHC)PtII(OMe)(OH) 

in which either OMe or OH is trans to the open coordination site of a T-shaped 

(NHC)PtII(OH)(OMe) complex. 
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Methane activation by a PtII-O bond was modeled for different geometric isomers of 

(NHC)PtII(OMe)(OH). The trans-adduct where OMe is trans to the substrate is endergonic for 

coordination of methane to (NHC)Pt(OH)(OMe) by +17.6 kcal/mol, while for cis-adduct, NHC 

trans to the OMe, has a free energy of +15.5 kcal/mol relative to separated methane and 

(NHC)PtII(OH)(OMe). 

     

trans-adduct        cis-adduct 

Figure 3-6. DFT-optimized trans and cis adduct. 
 
 

A third adduct isomer – methane trans to NHC – is also a square planar complex with a 

bifurcated methane adduct, (NHC)PtII(OH)(OMe)(MeH), trans1-adduct. The coordinated 

calculated Pt-H bond lengths are 2.37 and 2.36 Å. The edge-coordinated methane adducts have 

Pt-hydroxy/methoxy bond lengths of 2.03 Å. The complex trans1-adduct is endergonic for 

coordination of methane to (NHC)PtII(OH)(OMe) by +6.9 kcal/mol, which makes it more stable 

(∆G) than trans-adduct and cis-adduct (see above) by +10.7 and +8.6 kcal/mol, respectively. 

The comparison of the methane adducts indicates that the most stable adduct is when the 

methane is cis to both the methoxy and hydroxy ligands, which makes it likely that Pt-OCH3 

activation (to produce methane) will compete with Pt-OH activation (to make water).  
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Figure 3-7.  DFT-optimized bifurcated methane adduct. 

 

3.3.7 TS for Activation of Methane by Pt(II) - O Bonds 

The ∆G for a σ-bond metathesis (σBM) pathway from the trans-adduct 

{(NHC)PtII(OH)(OMe)(CH4) → trans-ts → methanol_product (NHC)PtII(OH)(MeOH)Me} 

is exergonic by -23.5 kcal/mol with a free energy of activation of +13.5 kcal/mol relative to the 

methane adduct trans-adduct. The competing cis-ts pathway {cis-adduct → cis-ts → 

water_product (NHC)Pt(OMe)(H2O)Me} is exergonic by -21.4 kcal/mol with a free energy 

barrier of +15.4 kcal/mol relative to the methane adduct, cis-adduct. Note that the difference in 

free energy between isomeric trans-adduct and cis-adduct is +2.0 kcal/mol with the latter being 

calculated to be more stable. The C−H activation barriers relative to separated reactants (since 

methane adduct formation is endergonic) for trans-ts/cis-ts are +31.1/+31.0 kcal/mol. This small 

free energy difference of 0.1 kcal/mol between the competing TSs suggests that C−H bond 

activation to form both water and methanol are kinetically competitive. 
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trans-ts      cis-ts 

Figure 3-8. DFT-optimized trans and cis OHM transition states where methane is cis to the NHC 
ligand. 

 

Two more isomeric transition states for C−H/PtII-O σBM were found.1,17 The σ-bond 

metathesis pathway from the trans_adduct {(NHC)PtII(OH)(OMe)(CH4) → trans_ts_2 → 

methanol_product (NHC)PtII(OH)(Me)(MeOH)} is exergonic by -12.7 kcal/mol with a free 

energy barrier of +23.6 kcal/mol. The competing pathway {trans1adduct → cis_ts_2 → 

water_product [(NHC)PtII(OMe)(Me)(H2O)] is also exergonic by -12.7 kcal/mol with a free 

energy barrier of +24.7 kcal/mol.  

      

trans_ts_2      cis_ts_2 

Figure 3-9. DFT-optimized trans and cis OHM transition states where methane is trans to the 
NHC ligand. 
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Relative to separated reactants (since methane adduct formations are endergonic) 

trans_ts_2/cis_ts_2 are +30.3/+31.5 kcal/mol, respectively. This small yet critical difference in 

free activation of 1.2 kcal/mol predicts that C—H bond activation of methane by 

(NHC)PtII(OH)(OMe) will form methanol in preference to water. 

 

3.3.8 Formation of H2O and CH3OH 

The methane activation pathways from (NHC)PtII(OH)(OMe) just discussed will yield 

either methanol or water: (NHC)PtII(OH)(MeOH) and (NHC)PtII(OMe)(H2O). The former 

(methanol_product) is infinitesimally (<0.1 kcal/mol) lower in free energy than the latter 

(water_product). The simulations thus imply that there would be minimal thermodynamic 

preference for the different products for such a PtII complex. 

      

methanol_product      water_product 

Figure 3-10. DFT-optimized dissociation of methanol (left) and dissociation of water (right) 
from the NHC complex. 
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Scheme 3-2. B3LYP/CEP-31G(d) calculated free energies (in kcal/mol) for molded pathway for 
reaction involving bis-NHCPt(0) with MeOOH (MeH and O2) for oxy-insertion leading to the 
production of [(NHC)Pt(II)(OME)(OH)] methoxy complex, where NHC is in the trans position. 
 
 
 
3.3.9 Bis-(NHC)Pt(0) - Pathways 

While Scheme 3-1 focused on a Pt0-mono-NHC active species, Scheme 2 focuses on 

similar reactions involving a Pt0-bis-NHC active species and MeOOH (or MeH + O2). Scheme 1 

and Scheme 3-2, thus treat Pt-NHC active species that differ in coordination number but with the 

same initial formal oxidation state (i.e., d10-Pt0). Therefore, the present simulations investigate 



48 

how coordination number affects oxy-insertion/functionalization pathways. Alternatively, one 

may phrase the question: if initiating a catalytic cycle for methane oxidation from a (NHC)2Pt0 

complex, for which experimental examples are known,18,19 will both NHC ligands stay bound 

throughout a prototypical MTM reaction sequence? 

 

3.3.10 Bis-(NHC)Pt(II)(OH)(OMe) from (NHC)2Pt0, Me-H and O2 

Three pathways were studied from (NHC)2Pt0 to a alkylperoxo bis-NHC species, 

(NHC)2PtII(OOH)(Me). One may either oxidatively add MeH first to form (NHC)2PtII(H)(Me) 

and then add O2 or add O2 first, to give (NHC)2PtII(O2), followed by MeH addition to give 

(NHC)2PtII(OOH)(Me). Third, one may add MeOOH to (NHC)2Pt0.  

The (NHC)2Pt0 model is a model of two-coordinate Pt0 complexes in the Cambridge 

Structural Database.6 For (NHC)2Pt0, geometry optimization yields Pt-CNHC = 2.02 Å and CNHC-

Pt-CNHC = 180°, compared with 1.94 – 1.99 Å and 177 – 180°, respectively, for experimental 

structures. Note that in Scheme 3-2 we utilize the cis geometric isomer of bis-NHC complexes to 

explore how (NHC)2Pt0 reacts with methane and O2 (or MeOOH) to produce 

(NHC)1,2PtII(OH)(OMe) species. Our calculations suggest small free energy differences, ~4 

kcal/mol or less, versus competing trans geometric isomers. The trans isomers are more stable, 

but in practice one may forestall their formation through the use of chelating bis-NHC ligands. 

The insertion of Pt into the C−H bond of methane by (NHC)2Pt0 to form cis-

(NHC)2PtII(H)(Me) {ptnhc2nhme} is endergonic by +26.2 kcal/mol. The barrier to insertion 

(see ptnhcHMe-TS below) is very large, +52.9 kcal/mol.  
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(NHC)2PtII(H)(Me)-TS     (NHC)2PtII(H)(Me) 

Figure 3-11.  DFT-optimized bis-NHC oxidative addition transition state (left) and hydride 
ground state (right) complexes. 

 

The insertion of L2Pt0
 into C−H bonds is well studied, particularly by Sakaki and 

coworkers.20 Pt(NHC)2R2 complexes have, to our knowledge, not been structurally characterized 

for R = alkyl, aryl, which is consistent with the endergonic nature and high kinetic barriers to cis-

(NHC)2PtII(H)(Me). As per the studies by Sakaki et al. for (PR3)2Pt0/MeH oxidative addition, the 

large barrier reflects the reluctance of the two-coordinate, d10-Pt0 complex to move away from its 

preferred linear coordination mode as part of the oxidative addition process.20 The reaction cis-

(NHC)2PtII(H)(Me) + O2 → cis-(NHC)2PtII(OOH)(Me), ptnhc2oohme, is calculated to be 

exergonic by -14.8 kcal/mol. Goldberg et al. have reported that L2PtMe2 complexes (L2 is a 

chelating phosphine/amine) will react with O2 to form the species (NHC)2PtII(OOR)(Me) via a 

radical pathway.21 Additionally, there are studies on a Pd congener, also by Goldberg and 

coworkers, which implicate a radical pathway for O2 insertion.21Relative to cis-

Pt(NHC)2(H)(Me), the introduction of O2 results in a TS with a barrier of 24.1 kcal/mol, and 

involves a radical pathway (hydrogen atom abstraction) to form cis-Pt(NHC)2•(Me) and HOO• 

that is endergonic by 19.5 kcal/mol. The radical rebound (RR) step is exergonic by -34.3 

kcal/mol, and yields the species Pt(NHC)2(OOH)(Me).  
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Pt(NHC)2(OOH)CH3 

Figure 3-12. DFT-optimized bis-NHC methylperoxo ground state complex 
 

The addition of molecular oxygen to (NHC)2Pt0 to form  (NHC)2Pt(O2) {pto2} is 

endergonic by only +2.7 kcal/mol. It has been assumed that since the reaction is a simple adduct 

formation, the coordination of O2 to (NHC)2Pt0 has no barrier.22 The addition of methane to pto2 

to form cis-(NHC)2PtII(OOH)(Me) {ptnhc2oohme} is uphill by +8.7 kcal/mol. Of course, the 

overall thermodynamics to go from Pt-bis(NHC) to the methyl/hydroperoxy is not affected by 

the order of addition of methane and dioxygen, therefore this process is endergonic by +11.4 

kcal/mol.  

For pto2, Pt-O = 2.03 Å, O-O = 1.46 Å (calcd.). Dioxygen is known to coordinate to 

metals like Pd with NHC ligands to form (NHC)2PdO2 in which the O2 is side-on bonded. 

Furthermore, bis-phosphino-Pt(O2) complexes are known. For example, Cheng et al. reported 

(Ph3Ph)2Pt(O2), Pt-O = 2.01 Å and O-O = 1.51 Å, which compares well with the present 

calculated values.22 
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OAT‡         Pt(II)(NHC)(O)2 

Figure 3-13. DFT-optimized bis-NHC oxygen atom transfer (OAT) transition state (left) and 
side-on O2 adduct (right). 

 

From a thermodynamic point of view, the pathway that is the most favorable to produce 

cis-(NHC)2PtII(OOH)(OMe) involves first addition of MeH followed by O2 addition. The 

addition of dioxygen to (NHC)2Pt0 is endergonic by a relative small amount (∆G = +2.7 

kcal/mol), and would be expected to be barrier-less for this adduct formation. On the other hand, 

Pt insertion of the C−H bond of Me-H is endergonic by +26.2 kcal/mol with a large free energy 

barrier. 

A transition state (OAT) for insertion into the O-O bond of MeOOH by (NHC)2Pt0 to 

form (NHC)2PtII(OH)(OMe) was isolated and calculated to be substantial, ∆G‡ = 52.9 kcal/mol. 

As per the Me-H oxidative addition TS, the large barrier is consistent with previous analyses by 

Sakaki et al. that implicates L-Pt0-L bending as providing a substantial obstacle to oxidative 

addition.20 

 

3.3.11 Oxy-Insertion Pathways from Bis-(NHC)Pt(II)(OOH)(Me) 

Goldberg’s group21 has shown that L2PtR2 species can react with O2 to form 

L2Pt(OOR)(R). Hence, we sought to study pathways by which four-coordinate 

(NHC)2PtII(OOH)(Me) might undergo oxy-insertion to form (NHC)1,2 PtII(OH)(OMe). In these 
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simulations, it was assumed that the NHC opposite to the strongly trans influencing methyl 

ligand would be preferentially lost. As can be seen from Scheme 3-2, the removal of an NHC 

ligand from the intermediate (NHC)2PtII(OOH)(Me) required a modest amount of energy, +20.7 

kcal/mol. Note that the free energy of NHC dissociation is less than half the +43.9 kcal/mol 

calculated for (NHC)2Pt0  (NHC)Pt0 + NHC, Scheme 3-1. Also, from the four-coordinate 

intermediate, cis-(NHC)2PtII(OH)(OMe), +34.3 kcal/mol of free energy must be invested to 

dissociate an NHC ligand. Given similar trans influences of hydroxy (OH) and methoxy (OMe), 

only NHC loss trans to the OH ligand is calculated, and we assume that loss of NHC trans to the 

OMe ligand is similar. Thus, preliminary evidence suggests that dissociative pathways from bis-

NHC-PtII complexes may be facile, particularly if such NHC ligands are trans to strongly trans 

influencing ligands like alkyl groups. 

 

3.3.12 Oxy-Insertion Pathways from Mono-(NHC)Pt(II)(OOH)(Me) 

The oxy-insertion process for three-coordinate mono-NHC models is, as described above 

(Scheme 3-1), calculated to be quite exergonic, -39.3 kcal/mol. In comparison to this, oxy-

insertion from (NHC)2PtII(OOH)(Me) to (NHC)2PtII(OH)(OMe) is calculated to be even more 

exergonic, -52.8 kcal/mol. Hence, oxy-insertion is predicted to be more thermodynamically 

favorable for coordination number four than coordination number three. Recall from the above 

discussion, that the calculations support a non-BV pathway for conversion of 

(NHC)PtII(OOH)(Me) to (NHC)PtII(OH)(OMe), Scheme 3-1; the transformation going through a 

four-coordinate, d6 PtIV-oxo intermediate. We thus sought a corresponding oxo pathway for bis-

NHC models, Scheme 3-2.  
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A five-coordinate PtIV-oxo intermediate a the bis-NHC process would have stoichiometry 

(NHC)2PtIV(O)(OH)(Me). Investigation of several structural (trigonal bipyramid and square 

pyramid), geometric and coordination isomers yields a lowest energy conformation in which the 

NHC are cis to each other, one in the axial site of a trigonal bipyramid the other an equatorial 

coordination site. A cis-NHC geometry will be more difficult for larger, experimentally relevant 

NHC ligands. Moreover, (NHC)2PtIV(O)(OH)(Me) has a free energy of +12.0 kcal/mol relative 

to (NHC)2PtII(OOH)(Me) {cf. a calculated free energy difference of nearly half this, +6.6 

kcal/mol, for the analogous mono-NHC transformation}.  

Finally, multiple TS searches for an intramolecular OO-insertion led to transition states in 

which one of the NHC ligands dissociated and is in the outer coordination sphere (OAT2). The 

barrier to OAT2 is calculated to +55.2 kcal/mol versus four-coordinate (NHC)2PtII(OOH)(Me). 

The large free energy barrier reflects not only the energetic costs of making/breaking the 

pertinent bonds for the OO-insertion of the hydroperoxide ligand, but also the enthalpic and 

entropic penalties associated with NHC dissociation (Pt to NHC ring centroid distance = 3.91 Å, 

roughly twice the distance of a normal Pt-C covalent bond length.  

    

OAT2        (NHC)2PtII(OH)(OMe) 

Figure 3-14.  DFT-optimized bis-NHC oxygen atom transfer (OAT) transition state and side-on 
O2 adduct. 
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3.4 Summary 

The computations in this chapter suggest that the conversion of (NHC)2Pt0 by reaction 

with MeOOH to form cis-(NHC)2PtII(OOH)(Me) is thermodynamically feasible and only slightly 

uphill by +11.4 kcal/mol. Based on calculated thermodynamics, the foregoing transformation 

from O2 and MeH is predicted to proceed by first addition of MeH and then O2 addition to the 

resulting dioxygen adduct, (NHC)2PtO2. Additionally, based on the calculations relevant to 

Scheme 3-2, it is concluded that if an oxy-insertion precursor to (NHC)2PtII(OOH)(Me) could be 

formed via independent synthesis from known bis-(NHC)Pt0, it would be converted to cis- 

(NHC)2PtII(OH)(OMe) by loss of the NHC trans to the methyl ligand, followed by rearrangement 

of the three-coordinate, mono-NHC complexes. Thus, the cycle could continue via the oxo 

pathway detailed in Scheme 3-1 and then recoordination of the NHC ligand. 

 

3.4.1 [(NHC)Pt(II)(Me)]+ Mediated Pathways to Oxy-Insertion 

Scheme 3-1 focused on a neutral, mono-NHC-Pt0 active species and Scheme 3-2 analyzed 

similar reactions starting from a neutral, bis-NHC-Pt0 active species. Scheme 3-3 deals with the 

reaction of a cationic, two-coordinate, PtII complex, (NHC)PtII(Me)+, ptmenhc-cation, with 

OOH- as oxidant. As such, the present simulations permit an analysis of the effect of overall 

charge and d orbital occupation upon the component reactions of an MTM catalytic cycle. 
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Scheme 3-3. B3LYP/CEP-31G(d) calculated free energies (in kcal/mol) for molded pathway for 
reactiontion involing [NHCPt(II)(Me)]+ with HOO- for oxy-insertion leading to the production of 
the intermediate [(NHC)Pt(II)(OMe)(OH)] methoxy complex, where NHC is trans to the open 
coordinate site. The intermediate complex subsequently produces CH3OH or H2O vis C−H 
activation 
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ptmenhc-cation 

Figure 3-15. DFT-optimized cationic methyl NHC complex. 
 

3.4.2 (NHC)Pt(II)(OH)(OMe) from [(NHC)Pt(II)(Me)]+ and [HOO]- 

In Scheme 3-3, [(NHC)PtIIMe]+ is reacted with OOH- anion to form 

(NHC)PtII(OOH)(Me). The formation of this complex is exergonic by -176.2 kcal/mol in the 

gas-phase. As discussed above, Scheme 3-1, CO-insertion to form (NHC)PtII(OH)(OMe) from 

(NHC)PtII(Me)(OOH) is exergonic by -39.3 kcal/mol with two barriers of 27.9 and 14.7 

kcal/mol. 

Starting from (NHC)PtII(OH)(OMe), reaction with methane may occur via pathways 

involving neutral PtII entities (this was analyzed in Scheme 3-1). Hence, we focused on two 

distinct ionic pathways; one originates from loss of OH- to form [(NHC)PtII(OMe)]+, or loss of 

OMe- to yield [(NHC)PtII(OH)]+. The loss of OH- requires a massive free energy input of 187.4 

kcal/mol, as expected for fission of a neutral complex into two charged species in a gas-phase 

simulation. Loss of the OMe- from (NHC)PtII(OH)(OMe) is +172.2 kcal/mol, and is thus more 

favorable than hydroxide loss. Since this process involves the heterolytic cleavage of PtII-O 

bonds, it is probable that solvent effects will be important. Hence, the thermodynamic impact of 
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solvents of differing polarity (THF, ε ~ 7; MeCN, ε ~ 36; water, ε ~ 78) upon heterolytic PtII-O 

cleavage was assessed.23,24 In THF solvent, starting from [(NHC)PtII(OMe)(OH)], heterolytic 

cleavage of Pt-OMe is calculated to be 71.6 kcal/mol for OH- loss and 59.8 kcal/mol for OMe- 

loss. In more polar MeCN and water, hydroxide loss is 56.0 and 53.6 kcal/mol, respectively. In 

these same solvents, methoxide loss from [(NHC)PtII(OMe)(OH)] is 44.0 (MeCN) and 41.7 

(water) kcal/mol. In all cases, methoxide loss is more favorable than hydroxide loss, echoing the 

gas-phase results.  

The two-coordinate [(NHC)PtII(OMe)]+ and [(NHC)PtII(OH)]+ formed via hydroxide and 

methoxide loss, respectively, from [(NHC)PtII(OMe)(OH)] have bent coordination: CNHC-Pt-OMe 

= 113°; CNHC-Pt-OH = 105°. Thus, both now have an open site for the coordination and activation 

of methane. 

    

[(NHC)PtII(OMe)]+      [(NHC)PtII(OH)]+ 

Figure 3-16.  DFT-optimized cationic methoxy (left) and hydroxyl (right) ground state 
complexes. 

 

3.4.3 CH4 Adducts of [(NHC)Pt(II)(OMe)]+ and [(NHC)Pt(II)(OH)]+ 

Given that [(NHC)PtII(OMe)]+ and [(NHC)PtII(OH)]+ both have open coordination sites, 

their reactivity with methane was modeled to simulate the production of methanol (methane 

activation by PtII-OCH3) or water (methane activation by PtII-OH). The methoxy_adduct is 
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calculated to be endergonic for coordination of methane to [(NHC)PtII(OMe)]+ by 0.3 kcal/mol, 

while the hydroxy_adduct has a free energy of -1.7 kcal/mol relative to separated methane and 

[(NHC)PtII(OH)]+.These calculated values contrast the highly endergonic methane binding to 

neutral, PtII complexes (section 3.4). 

   

methoxy_adduct      hydroxy_adduct 

Figure 3-17.  DFT-optimized methane cationic methoxy adduct (left) and hydroxyl adduct 
(right) ground state complexes. 

 

3.4.4 Activation of Methane by Pt(II)-O Bonds 

The calculated ∆G for the σ-bond metathesis (σBM) pathway from the methoxy_adduct 

{[(NHC)PtII(OMe)]+(CH4) → methoxy_ts_cation → [(NHC)PtII(Me)]+(MeOH)} is exergonic 

by -30.6 kcal/mol with a free activation energy of barrier +26.7 kcal/mol. While, the competing 

pathway {[(NHC)PtII(OH)]+(CH4) → hydroxy_ts_cation → [(NHC)PtII(Me)]+(H2O)} is 

exergonic by -31.5 kcal/mol with a free energy barrier of 26.5 kcal/mol relative to the methane 

adduct. The difference in C−H activation free energy barriers (relative to methane adduct) is only 

0.2 kcal/mol (OH < OMe). However, the loss of methoxide from (NHC)PtII(OH)(OMe) is 

calculated to be favored by 15.2 kcal/mol (in the gas phase, slightly less in polar solvents) versus 
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hydroxide loss. Hence, in the overall free energy surface, pathways leading to PtII-OH mediated 

methane activation would be favored over PtII-OMe mediated methane activation.  

    

methoxy_ts_cation     hydroxy_ts_cation 

Figure 3-18. DFT-optimized cationic OHM transition state complexes. 
 

3.4.5 Formation of the H2O and MeOH 

The products of hydroxide and methoxide pathways just discussed are calculated to be 

thermodynamically favorable for MeOH production, being exergonic by -30.6 kcal/mol relative 

to the methane adduct. The formation of water from the corresponding methane adduct is 

exergonic by -31.5 kcal/mol. The difference in free energy between 

[(NHC)PtII(Me)(MeOH)]+/OH- and [(NHC)PtII(Me)(H2O)]+/OMe- is 17.6 kcal/mol in favor of 

the latter, due mostly to the original loss of anion (OH- or OMe-). 

      
nhc_pt_me_meoh      nhc_pt_me_oh2 

Figure 3-19. DFT-optimized cationic dissociation of methanol and water. 
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3.5 Summary, Conclusions and Prospectus 

A comprehensive DFT analysis of oxy-insertion and C−H activation by Pt-NHC 

complexes has been presented. The study aims to evaluate the different components to a 

methane-to-methanol catalytic cycle vis-à-vis metal coordination number, metal formal oxidation 

state and overall charge on the complex. Several important conclusions have resulted from this 

study that should inform synthetic attempts to identify novel late transition metal catalysts for 

partial methane oxidation. The most important of these are summarized here.  

Removal of NHC from bis-(NHC)Pt0 complex is calculated to require +43.9 kcal/mol. 

The (NHC)Pt0 formed can either undergo CO or OO insertion or participate in a Baeyer-Villiger 

reaction with CH3OOH. The two-step, oxo-pathway is preferred to a one-step BV pathway for 

oxy-insertion.14 The calculated preferred pathway is (NHC)PtII(OOH)(CH3) → 

(NHC)PtIV(OH)(Me)(O) {PtIV-oxo} → (NHC)PtII(OH)(OMe). The hydroxide/methoxide is 

formed by overcoming free energy barriers of 27.9 kcal/mol and 14.7 kcal/mol for 

intramolecular OO insertion and methyl migration, respectively. A PtIV-oxo species, 

{(NHC)PtIV(Me)(OH)(O)} was identified. Relative to (NHC)PtII(κ2-O,O-OOH)(Me), this oxo is 

endergonic by only +6.6 kcal/mol. Two low energy conformations of (NHC)PtII(OOH)(Me) 

were isolated. These near degenerate linkage isomers are connected by a small barrier. There is 

movement of the terminal hydroxide of OOH “toward” the metal facilitating an intramolecular 

OO insertion to form the d6-PtIV-oxo. The computations suggest that the conversion of 

(NHC)2Pt0 by reaction with MeOOH to form cis-(NHC)2PtII(OOH)(Me) is thermodynamically 

feasible and only slightly uphill by +11.4 kcal/mol. Based on calculated thermodynamics, the 

foregoing transformation from O2 and MeH is predicted to proceed by first addition of MeH and 

then O2 addition to the resulting hydride complex, (NHC)2PtII(H)(Me). More research is needed 
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to unravel the pathways by which O2/MeH can form, first, Pt(OOR)(R’) species, and 

subsequently, how these transform to Pt(OR)(OR’) entities, although the present calculations 

support the experimental proposals of a radical pathway. 

Based on the calculations, it is concluded that oxy-insertion from (NHC)2PtII(OOH)(Me) 

to (NHC)2Pt(OH)(OMe) would occur by loss of the NHC trans to the methyl ligand, followed by 

rearrangement of the three-coordinate, mono-NHC complexes thus formed via the oxo pathway 

detailed in Scheme 3-1, and then recoordination of the NHC ligand. 

Methane binds only weakly to neutral (NHC)PtII(OH)(OMe). Binding to cationic NHC-

PtII-OR species is considerably more favorable. However, loss of hydroxide or methoxide to 

generate a cationic PtII complex is only competitive with neutral ligand loss (e.g., NHC 

dissociation) for a solvent as polar as water (assuming continuum solvation effects dominate). Of 

course, such solvents are not expected to be compatible with many of the intermediates in the 

modeled organometallic catalysis. Thus, our working hypothesis from the present simulations is 

that catalysis starting from neutral NHC-PtII-OR species is not likely to operate via ionic 

intermediates in solvents typically compatible with organometallic catalysis, and that such ionic 

entities would needed to be accessed via synthetic strategies in which one of the anionic groups 

is replaced by a more weakly coordinating ligand, for example, BArF4
- or PF6

-. 

The calculated free energy barriers to C−H activation by neutral PtII-OR complexes via a 

σ-bond metathesis pathway is reasonable with free energy barriers of ~31 kcal/mol relative to 

separated reactants.1 The reaction pathways to form water and methanol are kinetically and 

thermodynamically competitive. The barriers to C−H activation are ~4 – 5 kcal/mol less for 

cationic PtII-OR systems as compared to neutral, PtII-OR systems, suggesting that synthetic 

routes to cationic PtII-OR complexes should be a higher priority. 
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CHAPTER 4  

PYRIDINE HEMI-LABILE LIGANDS (HLL): GROUP 9 AND 10 

4.1 Introduction 

 
Figure 4-1. Model mediated oxy-insertion reaction scheme involving a hemi-labile ligand 
(HLL). 

 

The focus of the present research is to identify MTM catalyst leads using hemi-labile 

ligands that best complement collaborative synthetic efforts in the CCHF center. Figure 4-1 

depicts a possible scenario for reversible bonding of a hemi-labile ligand (HLL) to a metal 

center,1 and how it may be exploited in MTM catalysis. C—H activation generally benefits from 

coordinatively and electronically unsaturated metal centers.2 HLL complexes may thus afford 

coordinatively and electronically saturated (hence more synthetically feasible) catalyst 

precursors, while permitting thermodynamic and kinetic access to more active unsaturated 

intermediates within an MTM catalytic cycle. The impact of factors such as metal identity and 

coordination number upon the oxy-insertion reaction is less well understood.  

The study of phosphine-amine and phosphine-ether complexes by Jeffrey and Rauchfuss 

over three decades ago laid the groundwork for research on HLL complexes.3 Braunstein and 

Naud also investigated the importance of hemi-labile systems containing oxazoline-based 

ligands.4 Bader and Linder studied the oxidative addition behavior of complexes with P~O hemi-

labile ligands.12 Their findings posit Pt-oxygen bonded species as plausible intermediates.5 

Recently, Milstein et al. reported that the appropriate choice of HLL can determine whether a 
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C—H or C—C bond is activated. These experimental studies thus suggest that HLLs may 

provide novel and exciting results for inorganic and organometallic catalysis.1  

The HLL complexes studied here (depicted in simplified form in Figure 4-2) form a five-

membered, bidentate (N~O) chelate ring upon coordination to a metal and possess an ether or 

ester carbonyl ligand (“O” in Figure 4-2) as the hemi-labile “arm.” Preliminary modeling 

suggested little difference in reaction coordinate energetics arising from the choice of the arm, so 

focus is given here to potentially HLLs with an ether arm. The non-labile portion of the HLL is a 

pyridine ligand (“N” in Figure 4-2). The choice of the arm and the non-labile portion of the HLL 

were motivated by experimentally reported complexes.5-8 

 

 
Figure 4-2. Hemi-labile ligand (HLL) model (oxy-insertion product is depicted). In the 
simulations, the ligating N atom stays ligated to the metal, while O is potentially hemi-labile. M 
= Co, Rh, Ir, Ni, Pd or Pt. Py = pyridine. 
 

 
 

Scheme 4-1. Proposed mechanistic pathways for reaction of LnM-Me + YO leading to the 
production of LnM(OMe) + Y. YO = Oxidant. 
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In pursuit of metal complexes suitable for both methane C—H activation and oxy-

insertion, a one-step (non-redox) Baeyer-Villiger (BV) pathway, Scheme 4-1, was initially 

explored given the precedent of this reaction for several d0 complexes.9-11 Our investigations on 

non-d0 organometallic complexes consistently reach the same conclusion:9,12 for most non-d0 

metals a one-step BV mechanism incurs a significantly higher barrier than the rate determining 

step (RDS) in the alternative two-step, oxo-mediated (or redox) pathway, Scheme 4-1. Thus, the 

present research focuses on viable metal-oxo pathways by which MTM catalysis may be facile. 

Our main goal is to assess HLL complexes for the oxy-insertion step in methane-to-

methanol catalysis, focusing on a comparison of Group 9 and 10 metals; assessing the 

coordination of the metal center; competing pathways (e.g., associative vs. dissociative 

mechanisms); and, the role of N~O hemi-lability in the two disparate steps of oxo-mediated oxy-

insertion. The steps are chemically dissimilar in the sense that the first step entails a formal 

oxidation of the metal, while the second step is a formal reduction of the metal. 

 

4.2 Computational Methods 

The level of theory employed is density functional theory (DFT) within the Gaussian 09 

package13 to study the stationary points and the energetics for oxy-insertion pathways involving 

HLL complexes. The hybrid Becke’ 3-parameter (B3) functional with the Lee-Yang-Parr (LYP) 

exchange-correlation functional (i.e., B3LYP14-17) was used along with a pseudopotential valence 

double-ζ basis set with d-polarization functions added to the main group elements (CEP-31G 

(d)). All quoted energies are free energies calculated at 298.15 K and 1 atm and utilize unscaled 

B3LYP/CEP-31G(d)14-16,18 vibrational frequencies; continuum solvent effects (THF, ε = 7.4257) 
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are modeled in the calculations using the CPCM formalism.19 The present DFT calculations use 

tight convergence criteria and a larger grid for numerical integration. 

Stationary points are characterized in the gas phase as minima or transition states (TSs) 

via calculation of the energy Hessian and observation of the correct number of imaginary 

frequencies, zero (0) and (1), respectively. To authenticate the imaginary modes, intrinsic 

reaction coordinates (IRC) are calculated from TS geometries. All geometry optimizations are 

performed without symmetry or coordinate restraint, and all species are singlets unless stated 

otherwise for which a restricted Kohn-Sham formalism is employed. 

 

 

 
Scheme 4-2. Prototypical methane-to-methanol cycle for an N~O hemi-labile ligand catalyst 
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4.3 Redox Pathway of HLL 

 Scheme 4-2 depicts a prototypical mechanism for methane-to-methanol catalysis. The 

pyridine N-oxide (YO = PyO) oxidant reacts with a precursor to produce the MCI (Metallo-

Criegee intermediate) complex. From the MCI, oxygen atom transfer takes place (with Py being 

lost) to form an oxo intermediate (Oxo1 in Scheme 4-2), resulting in an increase in the formal 

oxidation of the metal ion. The Py ligand may recoordinate to the metal, which is then followed 

by methyl migration (and C-O bond formation) to form the metal alkoxide complex. 

Alternatively, the MCI may shunt directly to Oxo2 in which the Py leaving group stays 

coordinated, Scheme 4-2. For the last step in the cycle, C—H bond activation takes place across 

the Pt—OMe bond to produce the methanol product and yield the precursor. The various 

stationary points depicted in Scheme 4-2 may have the hemi-labile arm associated or dissociated 

depending on the steric and electronic profile of the remaining ligands. 

 

4.4 Group 10 

4.4.1 Platinum 

A free energy surface for oxy-insertion involving a cationic-PtII-HLL complex is shown 
 

in Scheme 4-3. 

Scheme 4-3. B3LYP/CEP-31G(d) calculated free energies (in kcal/mol relative to 
{(N~O)Pt(II)(Me)(THF)}+ + PyO) for oxy-insertion with a cationic HLL-Pt(II) complex for four- 
and five-coordinate intermediates. 
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[(N~O)PtII(Me)(THF)]+      [(N~O)PtII(Me)(PyO)]+ 

 

OAT‡ 

Figure 4-3. DFT-optimized ground state (top) and OAT transition state (bottom) complexes.  
 

The displacement of THF by PyO ({(N~O)PtII(Me)(THF)}+ + PyO → 

{(N~O)PtII(PyO)(Me)}+ + THF) leading to formation of the MCI is calculated to be exergonic by 

-12.4 kcal/mol. For both the THF-ligated precursor and the MCI, the platinum weakly bonded to 

the pendant ether arm (PtII—Oether ~ 2.3 Å), which compares with 2.07, 2.17, 2.19, 2.22 and 2.23 

Å, for the five experimental examples of four-coordinated, PtII-ether structures in the Cambridge 

Structural Database (CSD).20-24 The barrier for the rate-determining step (RDS) oxygen atom 

transfer (OAT) to form the PtIV-oxo {(N~O)PtIV(Py)(O)(Me)}+ via transition state +OAT‡ is very 

large, ∆G‡
eff = +49.3 kcal/mol, Scheme 4-3. Two pathways are isolated computationally from the 

MCI complex, one in which the Py remains coordinated and one in which it does not. The five-
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coordinate (or Py-ligated) pathway is substantially below the “pyridine-free” (four-coordinate) 

pathway, Scheme 4-3. The last step of the oxy-insertion process, methyl migration, yields the 

PtII-methoxide complex from the PtIV-oxo/methyl intermediate. 

     

[N~O)PtIV(O)(Me)]+      [(N~O)PtIV(Py)(O)(Me)]+ 

 

MeMig‡ 

Figure 4-4. DFT-optimized ground state (top) and methyl migration (MeMig‡) transition state 
(bottom). 

 

4.4.2 Nickel 

The PtII-HLL oxy-insertion was compared to its 3d congener nickel. The O-atom transfer 

(OAT) barrier, ∆G‡
eff, is +45.7 kcal/mol, while the five-coordinate oxo is endergonic (+15.6 

kcal/mol) relative to the starting materials, Scheme 4-4. The lower free energy OAT barrier for 

nickel relative to platinum may be due to the favorable hard acid/hard base interactions between 

oxygen and nickel.25 However, the large effective OAT barrier suggests an unfavorable oxy-

insertion for this complex and this oxidant. Research by Figg and Cundari on NiII-Me complexes 
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indicates that more potent oxidants such as N2O are needed for oxy-insertion into nickel-carbon 

bonds,26 which is supported by experiment.27-30 

 

 
Scheme 4-4. B3LYP/CEP-31G(d) calculated free energies (in kcal/mol relative to 
{(N~O)MII(Me)(THF)}+ + PyO) (M = Ni and Pd) for oxy-insertion with a cationic HLL-MII 

complex for four and five coordinate species. 
 
 

 
4.4.3 Palladium 

The PtII-HLL oxy-insertion was compared to its 4d congener palladium. The O-atom 

transfer (OAT) barrier, ∆G‡
eff, is 59.8 kcal/mol, while the five-coordinate oxo is 26.4 kcal/mol 

relative to the starting materials, Scheme 4-4. The higher OAT free energy barrier and more 

unstable oxo intermediate for palladium relative to platinum may arise from the unfavorable hard 

acid/hard base interactions between oxygen and palladium,25 or perhaps the greater instability of 

the 4+ formal oxidation state for the 4d metal. Regardless of the cause, the very large OAT 

barrier suggests an unfavorable oxy-insertion for this Group 10 HLL model. It is interesting to 
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note that in a recent study of organometallic Baeyer-Villiger (non-redox) reactions by Cundari 

and coworkers,9 that the 3d Ni complex had a lower oxy-insertion barrier as compared to its 4d 

and 5d congeners. The same trend is calculated here for the oxo-mediated (redox) oxy-insertion 

pathway. Kamaraj and Bhandyopadhyay suggested the formation of a Pd-oxo intermediate in 

their study of Pd—C oxy-insertion, albeit with much stronger oxidants (e.g., C6F5IO) than 

modeled here. The present results suggest that further experimental and computational 

investigation of those systems would be interesting.31,32 

 

4.5 Group 9 

Maintaining a d8 motif and moving to Group 9 metals results in a formally 1+ charge on 

the metal ion and thus a neutral complex compared to the cationic Group 10 congeners just 

studied. As such, one may speculate that it may be easier to remove hemi-labile arm of N~O 

from a neutral complex, and thus perhaps reduce the barriers to oxygen atom transfer and/or 

methyl migration.  

 
Scheme 4-5. B3LYP/CEP-31G(d) calculated free energies (in kcal/mol relative to 
{(N~O)MI(Me)(THF)}+ PyO) (M = Co, Rh and Ir) for oxy-insertion with a neutral HLL-MI 

complex for four- and five-coordinate species. 
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4.5.1 Cobalt 

Relative to the THF-ligated precursor, the Co-oxo ground state free energy are calculated 

to be very stable, ∆G = -36.9 and -39.2 kcal/mol for the four- and five-coordinate model 

complexes, respectively; the calculated OAT barrier is only 13.6 kcal/mol, Scheme 4-5. The oxy-

insertion (methyl migration) barriers are calculated to be 17.7 and 25.3 kcal/mol (relative to the 

oxo complex) for the four- and five-coordinate pathways, respectively. The Gibbs free energy for 

the methoxy products of oxy-insertion are exergonic by > 40 kcal/mol relative to the metallo-

Criegee intermediate (N~O)CoI(PyO)(Me), regardless of metal coordination number, Scheme 4-

5. From a kinetic and thermodynamic viewpoint, the calculations suggest that this neutral Group 

9 complex is more promising than its cationic Group 10 congener (M = Ni, Scheme 4) vis-à-vis 

metal-methyl oxy-insertion. As with previous research, we see an enhancement in the oxy-

insertion barriers with a change from (a) a cationic to a neutral complex, and (b) from a Group 

10 to a Group 9 complex.17 Those studies indicated that the strength of the M—CH3 bond and its 

nucleophilicity were key factors in determining OMBV barrier heights. 

 

4.5.2 Rhodium 

Compared to the THF-bound RhI precursor, the RhIII-oxo ground state free energy is 

exergonic with ∆Geff = -17.6 and -23.7 kcal/mol for the four- and five-coordinate intermediates, 

respectively. The calculated OAT barrier (∆G‡
eff) is only 15.0 kcal/mol, Scheme 4-5, only 1.3 

kcal/mol higher than calculated for the Co congener. The oxy-insertion TS barriers for the four- 

and five-coordinate intermediates are both 26.8 kcal/mol; relative to the corresponding oxo 

complex. As with the Co/Ni pair, calculations suggest that this neutral Group 9 complex is more 

kinetically and thermodynamically promising than its cationic Group 10 congener. 
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4.5.3 Iridium 

The four-and five-coordinate Ir-oxo intermediates lie in a thermodynamic sink with ∆G = 

-32.6 and -34.5 kcal/mol, respectively. The OAT barrier is only 10.9 kcal/mol; while the oxy-

insertion TS barriers for the four-and five-coordinate are 37.0 and 37.3 kcal/mol, Scheme 4-5, 

substantially higher than both the Co and Rh models. This neutral Group 9 complex thus seems 

less viable in an MTM catalytic cycle than the lighter 3d and 4d neutral Group 9 versions, a 

reflection that perhaps the IrIII-oxo intermediate is “too stable” for this 5d metal as compared to 

the 3d and 4d variants. 

 

4.6 Summary and Conclusions  

The current research explores the catalytic potential of hemi-labile ligands in conjunction 

with Group 9 and 10 complexes for oxy-insertion as part of a methane-to-methanol catalytic 

cycle. The present study aims to evaluate the kinetics and thermodynamics of oxidation of a 

metal-alkyl bond. To this end, a density functional theory analysis of the oxy-insertion reaction 

of PyO with d8-[LnM (Me)(THF)]q+ (M = Co, Rh, Ir, Ni, Pd, Pt; Ln = 2-(CH2OCH3)Py; q = 0 for 

Group 9 metals, +1 for Group 10 metals) complexes is presented. Relevant free energies are 

collected in Table 4.1. We hypothesized that the potential hemi-lability of 2-(CH2OCH3)Py may 

lead to pathways by which these low-valent methyl complexes may undergo facile oxy-insertion. 

Several important conclusions have resulted from this study that can inform synthetic attempts to 

identify novel Group 9 and 10 transition metal catalysts for methane partial oxidation. The most 

important of these are summarized below.  
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Table 4.1. Relative Free Energies (B3LYP/CEP-31G(d), STP, kcal/mol) for Group 9 and 10 
Complexes. 

 
Metala  ∆Goxo‡ ∆Goxo  ∆Gmig‡ 
Ni+  45.6  15.6  0.7 
Pd+  59.8  26.4  4.5 
Pt+  49.3  13.0  12.8 
Co  13.5  -39.2  20.0 
Rh  15.0  -23.7  26.8 
Ir  10.9  -34.5  31.7 

 
a The superscript + denotes cationic complexes; the remainder are neutral. All reactants and final 
products are d8 with formally d6-oxo intermediates. 

 

First, computations suggest that oxy-insertion is thermodynamically more feasible for a 

five-coordinate complex over a four-coordinate pathway. In other words, simulations suggest 

that the Py “leaving group” of the oxidant will remain in the inner coordination sphere of the 

transition metal.  

Second, for cationic Group 10 complexes, the barrier to formation of the oxo 

intermediate (∆Goxo
‡, Table 4.1) is quite large, > 40 kcal/mol, suggesting that oxo intermediates 

will be kinetically inaccessible at near-ambient temperatures. Additionally, more potent oxidants 

than PyO (e.g., PhIO or OOH-) will likely be needed to form these intermediates, which may 

accrue difficulties from side reactions such as oxidation and degradation of the supporting 

ligands. For the neutral Group 9 complexes, in contrast, the barriers to formation of the oxo 

intermediates are ≤15 kcal/mol (Table 4.1). However, for the Co and Ir complexes the 

calculations indicate concerns that their oxos lie in too deep of a thermodynamic “sink” (see 

∆Goxo in Table 4.1) to promote methyl-migration. In conjunction with previous work by our 

group,9,12 the present research thus suggests that neutral methyl complexes in conjunction with 

more potent oxidants (YO) and poorly coordinating leaving groups (Y) such as N2O or PhIO are 

profitable synthetic targets.  
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Third, the DFT results for the neutral Rh complex seem most promising among the 

systems studied here. The oxo is in less of a thermodynamic sink than its 3d and 5d neighbors, 

while the methyl migration barrier (∆Gmig
‡, Table 4.1) is still reasonable at 26.8 kcal/mol. The 

desire to affect MTM catalysis with more Earth-abundant metals would seem to require 

strategies to destabilize Co-oxo intermediates via manipulation of the ligand and/or metal formal 

oxidation state, perhaps via the use of stronger π-acceptor ligands than pyridine, e.g., N-

heterocyclic carbenes.  

Fourth and most importantly, our studied HLL ligand forms distinctive bonds to the 

metal: one via the pyridine functionality and the other involving the potentially hemi-labile ether 

arm. We initially hypothesized that the ether arm of 2-(CH2OCH3)Py could display variable 

binding to the central metal, encouraging what may be visualized as on-off or “windshield 

wiper” effect. The M—Oether bond lengths (M—Npy distances change much less along the 

reaction coordinate) are plotted in Figure 4-3. The general rise in the M—Oether bond lengths 

from the MCI to the oxo intermediate counteracts the reduction one might have expected upon 

going from a formal oxidation state of M+q to M+q+2. This strongly implies that the HLL assists 

the formation of the oxo complex through partial dissociation of the ether arm. The M—Oether 

bond lengths generally decrease from the oxo intermediate to the oxy-insertion product, which 

once again overrides the change expected from formal oxidation state variations as the metal is 

reduced. 
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Figure 4-5. B3LYP/CEP-31G(d) calculated M—Oether (M = Co, Rh, Ir, Ni, Pd or Pt) bond 
lengths in Å for hemi-labile ligand along the oxy-insertion reaction coordinate for Group 9 and 
10 complexes. All species are formally d8, except for the d6, oxo intermediates. 
 
 

Distinctions are seen in the above generalizations, Figure 4-3, indicating that the hemi-

lability of 2-(CH2OCH3)Py is to some extent also metal-dependent. However, Figure 4-3 

provides support for the “windshield wiper” effect, whereby the ether arm of the hemi-labile 

ligand may partially dissociate/associate to assist the disparate electronic and steric demands of 

the initial oxidation and subsequent reduction step of two-step, oxo-mediated oxy-insertion. 

More research remains to be done to see if one may elaborate the donor/acceptor properties of 

the hemi-labile ligand to further facilitate both steps of the oxy-insertion. 
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CHAPTER 5  

THE REACTIVITY OF METHANE AND DIOXYGEN WITH D10-L2M 

5.1 Introduction 

The importance of transition metal complexes with divalent carbon-based ligands (i.e., 

carbenes) is demonstrated by the awarding of Nobel Prizes in Chemistry to Fischer in 1973, and 

to Schrock, Grubbs and Chauvin in 2005.1-3 Carbene complexes play a pivotal role in both large-

scale and fine chemical synthesis. Among this family of organometallic complexes, N-

heterocyclic carbene (NHC) complexes have been particularly well studied since the seminal 

work of Öfele and Wanzlick.4 NHC complexes have seen a wide range of applications from 

Arduengo’s pioneering studies5 to Grubbs’ olefin metathesis catalysts.6 In some sense, NHC’s lie 

between Schrock- and Fischer-type carbenes in terms of their electronic structure. Frenking3 has 

published extensively on the nature of the metal-NHC bond, focusing on similarities and 

differences vis-à-vis Fischer-type carbenes, and the role of metal-ligand π-bonding. 

In an economically feasible MTM scenario, O2 or air would be the most attractive 

ultimate oxidant, e.g., via a regenerable Y + ½O2 → YO couple. Experimentally, the study of 

metal-alkyl oxidation is complicated, of course, by the sensitivity of many organometallics to 

decomposition by O2 or in air; however, experimental progress has been made. For example, 

Cheng et al. synthesized (PPh3)2Pt(η2-O2) and characterized this complex by X-ray 

crystallography.7 Recently, Stahl et al. reported a stable η2-peroxo, synthesized via aerobic 

oxidation of (IMes)2Pd (IMes = 1,3-di(2,4,6-trimethylphenyl)-imidazoline-2-ylidene).8,9 Further 

investigation identified conversion of (IMes)2Pd(O2) into a PdII-hydroperoxo.8,9 Recently, the 

Goldberg group has synthesized a PtII-OOMe complex via oxidation of (PN)PtMe2 (PN = 2-((di-

tert-butylphosphino)methyl)-pyridine), which is proposed to form from O2 and (PN)PtMe2 via a 
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radical mechanism.10 The aforementioned studies establish that under the right oxidation 

conditions, O2 can react with late transition metal-alkyl species to form stable organometallic 

species. 10 

One may envisage coupling oxidative transformations with the reported C−H activating 

ability of low-valent Pd and Pt complexes as components of a viable MTM catalytic cycle. To 

this end, a more complete understanding is needed of the reactivity of metal-methyl complexes 

under oxidizing conditions. The present research focuses on complexes with N-heterocyclic 

carbene (NHC) supporting ligands, as these tend to be less prone to degradation via oxidation as 

compared to phosphine (PR3) congeners.11,12 Moreover, recent advances in the utilization of 

bulky NHCs, e.g., as reported by Hillhouse et al., afford experimentalists an opportunity to 

access very low coordination numbers, which has proven a key ingredient in C−H activation by 

organometallics.13 This chapter focuses on the reactivity of (NHC)2Pt0 and related model 

complexes (Scheme 5-1 depicts the model NHC ligand utilized) with methane and O2 and 

compares and contrasts this complex with another Group 10 metal (Pd) and different supporting 

ligation (PMe3). 

 
Figure 5-1. The N-heterocyclic carbene (NHC) model utilized in depiction.  
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5.2 Computational Methods 

Density functional theory (DFT) simulations within the Gaussian 09 package14 were 

performed to study proposed pathways from model Pd/PtL2 (L = NHC, PMe3) complexes. The 

methods were calibrated by comparing the standard level of theory, B3LYP/CEP-31G(d),15 with 

a larger, B3LYP/CEP-121G(d), level of theory for these PtII-NHC complexes. Quoted energies 

are free energies calculated at 298.15 K and 1 atm and utilize unscaled B3LYP/CEP-31G(d) 

vibrational frequencies. Stationary points were characterized as minima or transition states (TSs) 

via calculation of the energy Hessian. Intrinsic reaction coordinates (IRC) were calculated from 

TS geometries. All geometry optimizations were performed without symmetry constraint, and all 

species were closed-shell singlets, unless stated otherwise, for which a restricted Kohn-Sham 

formalism is employed.16 Tests with polarizable continuum solvent models did not appreciably 

change computed energetics, so this chapter focuses on gas-phase simulations. 

 

5.3 Results and Discussion 

The bis-(NHC)Pt0 complex {1} is a model of two-coordinate Pt0 complexes reported in 

the Cambridge Structural Database (CSD).17 For (NHC)2Pt0, B3LYP/CEP-31G(d) geometry 

optimization yields Pt-CNHC = 2.02 Å and CNHC-Pt-CNHC = 180°, compared with 1.94 – 1.99 Å 

and 177 – 180°, respectively, for experimental structures with bulkier NHC ligands.18,19 For 

(PMe3)2Pt0, geometry optimization produced Pt-P = 2.29 Å and P-Pt-P = 180°. The complex 

(PMe3)2Pt0 is a model of an unsaturated Pt0 complex, i.e., Pt(PtBu2Ph)2, which has Pt-P = 2.25 Å 

and P-Pt-P = 177°.20,21 The principal frontier orbital of 1 that exemplifies the strong π-acceptor 

ability of NHC is shown below, and compared to the corresponding orbital in Pt(PMe3)2 {the 
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orbitals plotted are part of a degenerate pair}. These orbitals imply that NHC is a stronger π-

acceptor than PMe3. 

     

1       (PMe3)2Pt0 

Figure 5-2. The principal frontier orbitals of NHC and trimethyl phenyl complexes. 
 

5.3.1 (NHC)2Pt(II)(OOH)(CH3) From (NHC)2Pt(0), CH4 and O2 

Two pathways may be envisaged from linear d10-(NHC)2Pt0 to cis-

(NHC)2PtII(OOH)(CH3). One may either oxidatively add CH4 first to form cis-

(NHC)2PtII(H)(CH3) and then add O2 or add O2 first, to give (NHC)2Pt(O2), followed by CH3–H 

addition to give (NHC)2PtII(OOH)(CH3). Both pathways were calculated and compared, Figure 

5-1. Note that in Figure 5-1 the cis isomer of (NHC)2Pt(X)(Y) is utilized in light of the previous 

work of Sakaki et al.22 Calculations at the B3LYP/CEP-31G(d) level of theory suggest small free 

energy differences, < 4 kcal/mol, between competing cis- and trans-(NHC)2Pt(X)(Y) geometric 

isomers. Trans isomers are more stable, as expected, but in practice one may forestall their 

formation through the use of chelating bis-NHC ligands.23,24 

 

5.3.2 Pathways from (NHC)2Pt(0) to Cis-(NHC)2Pt(II)(OOH)(CH3) 

The insertion of Pt into the C−H bond of methane by (NHC)2Pt0 to form cis-

(NHC)2PtII(H)(CH3) {2} is calculated to be endergonic by +26.2 kcal/mol. The barrier to 
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insertion (see (1-2)‡ below) is very large, +52.9 kcal/mol, results consistent with those for 

(PR3)2Pt.22 (NHC)2PtR2 complexes were, to our knowledge, not structurally characterized for R = 

alkyl, until very recently.25 These researchers observe facile C-C reductive elimination (the 

microscopic reverse of oxidation addition), which is consistent with the endergonic nature and 

high kinetic barriers calculated for oxidative addition of methane to (NHC)2Pt0.  

As per Sakaki et al. for (PR3)2Pt0/CH4 oxidative addition, it was inferred that a large 

barrier reflects the unwillingness of two-coordinate, d10-L2M0 (M = Pt, Pd) complex to move 

away from a preferred linear coordination as part of the C−H scission.22 At the present level of 

theory, taking the linear minima of L2M0 (L = NHC, PMe3), freezing the L-M-L angle at 120° (to 

mimic the C-M-C angle in (1-2)‡), and optimizing all other internal coordinates, is uphill by 22.9 

(1) and 16.1 kcal/mol (1-Pd), respectively, versus 14.0 kcal/mol for (PMe3)2Pt. A greater 

reluctance to bend is expected to reflect higher methane C−H oxidative addition barriers, a 

contention supported by calculation: ∆G‡ = 47.6 kcal/mol (1-Pd) versus +52.9 kcal/mol for 1. 

The calculated ∆G‡ for (PMe3)2Pt + CH4 → cis-(PMe3)2Pt(H)(CH3) yields a calculated barrier of 

40.7 kcal/mol.  

Assuming a Pd/Pt-alkyl(hydride) could be made via an alternate synthesis, its reaction 

with O2 is of interest in light of recent experiments.7-14,10 The reaction cis-(NHC)2PtII(H)(CH3) 

{2} + O2 → cis-(NHC)2PtII(OOH)(CH3) {3} is calculated to be exergonic by -14.8 kcal/mol. 

Goldberg et al. reported that L2PtMe2 (L2 is a chelating phosphine/amine) reacts with O2 to form 

(NHC)2PtII(OOR)(CH3) via a radical pathway.10 Likewise, Stahl et al. exposed a bis-NHC-

palladium complex to air, to produce a stable PdII hydroperoxide complex.23 The foregoing 

experimental observations are consistent with the calculated exergonic process for the oxidation 
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of PtII-hydride 2 by O2 to form a PtII-OOH complex 3. Energetics for metal and ligand 

modifications of 1 is discussed below. 

 

 
Scheme 5-1. Modeled pathways for reactions involving (NHC)2Pt, CH4 and O2 leading to the 
production of cis-(NHC)2PtII(OOH)(CH3). Similar pathways calculated for (NHC)2Pd and 
(PMe3)2Pt. The NHC ligand (L) is defined in Scheme 1. A superscript “T” denotes a triplet 
species. Calculated free energies are given in kcal/mol. 

     
(1-2)‡         2 

Figure 5-3. DFT-optimized oxidative addition (OA) transition state (left) hydride ground state 
(right) complexes. 
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Relative to separate cis-(NHC)2Pt(H)(CH3) {2} and O2, a TS {T(2-3)‡} was calculated 

with a ΔG‡ of 24.1 kcal/mol (thus this triplet TS is 50.3 kcal/mol above CH4 + O2 + (NHC)2Pt0, 

Figure 1). All other transition state optimizations at the singlet spin state resulted in either 

previously found ground states, or stationary points with considerably higher free energy than 

T(2-3)‡. Following the calculated intrinsic reaction coordinate (IRC) from T(2-3)‡ implies that 

this TS mediates a radical pathway (hydrogen atom abstraction, HAA) to form open-shell 

products trans-(NHC)2PtI(CH3)• and OOH•; the HAA reaction (2 + O2 → trans-

(NHC)2PtI(CH3)• + OOH•) is endergonic by 19.5 kcal/mol. Trans and cis-(NHC)2PtI(CH3)• show 

considerable spin polarization (ρspin(Pt) ~ ½ e- for both) from Pt to the ligand trans to the open 

coordination site of this T-shaped radical {the cis isomer is 9.6 kcal/mol higher than the trans}. 

The unpaired spin orbital for cis-(NHC)2PtI(CH3)• is shown in Figure 5-2, the related orbital in 

trans-(NHC)2PtI(CH3)• looks similar. Radical rebound (RR) (trans-(NHC)2PtI(CH3)• + OOH• → 

3) is exergonic by -34.3 kcal/mol. 

Given the large barrier for C−H oxidative addition to linear L2Pt0 {1}, the reverse order 

of addition of CH4 and O2 to (NHC)2Pt0 is also studied. Addition of O2 to (NHC)2Pt0 to form the 

new structure (NHC)2Pt(O2) {4} is endergonic by only +2.7 kcal/mol. The triplet state of 4 {T4} 

is 3.2 kcal/mol higher, but is more reminiscent of a weak adduct of 1 and triplet O2. It is been 

assumed that since the reaction is a simple adduct formation, coordination of O2 to (NHC)2Pt0 to 

form 4 is barrierless.7 Addition of methane to 4 to form cis-(NHC)2PtII(OOH)( CH3) {3} is uphill 

by +8.7 kcal/mol. Of course, the overall thermodynamics to go from 1 to 3 is not affected by the 

order of addition of methane and dioxygen. The overall process (1 + CH4 + O2 → 3) is 

endergonic by +11.4 kcal/mol. 
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T(2-3)‡         3 

     

(a)         (b) 

Figure 5-4. (a) Highest energy occupied alpha spin orbital for cis-doublet [(NHC)2PtI(CH3)•]+ 
showing spin delocalization from Pt to ligands. (b) Spin density for triplet T5; green/blue indicate 
negative/positive spin density. A superscript “T” denotes a triplet species. 

 

For the calculated structure of 4, Pt-O = 2.03 Å, O-O = 1.46 Å; the two carbene ligating 

atoms and the two oxygen atoms are coplanar with the Pt metal. Dioxygen is known to 

coordinate to metals like Pd with NHC ligands to form (NHC)2PdO2 in which the O2 is side-on 

bonded.8 Furthermore, bis-phosphino-Pt(O2) complexes are known. For example, Cheng et al. 

reported (Ph3Ph)2Pt(O2), Pt-O = 2.01 Å and O-O = 1.51 Å, which compares well with the 

calculated values for 4.7 Geometries for other metal/ligand combinations are similar (see 

Supporting Information). 
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While 1+ O2 → 4 is mildly endergonic, oxidative addition of the C−H bond of CH4 to 1 

to form 2 is endergonic (>26 kcal/mol) and must surmount a large (>50 kcal/mol) barrier. 

Pathways and transition states were sought for 4 + CH4 → 3. The lowest energy pathway isolated 

involves a triplet transition state T(3-4)‡ that is 30.3 kcal/mol higher in energy than separated 

methane and 4, Figure 1. Following the IRC towards the reactant side yields a triplet species 

{T5}. The unpaired density in T5 shown in Figure 3 is located on Pt (0.4 e-) and O (0.8 e- per 

oxo). Stationary point T5 is 21.9 kcal/mol higher (ΔG) than 4. However, the barrier to form T5 

via oxidative addition of O2 to 1 is large (ΔG(T(4-5)‡) = +50.6 kcal/mol relative to 4 and thus 

T(4-5)‡ is +53.3 kcal/mol relative to 1 and separated CH4 and O2). Hence, simulations imply that 

regardless of the specifics of CH4/O2 reaction that a large barrier to oxidative addition to d10-L2M 

must be overcome, whether it be the C−H bond of methane or the O=O bond of dioxygen.  

      
4         T(4-5)‡ 

 

      T5          (3-4)‡ 
Figure 5-5. DFT-optimized ground state (left) and   transition state (right). 
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5.3.3 Impact of Metal and Ligand upon Metal-Methyl Complex 

Given the relevance of the reaction L2M(H)(CH3) + O2 → L2M(OOH)(CH3) to 

experiments8,10,26-29  on aerobic oxidation of low-valent organometallics, the influence of metal 

(Pt vs. Pd) and ligand (NHC vs. PMe3) upon the transformation was studied. Free energies 

(relative to isolated cis-L2M(H)(CH3) and O2) are collected in Table 5-2. Note that test 

calculations reasonably indicate that HAA from the methyl ligand of 2 by O2 is a higher energy 

process than Pt-H abstraction by O2. Hence, we focus on the latter in the discussion. 

Table 5.2. Relative Free Energies (B3LYP/CEP-31G(d), STP, kcal/mol) for Aerobic 
Oxidation of Group 10 Complexes. 

 NHC-Pt PMe3-Pt NHC-Pd 
cis-L2M(CH3)(H) + O2 0 0 0 

HAA TS 24.1 37.1 17.8 
OOH• + L2M(CH3)• 19.5 22.2 11.4 

Radical Rebound -34.3 -32.6 -30.0 
cis-L2M(CH3)(H) + O2 

→ 
cis-L2M(CH3)(OOH) 

-14.8 -10.3 -18.6 

Bimetallic Pathway 
2 + 4 → 1 + 3 

-17.5 -11.2 -20.1 
 

 

As discussed above, HAA from cis-(NHC)2Pt(H)(CH3) by O2 has a calculated ΔG‡ of 

24.1 kcal/mol. Radical rebound (OOH• + (NHC)2Pt(CH3)• → cis-(NHC)2Pt(CH3)(OOH)) is 

exergonic (-34.3 kcal/mol). Other calculated thermodynamics are: overall reaction 

thermodynamics (exergonic by -14.8 kcal/mol), and free energy of separated radicals 

(NHC)2Pt(CH3)• and OOH• (+19.5 kcal/mol) relative to reactants cis-L2M(H)(CH3) and O2, 

Table 5.2.  

Note that a bimetallic pathway (2 + 4 → 1 + 3) is exergonic, Table 5-2, for each 

metal/ligand combination studied. In practice, bimetallic reactions could be forestalled through 

the use of bulky NHC ligands. Given the experimental evidence of Goldberg et al.10,27  we chose 
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to focus on radical pathways in the present contribution. However, the study of bimetallic 

pathways would be an interesting extension of this research given the thermodynamic feasibility 

of the transformation. 

Replacing NHC with PMe3 substantially increases the barrier to HAA (ΔL ~ 13 kcal/mol) 

(ΔL 
ligands) despite only marginally less favorable thermodynamics for radical formation (ΔL ~ 3 

kcal/mol), Table 5-2. Radical rebound is barely more exergonic (ΔL ~ -1 kcal/mol) for the NHC-

Pt system than the PMe3-Pt congener, presumably reflecting a stronger Pt-O bond strength in the 

former. Given the foregoing results, and the greater proclivity of phosphines for oxidative 

degradation as compared to N-heterocyclic carbenes, one might expect NHC systems to be more 

desirable for studying aerobic oxidation of organometallic in the context of viable MTM 

catalysts. 

The 2nd row transition metal (4d) Pd has a decidedly lower free energy barrier for HAA, 

(ΔM ~ -6 kcal/mol) (ΔM 
metal). The RR reaction is less exergonic for the NHC-Pd complex than 

the Pt congener, (ΔM ~ -4 kcal/mol). Interestingly, the radical products of HAA are considerably 

more thermodynamically accessible, for the Pd complex: ΔM ~ -8 kcal/mol. Overall, the NHC-Pd 

system is superior to the NHC-Pt system in terms of calculated kinetics and thermodynamics for 

HAA of the metal-hydride moiety. 

 

5.4 Summary, Conclusions and Prospectus 

The present research is a modest first step to unravel what are assuredly complicated 

pathways by which low-valent organometallics may undergo aerobic oxidation. A DFT analysis 

of the reaction of methane and O2 with d10-L2M complexes (M =Pd, Pt; L = NHC, PMe3) is 

presented. The study aims to evaluate the kinetics and thermodynamics of oxidation of a metal-
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alkyl bond vis-à-vis metal identity and supporting ligand. Several important conclusions have 

resulted from this study that could inform synthetic attempts to identify novel late transition 

metal catalysts for partial methane oxidation. The most important of these are summarized 

below.  

First, computations suggest that conversion of Pt(NHC)2 {1} by reaction with O2/CH4 to 

form cis-Pt(NHC)2(OOH)(CH3) {3} is thermodynamically feasible and only slightly uphill (ΔG 

= +9.8 to +11.4 kcal/mol). Second, based on calculated thermodynamics, the transformation of 1 

to 3 is predicted to proceed by first addition of CH4 and then O2 addition to the resulting 3. 

However, a large barrier to oxidative addition must be overcome, whether it be the C−H bond of 

methane or the O=O bond of dioxygen. As such, the present results imply that for profitable 

MTM catalytic pathways involving low-coordinate, low-valent, metal and ligand modifications 

that serve to reduce these oxidative addition barriers must be sought, e.g., replacement of the 5d 

metal platinum with its 4d congener palladium. Alternatively, one may hypothesize that 

pathways that do not involve changes in the formal oxidation state of the metal (e.g., σ-bond 

metathesis) may be more profitable experimental pursuits. Third, the present calculations support 

the experimental proposals of a radical mechanism 10,27 for the oxidation of late transition metal 

organometallics utilizing the abundant oxidant O2. Fourth, if the barriers to oxidative addition to 

d10-L2M systems could be reduced, conversion of L2M(H)(CH3) to L2M(OOH)(CH3) via 

hydrogen atom abstract/radical rebound is calculated to be thermodynamically and kinetically 

feasible, particularly for NHC and Pd. As (NHC)2Pd0 also has a lower free energy to methane 

C−H oxidative addition than does (NHC)2Pt0, the former metal/ligand combination would appear 

to be a promising initial candidate in the search for methane-to-methanol catalysis. To this end, 
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modifications to the NHC that reduce the barriers to C−H oxidative addition would be a worthy 

pursuit. 
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CHAPTER 6  

SUMMARY AND FUTURE DIRECTIONS 

This chapter focuses on the key discoveries in this research concerning methane-to-

methanol (MTM) catalysis. In addition, this chapter offers recommendations for future MTM 

catalysis research, and discusses some prospective computational studies.  

 

6.1 Having the Ligands in the Right Place 

A density functional theory (DFT) study of methane C−H cleavage for neutral NHC-PtII-

methoxy (NHC = N-heterocyclic carbene) complexes yielded 22.8 and 26.1 kcal/mol for 

oxidative addition (OA) and oxidative hydrogen migration (OHM), respectively, outlined in 

section 2.3.3. Interestingly, this is unlike cationic NHC-PtII-methoxy complexes, whereby OHM 

entails a calculated barrier of 26.9 kcal/mol, but the OA barrier is only 14.4 kcal/mol. Comparing 

transition state (TS) and ground state (GS) geometries implies an ~ 10 kcal/mol “penalty” to the 

barriers arising from positioning the NHC and OMe ligands into a relative orientation that is 

preferred in the GS to the one that is favored in the TS. The results thus imply an intrinsic barrier 

arising from C−H scission of ~ 15 ± 2 kcal/mol for NHC-PtII-methoxy complexes. 

One of the most important discoveries of this research is that calculations show the 

importance of designing a novel C−H activation catalysts where the GS active species is already 

structurally “prepared” and which either needs not undergo any energetically costly geometric 

perturbations to access the methane C−H activation TS, or such perturbations are not 

energetically prohibitive. However, it is notable that since the objective of this research is to 

produce methanol, the methyl group must be the migrating group in the reaction cycle. It was 

recognized as far back as 1899 by Baeyer and Villiger1 that the methyl group has the poorest 
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migratory aptitude (i.e., H > Ph > 3° > 2° > 1° > Me). Thus, future catalysts may need to be 

designed as bifunctional catalysts to accomplish both tasks - C−H bond activation and methyl 

migration - for MTM to be facile.  

 

6.2 Oxy-Insertion into Metal-Carbonyl Bond  

The investigation of oxy-functionalization and C−H activation by Pt0 and NHC-PtII 

(NHC = N-heterocyclic carbene) complexes is delineated in Chapter 3. A methane-to-methanol 

(MTM) catalytic cycle was evaluated vis-à-vis the impact of metal coordination number, 

oxidation state and overall charge of the complex. Several conclusions resulted from this work 

that should inform attempts to synthesize novel catalysts for partial methane oxidation.  

This dissertation revealed that the two-step, NHC-PtIV-oxo mediated pathway 

{(NHC)PtII(OOH)(CH3) → (NHC)PtIV(OH)(Me)(O) → (NHC)PtII(OH)(OMe)} is preferred over 

a one-step Baeyer-Villiger pathway, Scheme 3-1 of Chapter 3. Oxy-functionalization (methyl-

migration) from (NHC)2PtII(OOH)(Me) to (NHC)2PtII(OH)(OMe) occurs by loss of the NHC 

trans to the methyl ligand, followed by rearrangement of the three-coordinate, mono-NHC 

complexes thus formed, and then recoordination of the NHC ligand. C−H activation by neutral 

PtII-OR complexes via σ-bond metathesis (σBM) have free energy barriers of ~31 kcal/mol. 

Barriers to C−H activation are ~4 – 5 kcal/mol less for cationic, PtII-OR (R = hydrogen or 

Methyl) systems as compared to neutral congeners. Simulations imply that catalysis starting 

from neutral NHC-PtII-OR species likely does not involve ionic intermediates in solvents 

typically compatible with organometallic catalysis. Based on calculated thermodynamics, 

reaction of (NHC)2Pt0 with O2 and MeH is predicted to proceed by first addition of MeH and 

then O2 addition to the resulting dioxygen adduct.  
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6.3 Pyridine Supporting Hemi-Labile Ligands 

Hemi-labile ligands are intriguing catalyst components because they may create an open 

coordination site at the metal center for selective bond activation and bond formation. DFT 

studies are reported for the free energy surfaces of hemi-labile ligands (HLL) in conjunction with 

Group 9 and 10 metals for oxy-insertion reactions as part of a MTM catalytic cycle. Analysis of 

the oxy-insertion reaction of pyridine-N-oxide with d8-[LnM (Me)(THF)]q+ (M = Co, Rh, Ir, Ni, 

Pd, Pt; Ln = 2-(CH2OCH3)Py; q = 0 and +1 for Group 9 and 10 metals, respectively; Py = 

pyridine; THF = tetrahydrofuran). Calculations show that Group 9 species are favored over their 

Group 10 congeners. Additionally, analysis of structural changes in the HLL along the reaction 

coordinate show that the initial (oxygen atom transfer) and second (methyl migration) steps are 

favored by a reduction and increase in coordination about the metal, respectively. The calculated 

results thus highlighted a rhodium (Rh) HLL-complex as worthy of experimental study due to its 

ability to meet these disparate coordination demands for two-step, redox-based oxy-insertion 

reactions. 

 

6.4 Reactivity of Methane and Dioxygen  

A DFT study of the reactions of methane and O2 with d10-L2M complexes (M = Pd, Pt; L 

= N-heterocyclic carbene (NHC), PMe3) is presented. Computations suggest that reaction of 

L2M0 with O2/CH4 to form cis- (L)2M(OOH)(CH3) is slightly uphill (ΔG ~ 10 - 11 kcal/mol). 

Based on calculated thermodynamics, reaction of (L)2Pt0 with CH4 and O2 is predicted to be 

more favorable by first addition of CH4 and then reaction of O2 with the resulting methyl-hydrido 

complex. However, oxidative addition for either the C–H bond of methane or of O2 to d10-L2M 

complexes is kinetically prohibitive. If the barriers to oxidative addition to d10-L2M systems 
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could be reduced, conversion of L2M(H)(CH3) to L2M(OOH)(CH3) via hydrogen atom 

abstraction (HAA)/radical rebound (RR) is calculated to be thermodynamically and kinetically 

feasible, particularly for NHC and Pd as the effective barrier is only 47.6 kcal/mol compared to 

PtII (52.9 kcal/mol). As (NHC)2Pd also has a lower free energy for methane C–H oxidative 

addition than (NHC)2Pt; the former combination would appear to be a promising starting point in 

the search for catalysts for partial hydrocarbon oxidation. 

 

6.5 Future Research Directions 

This dissertation has focused on insertion of oxygen into a metal-carbon bond (oxy-

insertion) as far fewer studies of this reaction have been reported2 as compared to C−H bond 

activation.3-13 Another vital component of a viable MTM catalysis, which was only tangentially 

studied in this dissertation, is that the oxidant must directly or indirectly come from O2. 

Obviously O2 and most organometallics are incompatible. As such, these reactions are a perfect 

avenue for future computational chemistry research. In a remarkable report, Power et al. recently 

reported a two-coordinate, monomeric ironII aryloxide complex Fe(OAr’)2 prepared by the 

reaction of Fe(Ar’)2 {Ar’ = C6H3-2,6-(C6H3-2,6-iPr2)2} with O2,16, 17 Scheme 6-1. Kawaguchi et 

al. reported the synthesis of a stable monomeric two-coordinate ironII aryloxide Fe(OArAdR)2 

from Fe[N(SiMe3)2]2 and 2 equivalent of HOArAdR in toluene (R = methyl, Ad = adamantyl Ar = 

Ph) complex.17 These reports hint at the stability of Fe(alkoxide)2 complexes and the viability of 

dioxygen as a substrate in the reaction cycle. 
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Scheme 6-1.The reaction of Fe(Ar') + O2 to produce Fe(OAr')2 
 
 

Given the low coordination numbers of M(OR)2, which research (including that in this 

dissertation) has shown16,17 can facilitate other steps in MTM, Scheme 6-1, the work by Power et 

al. is a major advance and could form the basis for further MTM catalyst research. Additionally, 

the M(OR)2 may be the foundation of a general research thrust into the reactions of dioxygen 

with organometallics. Furthermore, metal-alkoxy species have attracted considerable attention in 

recent years because of their role in C−H bond activation and their potential to mediate group-

transfer processes,16,18-20 each of which thus represents an additional outgrowth of the research 

outlined in this dissertation. 
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