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Alkyl-arenes are important industry feedstock chemicals that are used as solvents, 

pharmaceutical precursors, and polymer monomer units. One alkyl-arene, ethylbenzene, is the 

main focus of this dissertation, and is produced in the million ton a year scale. As alkyl-arenes 

are important commodity chemicals, catalytic olefin hydroarylation is a lucrative alternative for 

their production rather than Friedel-Crafts alkylation or various coupling reactions that have 

lower atom economy, require strong acids, or are energetically demanding. Currently catalytic 

olefin hydroarylation still suffers from decomposition pathways of the active catalytic 

complexes, side reactions that lead to waste products, and unfavorable activation barriers, 

which represent high temperature and pressure. Modifications to the catalytically active system 

bipyridine platinum(II) (bpyPtII), through computational methods, are explored herein. The 

work presented here investigates catalytic olefin hydroarylation in order to mitigate the 

aforementioned difficulties. Included in this study are changes to the electronic profile of the 

supporting ligand, bpy, through the addition of electron withdrawing or electron donating R 

groups (methoxy, nitro), definite ligand replacements such as bpy to 

hydridotris(pyrazolyl)borate (Tp), changes in metal oxidation (II to IV), and replacing the metal 

center from Pt to Ni. Nickel was selected as a possible alternative to platinum as it is more Earth 

abundant reducing the monetary requirement for the catalyst. In addition to having a different 

catalytic energetic profile from platinum. Ni as expected could only facilitate single step 

hydrogen atom transfers due to its inability to access higher oxidations states. 
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 CHAPTER 1 

INTRODUCTION 

1.1 Motivation 

As the demand for more energy, personal electronics, and luxuries turned necessities, 

such as central air conditioning, in society increases, the pressure builds for more sustainable 

processes. This notion is manifest in two ecological ideals: produce less waste and use more 

abundant and easily accessible materials for production of everyday things. Additionally, low 

domestic supply coupled with overall Earth abundance of certain metals motivates limiting 

their usage in industrially important processes. The green chemistry principle of atom economy 

plays an important part of smart catalyst design initiatives. This and other rational catalyst 

design projects seek chemical species that have improvement in the area of undesired side 

reactions by making them less prevalent or completely negating them, and the removal of 

stoichiometric reactants. Chemistry such as Friedel–Crafts and related coupling reactions, which 

are the underlying foundations of a majority of the research in alkyl-arene synthesis, are 

particularly appealing marks for such green chemical concepts. The former (Friedel-Crafts or 

coupling reactions) generally involves strong acids, while the latter (catalytic hydroarylation) 

implies a functionalization step prior to the actual bond coupling. 

1.2 Rational Catalyst Design 

This dissertation centers on the theme of rational catalyst design. Industrial catalysts 

most commonly serve to expedite chemical processes by lowering the free energy barriers to 

more accessible values. Catalysts thus work in their most basic sense by stabilizing transition 

states, providing access to energetically viable intermediates between reactant substrates and 
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eventual products, and/or serve as cascade initiators for reactions. It is their ability to facilitate 

an abundance of chemical reactions that makes catalysts popular targets of improved syntheses 

for economic advantage (i.e., to make important products faster and/or more cheaply) or for 

more altruistic ideas like conservation of the environment or sustainability.  

This dissertation focuses on computational efforts aimed at finding possible 

modifications to current TM complexes for further experimental treatment. Rational catalyst 

design can work on various levels for synthesis reactions. For example, it can aid in identifying 

those atoms and functional groups that do not facilitate desired chemistry and thus eliminate 

them from consideration in terms of new catalyst syntheses to be pursued. Rational catalyst 

design can also be exploited to improve current systems that have unfavorable energetic 

and/or chemical demands (like catalysts requiring high temperatures or those which require 

strong acids to operate). In Chapters 3 through 5, possible improvement of established 

hydroarylation catalysts by judicious changes to the chemical environment, be it a core 

component (i.e., the metal center) or supporting component (e.g., a supporting or ancillary 

ligand). One of the goals or rational catalyst design is to understand and model complete 

catalytic cycles—both the desired main cycle as well as any undesired side-reactions.  For the 

systems studied in this dissertation these reactions are primarily the formation of C-C bonds 

and C-H bond activation.  

1.3 Computational Chemistry 

Chemistry is in a sense the study of electrons. Chemistry often focuses on how many 

electrons an atom has, how many are “shared,” and where they go when they are given or 

withdrawn. Computational quantum chemistry concentrates on calculating models that predict 
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electron positions to ascertain different chemical properties. As such computational chemistry 

has emerged as a powerful tool that allows chemists to study difficult to isolate species, 

dangerous materials, or as a predictive tool. Using computational chemistry allows for savings 

in time and chemical resources. As predicted compounds might not need to be synthesized at 

all, the number of experiments to be performed may be reduced via modeling. 

Computational chemists employ a wide array of tools ranging from electronic structure 

methods, quantum chemistry/physics based models, to a wide range of classical mechanics 

models. The most important reason for the vast number of methods is appropriateness. An 

analogy for the tools of computational chemists is cutting instruments; the same instrument 

that is used to perform a surgical operation on a human being is completely different than one 

required to bring down a forest. Perhaps the most striking difference between classical and 

quantum models are computational costs and system size. For example, classical methods such 

as molecular mechanics allow for the study of thousands of atoms on a 2 GHz desktop while 

some quantum mechanics models require large computers that possess an equivalent 

processing power of dozens of desktop computers to model just a few atoms.  

When coming to a decision about what method is best to address a query, one 

significant factor to be considered is cost. In computational chemistry, cost is predominately 

associated with computer usage. This is further divided in terms of time, hard disk size, virtual 

memory, and processing power, both in the form of actual available resources and time 

allowances as decided by respective institutions. Availability can also be a problem; if the 

computational resources are not capable of handling certain tasks, a less expensive method 

must be employed.1,2  
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 CHAPTER 2 

METHODS 

2.1 A Few Words on Classical Methods 

Classical models are based on Newtonian mechanics and the equations derived from 

Newton's Laws. The majority of classical models treat atoms as single spheres and link them 

with springs to model chemical bonds. Force fields include van der Waals terms that keep 

atoms from occupying the same space as well as terms that define how far away atoms can be 

if they have been designated to have a bond between them; similar terms define bond angles 

and dihedral (torsional) angles.1 While classical mechanics based methods can extract a great 

deal of meaningful information (especially when dealing with proteins) such as atom 

movement, they are usually inadequate when addressing questions that involve the explicit 

treatment of electron position and behavior such as bond breaking/formation or excited state 

phenomena such as light emission.  

Another key difference between classical and quantum models is that the latter are 

more robust in regards to transferability between systems as opposed to classical models, 

which are often made for very specific systems and thus tend to be more heavily parameterized 

than quantum methods. Since quantum models focus on the “motion” of electrons they do a 

better job of modeling vastly different systems.  

An extreme example in transferability and parameters: a model for the behavior of 

tennis balls hitting the floor would transfer well to modeling the behavior of a basketball. While 

the overall results might not be exact they would still give a good understanding of the 

phenomena, the ball would bounce. If the same model was applied to a teacup, it would 
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suggest that the teacup would bounce as well—a completely wrong picture as a teacup hitting 

the floor would break. Within the inorganic and organometallic chemistry fields, the diversity of 

metal oxidation states, coordination numbers, bonding types, etc. implies that transferability 

among methods, and thus the application of classical models, may be a major challenge as 

compared to organic and biological systems.  

2.2 Electronic Structure Methods 

Most common quantum-based electronic structure methods center on the Schrödinger 

wave equation. In its simplest interpretation, the Schrödinger wave equation, 𝐻�𝛹 = 𝐸𝛹, states 

that physical properties such as energy can be extracted mathematically by manipulating 

functions of electron position and momentum. The Hamiltonian operator, 𝐻�, is first separated 

into kinetic energy, 𝑇� , and potential energy, 𝑉� , terms. The Hamiltonian may be further divided 

into electron-electron interactions, nuclear-nuclear interactions, and electron-nucleus 

interactions.3  

The real or exact answer is impossible for a system with more than one electron as such 

systems (multi-electron atoms and molecules) make the Schrödinger wave equation a many 

body problem, the complexity of which is beyond current algorithms and available 

computational resources to solve directly. All methods used to solve the Schrödinger wave 

equation thus use approximations. In electronic structure methods the difference in real (“real” 

being defined as a value that is derived from experiment) energy and computed energy is 

described as the correlation energy. The correlation energy is further divided into correlation 

and exchange terms; the former account for the energy difference that arises from the 

correlated motion of electrons in quantum mechanics. This difference in energy, the correlation 
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energy, may be thought of as a direct result of the intricate “dance” that electrons perform as 

they simultaneously try to get as close to the nucleus (due to Coulombic attraction) and as far 

away from each another as they can. Exchange has no clear physical meaning in a classical 

mechanics sense; it is a result of quantum mechanics and arises from the wave-like properties 

of subatomic particles. On paper, correlation would appear to be as simple as one electron and 

another changing reference point (i.e., coordinates). Accounting for correlation energy can, 

however, get very expensive, as it entails computationally intensive methods and expanded 

basis sets.1,2 It is worth noting that, in general, electron correlation is more important for 

transition metals (as compared to lighter main group elements) and in processes that involve 

bond formation and bond breaking. Hence, it is clear that some treatment of electron 

correlation is crucial in the present dissertation research given the emphasis on metal-catalyzed 

transformations. 

Variations in electronic structure methods and hence their treatment of the Schrödinger 

wave equation on a practical level translates most notably into variations in the computational 

cost associated with each method. This is evident in the so-called scaling factor of the 

calculations: NX, with N being the number of basis functions used to describe the molecular 

orbitals, and the exponent X defining the scaling behavior (and hence cost) of computing the 

Hamiltonian.1,2 Methods that require substantial computational resources, such as CCSD(T) 

(coupled cluster theory with single and doubles and pertubative triple excited states) or CASPT2 

(complete active space with second order perturbation theory) are not routinely used for 

systems larger than a dozen or so atoms given their N7 scaling, which implies that a doubling of 

the basis set yields a roughly two orders of magnitude increase of computational resources 
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necessary. By comparison, density functional theory—which is the underlining theory for all of 

the simulations in this dissertation—typically has an N3 scaling behavior. As a rule, as the 

electronic structure method becomes more sophisticated in its treatment of electron 

correlation (in increasing order): HF (Hartree-Fock) < DFT (density functional theory) < MP2 

(second order Møller-Plesset perturbation theory) < CCSD(T), the Hamiltonian operator for 

these methods entails a combination of more terms and more complicated descriptions of the 

kinetic and potential energy terms.1,2 

Despite DFT having known limitations, its lower computational cost still makes it an 

attractive tool for many chemists. Some of DFT’s limitations are problems with underestimating 

band gaps, problems with excitations, and treatment of long range interactions such as van der 

Waals bonding. There is active research in these areas to help improve DFT’s modeling abilities 

for these kinds of systems such as Grimme’s “+D” dispersion correction, or density-matrix 

functional theory (DMFT) for band gaps.4 In the implementation of DFT used in this dissertation 

it does not differ from Hartree-Fock and post-Hartree-Fock approaches very much. In theory, 

DFT is fundamentally different from HF in that the electrons move in a potential independent 

from the other electrons. It is this idea that helps simplify the many body problem and gives 

DFT its N3 scaling. As with post-HF treatments of correlation energy, DFT has many different 

approximations that estimate and model correlation energy. A few approximations within DFT 

are LDA (the exchange is treated as if the electron was swimming through a homogenous cloud 

of electrons), GGA (generalized gradient approximations as the name implies allow the electron 

to travel through “thicker” portions of electron “cloud” but still not have it interact with 
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discrete electrons), and hybrid functionals, which use some portion of HF exchange for their 

exchange.  

An important approach to solving the Schrödinger wave equation is to solve different 

portions of the chemical system with various quantum (or classical) methods. This “hybrid” or 

“composite” approach is meant to entail a collection of multiple smaller calculations and is 

meant to get the same result as running a single more expensive method calculation. 

Numerous composite methods have been developed: the Gaussian, Gx, family from Pople and 

coworkers; the high accuracy extrapolated ab initio thermochemistry method, HEAT, from the 

University of Texas; the Weizmann method, Wx, family from the Weizmann Institute; and the 

correlation consistent Composite Approach, ccCA, from the University of North Texas to name a 

few.5 

2.3 Basis Sets 

Basis sets provide a mathematical description of electron position and momentum and 

must be selected in tandem with the level of electronic structure method chosen. There are 

two basic types of basis sets atom-centered, and non-atom centered. An example of the latter 

is plane wave basis sets employed in solid-state modeling. Basis sets are comprised of a 

collection of basis functions that describe atomic orbitals. As the work presented in Chapters 3 - 

5 uses atom-centered basis sets, this section focuses on only this type of basis set. Basis 

functions used in quantum chemistry are generally of the Slater-type orbital (STO) or Gaussian-

type orbital (GTO). The former display exponential decay for the radial portion of the 

wavefunction, while the latter are Gaussian (e-αr2) in their radial decay away from the nucleus 

with the parameter α describing the rate of this decay and thus, in a sense, the size of the 
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orbital. While Slater type orbitals tend to better describe the “motion” of electrons especially in 

close proximity to the nucleus, they are more computationally expensive. Early work6 also 

demonstrated that linear combinations of Gaussian-type orbitals resulted in adequate 

descriptions of atomic orbitals—especially in the chemically important bonding region—with a 

savings in computational cost versus Slater-type orbitals.  

Atom-centered basis sets are typically subdivided by different descriptors that reflect 

their cost and hence expected accuracy: minimal, expanded (or augmented), all-electron, and 

effective core potential valence basis sets to name but a few. This, like many scientific 

endeavors has led to an explosion in jargon, and a decrease in clarity. For example, minimal 

basis sets are exclusive of expanded basis sets but the term can be used in conjunction with 

both all-electron and effective core potential (ECP) valence basis set formulations. Likewise, all-

electron and effective core potential valence basis sets are mutually exclusive of each other but 

each can be used in conjunction with augmented or minimal basis sets.1,2,6 

Minimal basis sets as the name implies use the smallest number of orbitals necessary to 

describe an atom. Consider as a simple example, carbon would have five orbitals in a minimal 

description to define the motion and position of the electrons in the 1s, 2s, 2px, 2py, and 2pz 

orbitals. Minimal basis sets remain important in modern quantum chemistry, particularly when 

one is trying to model systems that quickly become infeasible, mainly due to large molecular 

size. 

An atom can be described with a minimal basis set, but it is obviously not the most 

accurate way of describing an atom. This is especially so in situations when more elaborate 

chemical descriptions are required from the Schrödinger wave equation, such as a chemical 



10 

system undergoing electronic excitation or in chemical environments where the bonding state 

is changing. These circumstances require expanded or augmented basis sets. Basis sets may 

ordinarily be expanded in two ways, through the introduction of higher angular momentum 

atomic orbitals and/or the use of diffuse functions for better chemical descriptions.  

Higher angular momentum orbitals are needed in nearly all chemical modeling 

situations and reflect the polarization of the atomic electron cloud when an atom is placed in a 

non-spherical molecular environment. Expanded basis sets usually add at least one polarization 

function in the form of d orbitals for the p-block elements, p-orbitals to polarize s-block 

elements, f-orbitals for d-block metals, and so forth. Some larger basis sets such as those of the 

correlation consistent variety add even higher angular momentum basis functions. It has been 

empirically observed that the addition of d polarization functions to main group (p-block) 

elements is normally the most significant in quantum chemistry. For example, ammonia, NH3, 

requires the addition of a d polarization function on nitrogen to accurately predict the 

molecular tetrahedral geometry. Without additional polarization functions NH3 is predicted to 

have a trigonal planar geometry, which is, of course, incorrect.2 As mentioned earlier GTO’s 

tend to decay prematurely in regard to behavior from the nucleus. Diffuse functions are added 

for better orbital descriptions at longer distances far from the nucleus—which are important 

for large “soft” atoms (for example, as in anions), excited electronic states, and long distance 

interactions, such as Van der Waals forces.  

All-electron basis sets describe all pertinent electron orbitals (and hence the electrons 

contained within them) in an atom. Both valence and core orbitals are included in all-electron 

description. Valence orbitals and electrons are generally considered more chemically important 
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and interesting as they are involved in bond breaking and bond formation, i.e., where what is 

commonly thought of as chemistry occurs. For example, a sulfur atom has occupied 1s, 2s, 2p, 

3s and 3p orbitals in its electronic ground state. The energy levels of the first and second 

principal quantum numbers would not be directly and significantly involved in any of the 

chemical binding of a sulfur atom while the 3s, 3p, and unoccupied 3d orbitals would be directly 

involved, particularly for hypervalent sulfur complexes such as H2SO4 and SF6. In molecular 

quantum chemistry, all-electron basis sets are typically used for the first four rows of the 

periodic table.1,2,6 

As one models elements, and compounds comprised of them, lower down in the 

periodic table the sheer number of basis functions needed to accurately describe the increasing 

number of orbitals makes many quantum calculations cost prohibitive. Moreover, relativistic 

effects become more important for heavier elements and such physical effects cannot always 

be correctly accounted for in the Hamiltonian while maintaining computational efficiency and 

tractability. Effective core potential, ECP, valence basis sets arose to address these needs.  

ECP models do not explicitly treat the core electrons and orbitals and instead replace 

them with a function that helps to maintain chemical “reality” in the sense that if the core 

orbitals were simply removed, the valence orbitals would get smaller as the valence electrons 

collapse into the nucleus. Therefore, in ECP formulations the nuclear charge has to be modified 

as there are now fewer electrons being explicitly quantum mechanically modeled. As the 

effective core potential function is about five to six Gaussian-type orbitals (depending on the 

scheme used by the authors of the ECP basis sets), ECP approaches begin to accrue 

computational savings at roughly Z = 18, i.e., argon, and beyond. Effective core potentials and 
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their valence basis sets allow the use of the same (or nearly identical) Hamiltonians across the 

entire periodic table—in other words, ECPs and valence basis sets effectively allow the 

computational chemist to model a platinum catalyst at roughly the same computational cost as 

its nickel analogue, even though platinum has roughly three times as many electrons and 

orbitals.6,7 

The first ECP schemes for transition metals replaced all of the core electrons8 for 

example, the argon core of titanium, leaving only four valence electrons to be explicitly 

modeled. However, it was quickly found that core orbitals of the same principal quantum 

number as the valence d orbitals (so-called semi-core orbitals) need to be explicitly included for 

transition metals as opposed to being replaced by the pseudopotential. Even though these 

electrons are not directly involved in the chemistry, changes in formal oxidation states would 

lead to indirect changes, but chemically significant, in the semi-core orbitals, which could 

therefore not be modeled within an ECP approximation. The changes to the semi-core orbitals, 

most notably in size, were reflected in large energy differences between experimental and 

calculated properties. For a 3d, 4d, or 5d transition metal, the semi-core approximation entails 

the inclusion of the 3s/3p, 4s/4p, and 5s/5p orbitals, respectively – and the eight electrons they 

contain – in explicit quantum mechanical treatment. Currently employed ECP basis sets make 

use of the semi-core approximation for transition metals (and, incidentally, also for f-block 

metals) and thus are ECP formulations whereby most but not all of the electrons an inorganic 

chemist might consider core are replaced by the pseudopotential. For example, for platinum 

the semi-core approximation would replace the 1s, 2s, 2p, 3s, 3p, 3d, 4s, 4p, 4d, and 4f orbitals 
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and electrons but explicitly treat the occupied 5s, 5p, 5d, 6s, as well as the unoccupied 6p 

orbitals. 

As previously mentioned, as one goes further down the periodic table the number of 

electrons modeled increases dramatically and can lead to intractable calculations. Furthermore, 

the heavier elements of the periodic table display chemistry or properties that are a result of 

their electrons (particularly those closest to the nucleus) traveling at velocities that approach 

the speed of light—termed as relativistic effects. Many fifth-row elements and beyond have 

been shown to be inaccurately modeled (quantitatively or in extreme cases even qualitatively) 

unless relativistic effects have been accounted for in some manner. Some important examples 

of the effects of relativity in inorganic chemistry include the atypical color of gold, the unusual 

standard liquid state of elemental mercury, and the lanthanide contraction, which has been 

attributed as the source of chemical similarity of 4d and 5d transition metals.9-11 Explicit 

inclusion of relativistic effects in the Hamiltonian is expensive at any level of theory and even 

today is often limited to chemical systems comprised of a few heavy atoms. Having relativistic 

effects such as orbital contraction incorporated into the ECPs during their development reduces 

computational cost and adds to their utility in comparison to all-electron models. 

2.4 Methodologies Employed 

For the discussion that follows in Chapters 3 through 5 of this dissertation, the same 

types of calculations were computed in order to maximize comparison among disparate 

chemical systems. There were in some cases small differences in the calculations discussed, 

those in section 5.1, were performed using the newer Gaussian 0912 software package with the 

rest of the calculations described using the Gaussian 03 package.13 The criterion for transition 
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states (TS) is that the structures have only one imaginary vibrational frequency, marking them 

as local maxima, through the calculation of the energy Hessian. All other stationary points had 

no imaginary frequencies, indicating them to be local minima. Gibbs free energies were 

calculated at 298.15 K and 1 atm using unscaled vibrational frequencies.  

The catalyst systems in this dissertation were treated with the Stevens et al., SBJKC, 

pseudopotential and valence basis sets, termed CEP-31G14-17 in Gaussian 03/09, in conjunction 

with d polarization basis functions being added to the main group elements using exponents 

taken from the 6-31G(d)16 all-electron basis sets. SBKJC basis sets were utilized for their verified 

accuracy and cost-saving benefits,14,16,17 which arise not only from the diminished number of 

basis functions needed to describe the orbitals but also in the integrated relativistic effects that 

were accounted for in their initial development.  

 The three parameter hybrid exchange functional from Becke, used in conjunction with 

the correlation functional of Lee-Yang-Parr, B3LYP,18-20 was selected. It was deemed 

appropriate as it has been shown in the past to work well for transition metal complexes in 

many different chemical environments.21-23 Previous work by Cundari and coworkers has 

successfully used this combination of Hamiltonian (B3LYP) and valence basis sets with ECPs 

(SBKJC) for modeling hydroarylation catalysis.24-29 

In general, calculations are computed in the gas phase yet experiments are carried out 

in a liquid medium. Two approaches take solvent effects into consideration: explicitly, by 

adding solvent molecules into the calculation, or implicitly, by using a continuum model to 

represent an average of the effects on the solvated molecule (dictated primarily by its size, 

dipole moment, and polarizability) by the solvent that surrounds it, which is reflected in solvent 
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properties such as cavitation energy and dielectric constant. Explicit modeling of solvent 

molecules quickly becomes intractable, especially if more extensively correlated methods are 

employed. Additionally, conformational complexity, from first and second shell solvation, 

quickly rises as solvent molecules are included in the quantum mechanical treatment. Tactics 

that do not explicitly solvate a solute molecule or ion incorporate some of the aspects of 

solvation, such as hydrogen bonding, but not all of them. As many of the transition metal 

complexes modeled in this dissertation are cationic, solvent effects were assessed for a more 

accurate description of their energetics using the Conductor-like Polarized Continuum Method, 

CPCM.30-32 This approach allows for more accurate energetics versus gas-phase only simulations 

and is still computationally feasible as only bulk solvation effects are considered. 

Tetrahydrofuran (THF) was selected as the solvent to best mimic experimental conditions as 

reactions were carried out in a 10:90% THF-benzene mixture, as small amounts of polar solvent 

are added to make the complexes soluble. Current PCM models do not allow for mixed solvent 

simulations.33 

2.5 Chemistry Background 

Hydrocarbon functionalization is an important part of many industrial chemical 

processes as carbon-based starting materials, intermediates, and products are ubiquitous in our 

lives. These organic components come primarily from petroleum, living sources such as plants 

and phytoplankton, natural gas, or coal. Alkyl arenes such as toluene are widely used as 

solvents, as stabilizers in cosmetics, and polymer monomers.34,35 Ethylbenzene is a particularly 

important target as it is made on the order of tons per year. The majority of this is then 

converted to styrene. 36-39 Styrene is used extensively in the production of Styrofoam. 34,35 
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Friedel-Crafts reactions were first reported by two chemists, Charles Friedel and James 

Crafts, in 1877.40 The reaction involves electrophilic aromatic substitution on an aryl ring, in 

which the electrophile is a carbocation (as shown in Scheme 2.1). While the Friedel-Crafts 

synthesis remains a chemically important reaction, it suffers from known limitations, such as 

carbon backbone rearrangement due to the carbocation intermediate, the production of 

halogenated waste in the form of both HX (X = halogen) and unreacted halogenated alkanes, 

and it requires the use of strong Lewis acids such as AlCl3.40  

+ R X

R

HX+
Strong Acid

 

Scheme 2.1. General equation for Friedel Crafts reaction. 

Widespread efforts have been undertaken by numerous groups to expand established 

coupling and insertion reactions with hydrogen transfers and related reactions to form 

complete catalytic cycles. For example, research by the Cundari and Gunnoe groups focused on 

octahedral d6 RuII catalysts for olefin hydroarylation.25-28,41,42 These groups rationalized the 

impact of the metal center and the steric and electronic profile of the ligand on the 

thermodynamics and kinetics of the main catalytic cycle and side reactions. Tilley and 

coworkers have also probed hydroarylation via PtII complexes, Figure 2.1.43-45 Periana, et al. 

have investigated the use of Ir-based catalysts in particular those with acetylacetonate (“acac”) 

supporting ligands for hydroarylation catalysis, Figure 2.2.46-48 The initial focus of the catalysts 

modeled herein is devoted to olefin hydroarylation. 27 A square planar PtII catalyst was reported 

by Gunnoe and coworkers in 2008 using tbpy (4,4'-di-tert-butyl-2,2'-bipyridine) as the 
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supporting ligand. In some respects, the latter complex proved too active, and facilitated 

double alkylation, thus leading to unwanted dialkyl-arenes (ArR2) formation.33 Thus, one of the 

aims of this dissertation research seeks to identify the energetics of first versus second 

alkylation and identify possible strategies to mitigate the latter. 

N N

M

N N

M

M=Metal  

Figure 2.1. 2-(2’-pyridyl)indole (PyInd) right, pyrrolo[3,2-h]quinoline (PyQuin) left.43 

M=Metal

O O
M

O
M

O

 

Figure 2.2. κ2-O,Oacetylacetonate (acac-O,O) right, κ2-O,O-tropolonato (trop-O,O) left.46 

In regards to C-H activation and transfer there are in terms of mechanism a single-step 

pathway (σ-bond metathesis, SBM, Figure 2.3) and a two-step pathway with a hydride 

intermediate (oxidative addition/reductive elimination, OA/RE, Figure 2.4).22 The complexes in 

this dissertation operate either through the two-step mechanism or an intermediate between 

these two mechanisms. The intermediate pathway has been designated Oxidative Hydrogen 

Migration (OHM) by Goddard et al.49 The main difference between SBM and OHM is the 

distance of the hydrogen from the TM center, Figure 2.3. SBM transition states display a kite-

type of TS, whereas OHM shows a shorter distance, which implies that the hydrogen atom 

being transferred is interacting with the metal.  
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TM H TM H

 

Figure 2.3. Representation of σ-bond metathesis (left), and oxidative hydrogen 
migration (right). TM = transition metal, Loop = supporting ligand. 

TM H TM HTM H

 

Figure 2.4. Depiction of oxidative addition, hydride intermediate, and reductive 
elimination. TM = transition metal, Loop = supporting ligand. 

In Scheme 2.2, (next page) the main catalytic cycle as was modeled in this dissertation is 

depicted. It shows only a generic hydrogen transfer for simplicity. In the following chapters the 

actual pathway taken by each transition metal (TM) complex is discussed. This catalytic cycle 

begins with an empty coordination site for olefin substrate to bind to the catalyst and enter 

into the catalytic cycle. We can see the two important transition states—migratory olefin 

insertion, which for this cycle is ethylene, and the C—H bond activation of arene substrate to 

close the catalytic cycle. From this main cycle different side reactions are possible some of 

which is discussed in more detail in the second half of Chapter 3. 
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Scheme 2.2. Main catalytic cycle for hydroarylation. 

Subsequent chapters focus on predictive efforts, in conjunction with experiment, meant 

to give insight into future possible experimental work. Specifically, in regards to the bpyPtII 

system, analysis of replacing platinum with nickel in this study was deemed potentially 

advantageous as both transition metals possess d8 electronic configurations for the 2+ formal 

oxidation state, yet nickel is more abundant and much cheaper than platinum.50-52 Moreover, 

research has been reported on the ability of nickel complexes to form C—C bonds and activate 

C—H bonds.53,54 

  



20 

 CHAPTER 3 

PLATINUM(II) 2,2'-BIPYRIDINE CATALYSTS 

A new hydroarylation catalyst was targeted based on previously reported work by the 

Gunnoe and Cundari groups.27 The catalyst precursor is a sixteen-electron, divalent platinum, 

square planar complex with tbpy (4,4'-di-tert-butyl-2,2'-bipyridine) as the supporting ligand, 

Figure 3.1. Gunnoe and co-workers showed experimentally that tbpyPtII catalytically alkylates 

arenes using ethylene as the olefin substrate.33 They originally selected this system for 

experimental probing as Pt–based complexes have been proven to facilitate migratory insertion 

and C-H activation—key ingredients in olefin hydroarylation catalytic cycles—in reports by Tilley 

et al.,43-45 Templeton et al.,55-57 as well as Goddard et al.48,58-61 Additionally, previous extensive 

research on olefin hydroarylation by the Gunnoe (experiment) and Cundari (theory) groups 

proposed that a neutral nitrogen chelate, non-octahedral coordination sphere, and d8 system 

might prove to yield new and improved catalysts to facilitate the desired hydroarylation 

chemistry.27  

Gunnoe and coworkers report studying a range of experimental parameters to establish 

a baseline for optimal catalytic conditions. A range of pressures from 15 – 60 psi and 

temperatures from 90 – 140 °C were tested. It was determined that ethylene pressures higher 

than 15 psi lead to lower activity, and that temperatures above 120 °C resulted in catalyst 

decomposition in the form of a precipitate (platinum black) for these homogeneous catalysts. 

One particular issue that was commented on by Gunnoe and coworkers was product 

composition across different conditions resulted in about 69% ethylbenzene (ArR, desired 

product), 30% dialkyl benzenes (ArR2, undesired side-products), and under 1% of other trace 
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hydrocarbons, such as styrene. The highest activity temperature and pressure also resulted in 

greater amount of dialkybenzenes, indicating that dialkylation is a competitive pathway. Given 

the cationic nature of the most active catalysts, THF was used as a co-solvent for benzene with 

a 1:9 THF to benzene mixture.33 The question of dialkylation was extensively probed 

computationally and is discussed in section 3.2.5.  

Pt
N

N

+tBu

tBu  

Figure 3.1. Proposed active species for tbpyPtII based catalysts. The square box denotes 
an open coordination site.  

A computational study was thus conducted of both the main cycle (hydroarylation) and 

side reactions for this cationic square planar PtII catalyst, Figure 3.1. A model system of 2,2'-

bipyridine, bpy, was used in place of the full ancillary ligand, tbpy, in order to save on 

computational overhead. The side reactions modeled included both observed (double 

alkylation) and unobserved (vinylic C-H activation, double olefin insertion, and styrene 

formation) transformations. The latter reactions were modeled as they plagued the first-

generation TpRu catalysts.25,41  

The catalyst resting state, which at the time of the initial communication was yet to be 

identified experimentally, was also probed in early computational studies. Ancillary ligand 
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electronic effects were also studied computationally with an electron withdrawing group, EWG 

(nitro) or electron donating group, EDG, (methoxy) being added to both the 4 and 4' positions 

of the bipyridine. For discussion of methodology employed in this research please refer to 

section 1.5.  

3.1.1 Binding of Ethylene to Catalyst Precursor 
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Scheme 3.1. Free energy surface for the catalytic cycle for hydrophenylation of ethylene by 
[bpyPt(Ph)]+. This figure is reproduced with permission from the American Chemical Society.62 
It was made with help from experimental collaborator Bradley McKeown. 

The main catalytic cycle for this reaction requires the loss of the coordinated THF 

solvent from the [bpyPt(Ph)(THF)]+ (1) catalyst precursor. The calculated ΔG to dissociate THF 

and form three-coordinate [bpyPt(Ph)]+ (2), the catalyst active species, is +12.7 kcal. It is 
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interesting to note that there is an 11.5° difference in the C-Pt-N angle between the Ph and the 

trans pyridine arm for (1) versus [bpyPt(Ph)]+ as the Ph ligand moves toward the open 

coordination site, Figure 3.2. However, the complex [bpyPt(Ph)]+ still maintains a T-shaped 

coordination geometry about the platinum, thus providing an open coordination site for the 

binding of the ethylene substrate.  

  

Figure 3.2. Calculated geometries of, (1), [bpyPt(Ph)(THF)]+, and (2), [bpyPt(Ph)]+. Bond 
lengths are reported in Å and angles are in degrees. This figure is reproduced with 
permission from the American Chemical Society.62 

Following the loss of THF, ethylene binds to [bpyPt(Ph)]+ to form adduct 

[bpyPt(CH2CH2)(Ph)]+ (3), Figure 3.3. The calculated bond length between the ethylene carbons 

is 1.37 Å for free uncomplexed ethylene, at the B3LYP/CEP-31G(d) level of theory, while for the 

bound ethylene in [bpyPt(CH2CH2)(Ph)]+ the bond distance is calculated to be 1.40 Å. There is a 

slight movement of the hydrogens atoms out of the sp2 plane of the ethylene carbons in (3) 

upon ligation to the platinum metal center. In conjunction with minimal elongation of the C=C 

bond upon coordination to platinum, these data suggest that the ethylene binding to 

[bpyPt(Ph)]+ yields an ethylene adduct with a π-complex geometry as opposed to being 

described as a metallocyclopropane.  
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Two rotamers for the binding of ethylene, [bpyPt(CH2CH2)(Ph)]+, were found 

computationally. One rotamer exhibited ethylene in the plane (3⁄⁄), of the bpy ligand, while the 

other had ethylene perpendicular to the ligand plane (3⊥). The difference in stability between 

the two rotamers is 9.6 kcal/mol (free energy) with the perpendicular rotamer being the more 

stable of the two. Even though the perpendicular isomer is the more stable conformation, the 

parallel conformation is important in the calculations as it is the one necessary for eventual C=C 

insertion into the Pt-Ph bond of (3). The issue of ethylene coordination mode becomes more 

important later in the dissertation when we turn our discussion to the possible side reaction 

involving butylbenzene formation. Overall, the ΔG for the exchange of THF and ethylene 

([bpyPt(Ph)(THF)]+ + C2H4 → [bpyPt(CH2CH2)(Ph)]+ + THF) is calculated to be close to 

thermoneutral, -2.8 kcal/mol  

  

 

Figure 3.3. [bpyPt(CH2CH2)(Ph)]+, (3⁄⁄), right, and (3→4)‡, left, perpendicular rotamer of 
[bpyPt(CH2CH2)(Ph)]+, (3⊥), bottom. Bond lengths are reported in Å. This figure is 
reproduced with permission from the American Chemical Society.62 
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3.1.2  Insertion of Ethylene into the Pt-Ph Bond 

Following the binding of ethylene to [bpyPt(Ph)]+ to form complex (3⁄⁄), the catalytic 

cycle proceeds via a C=C insertion transition state ([bpyPt(CH2CH2)(Ph)]+ → [bpyPt(CH2CH2Ph)]+)‡ 

into the Pt-Ph bond, Figure 3.3. The calculated ΔG‡ for this step is 10.1 kcal/mol. The resulting 

product (4) [bpyPt(CH2CH2Ph)]+has two conformers – a π complex (4π) and a β-agostic (4β) 

structure63, Figure 3.4. The ΔG of formation for these two conformers are -10.1 and -5.0 

kcal/mol, respectively, relative to the ethylene adduct (3⁄⁄). Hence, (4π) is more stable than (4β) 

by ca. 5 kcal/mol. It is interesting to note that the calculated β-agostic structure shows a great 

lengthening of one of the C-H bonds (to 1.33 Å), for the carbon between the bound sp3 carbon 

and the ipso benzene carbon, to fill the empty coordination site at the platinum center. The 

hydrogen involved in the agostic interaction to the platinum has a lengthened bond by 0.2 Å 

versus a more typical C-H bond length for (4β). The C=C bond of the inserting ethylene of the 

(3→→4)‡ transition state is 1.45 Å, which has lengthened compared to the bond length of the 

ethylene moiety in (3), 1.40 Å. In (4π) the corresponding C-C bond length in the phenethyl ligand 

is 1.55 Å, closer to a typical Csp3-Csp3 single-bond length. For comparison, the optimized Csp3-Csp3 

bond length for uncomplexed ethylbenzene is 1.56 Å. Interestingly, the Csp3-Csp3 bond length for 

(4β) is relatively short at 1.49 Å, suggesting some [bpyPt(H)(styrene)]+ character is being 

observed for this stationary point a subject that is discussed later in the side reaction section. 
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Figure 3.4. [bpyPt(CH2CH2Ph)]+, (4β) right, and (4π) left, Bond lengths are reported in Å. 
This figure is reproduced with permission from the American Chemical Society.62

 

3.1.3  Benzene Binding and Product Release 

With a potentially available coordination site, in [bpyPt(CH2CH2Ph)]+ for either isomer 

(4β) or (4π) benzene can coordinate to the platinum center and subsequently be activated. The 

ΔG for binding of benzene to form the loosely bound adduct (5) (Figure 3.5) is calculated to be 

endergonic, and is +12.3 kcal/mol above (4π). This suggests that while η2-arene species may lie 

along the reaction coordinate for C-H activation they are not likely to be long-lived stable 

intermediates.  

 

Figure 3.5. (5) [bpyPt(CH2CH2Ph)(Ph)]+ and (5→6‡). Bond lengths are reported in Å, 
angles are reported in degrees. This figure is reproduced with permission from the 
American Chemical Society.62 
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Figure 3.6. Oxidative addition TS (left) and reductive elimination TS (right); bipyridine 
carbon and hydrogen atoms have been omitted. Bond lengths are reported in Å. This 
figure is reproduced with permission from the American Chemical Society.62 

 

Figure 3.7. Five coordinate hydride intermediate. Bonds are reported in Å. This figure is 
reproduced with permission from American Chemical Society.62 

Subsequent to benzene binding, calculations are not entirely conclusive as to which 

pathway hydrogen transfer will occur to activate the benzene substrate, as both pathways 

appear to be energetically viable. Either a single-step hydrogen transfer, oxidative hydrogen 

migration (OHM), or a two-step mechanism with a five coordinate hydride intermediate, 

oxidative addition/reductive elimination (OA/RE), Scheme 3.2, have similar free energy barriers 

with the latter calculated to be marginally more favorable. For the single-step mechanism a 

kite-shaped transition state is observed for the C-H activation, (5→6)‡ with a ΔG‡ of 33.2 
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kcal/mol relative to (4π); see Figure 3.5 for the geometry of the C-H activation transition state. 

After which ethylbenzene product is released and [bpyPt(Ph)]+ (2) is reformed, closing the 

hydroarylation catalytic cycle. The two-step process begins with the activation of the C-H bond 

and the oxidative addition of a hydrogen to the Pt metal center (55H)‡, Figure 3.7, to form a 

PtIV-hydride intermediate (5H), Figure 3.6. Followed by a second hydrogen atom transfer, 

reductive elimination, to the phenethyl ligand to form ethylbenzene (5H6)‡, Figure 3.7. Loss of 

ethylbenzene from the most stable conformer of (6) (see Figure 3.8) was calculated to be 

endergonic by only 4.5 kcal/mol. 
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Scheme 3.2. Scheme showing difference in energy for both one-step and two-step 
mechanisms for hydrogen transfer. All free energies in kcal/mol. This figure is 
reproduced with permission from the American Chemical Society.62 
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Figure 3.8. Complex 6 [bpyPt(Ph)(PhEt)]+. Bond lengths are reported in Å. This figure is 
reproduced with permission from the American Chemical Society.62 

Transition state (5→6)‡ is the highest energy species calculated along the reaction 

coordinate. Calculations suggest that as with the RuII systems, studied previously,27 C-H 

activation is the rate-determining step in catalytic olefin hydroarylation. The calculated ΔG‡ of 

~33 kcal/mol is also consistent with the elevated temperatures (100 °C) needed to achieve 

reasonable turnover rates for the cationic, PtII hydroarylation catalysts of Gunnoe and 

coworkers.33,62  

3.2 Side Reactions and Catalyst Resting State 

3.2.1  Catalyst Resting State 

The first “side reaction” considered in this dissertation is the formation of a stable 

catalyst resting state (7), after the initial C=C insertion into the Pt-C bond of (2), which is 

included for completeness. After the insertion of the ethylene between the benzene and the Pt 

center (which our calculations suggest is conformer (4π), a second equivalent of ethylene can be 

coordinated to the PtII center. A binding free energy of -7.9 kcal/mol was calculated for 
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[bpyPt(CH2CH2Ph)(π-CH2CH2)]+ formation from (4π) and ethylene. In the resting state species 

[bpyPt(CH2CH2Ph)(π-CH2CH2)]+, there is an elongation of the ethylene C=C bond to 1.41 Å, 

similar to that calculated for ethylene in [bpyPt(π-CH2CH2)]+, and a slight bending of the 

hydrogen atoms out of the plane of the sp2 carbons. As before, this suggests a π-complex 

description for [bpyPt(CH2CH2Ph)(π-CH2CH2)]+, Figure 3.9, likely a reflection of the high acidity 

of the cationic PtII center.  

 

Figure 3.9. Proposed catalyst resting state [bpyPt(CH2CH2Ph)(π-CH2CH2)]+ (7). Bond 
lengths are reported in Å. This figure is reproduced with permission from the American 
Chemical Society.62 

Note that the free energy of the proposed resting state (7), ΔG = -33.5 kcal/mol, relative 

to its separated reactants is more stable than any other species thus far considered. Support for 

our prediction came from subsequent experiments by Gunnoe and coworkers, in which the 

formation of a complex under non-catalytic conditions (e.g., at room temperature with only a 

stoichiometric concentration of ethylene)62 whose formulation is consistent with 

[bpyPt(CH2CH2Ph)(π-CH2CH2)]+ (7). 
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Another conformer of the catalyst resting state that is closer to the resting state crystal 

structure subsequently determined by the Gunnoe group is a rotamer with the phenethyl 

forming more of a π-stacking interaction with the π-system of the bpy ancillary ligand. This 

structure was also isolated computationally, and in the gas phase calculations for 7crys, Figure 

3.9, is 2 kcal/mol less stable than the other rotamer. The difference in free energy is considered 

insignificant and the preference for the less stable conformer in the solid state is easily 

accounted for by favorable crystal packing. 

 

Figure 3.10. Crystal structure of [tbpyPt(CH2CH2Ph)(π-CH2CH2)]+. Bond lengths are 
reported in Å, angles are in degrees. This figure is reproduced with permission from the 
American Chemical Society.62 

3.2.2 Formation of [bpyPt(H)(styrene)]+  

The formation of styrene (CH2CHPh) via β-H elimination from a phenethyl complex such 

as (4) is a potential issue for any hydroarylation catalyst. The formation of Pt-H complexes could 

be problematic, potentially leading to less active dimeric μ-H bridging species or poly-olefins 
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under typical catalytic conditions when there is an excess of ethylene. While styrene is an 

important industrial chemical, its production in the current generation of catalysts leads to 

catalyst decomposition. The geometry of the agostic phenethyl complex (4β) suggests a facile 

pathway to styrene production. From the (4β) conformation of [bpyPt(CH2CH2Ph)]+ it is possible 

to diverge from the main catalytic cycle, resulting in the formation of styrene via a β-H 

elimination reaction. Given the geometry of conformer (4β), the metal complex need only 

complete the abstraction of the agostic hydrogen to form a Pt hydride complex with an η2-

arene coordinated styrene moiety.  

The formation of a styrene complex, [bpyPt(H)(π-styrene), Figure 3.11, relative to 

conformer 4β is favorable with a ΔG of -8.5 kcal/mol. The bond between the vinylic carbons is 

1.42 Å, slightly longer than in free styrene, which is calculated to be 1.36 Å, a result in 

agreement with calculated bond lengths for the ethylene complexes already discussed that 

support a π-bonding scheme. The formation of a three-coordinate [bpyPtH]+ complex after 

styrene loss is energetically uphill, with a ΔG of 7.6 kcal/mol. The calculated free energy barrier 

for β-H elimination from the (4β) conformer is only 0.3 kcal/mol, Figure 3.11.  

 
Figure 3.11. Transition state (4β  [bpyPt(H)(π-styrene)])‡ and [bpyPt(H)(π-styrene). 
Bond lengths are reported in Å. 
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While calculated thermodynamics and the structural disposition of 4β suggest a facile 

styrene formation, the 5 kcal/mol disadvantage in free energy for 4β versus 4π, suggests 4β to be 

formed in small concentrations relative to 4π perhaps thwarting styrene production and catalyst 

decomposition if the desired product is ethylbenzene. Of course, one may inquire whether it is 

possible to encourage styrene production while minimizing catalyst decomposition. We will 

return to this issue later.  

3.2.3 Vinylic C-H Bond Activation 

The possible activation of the C-H bond on ethylene was also considered, particularly as 

this emerged as an important side reaction leading to the “death” of RuII hydroarylation 

catalysts.27 After the binding of ethylene to the [bpyPt(Ph)]+ complex to form (3), a transition 

state for the activation of the vinylic C-H bond with a ΔG of 26.3 kcal/mol was calculated, Figure 

3.12. The resulting vinyl complex, [bpyPt(η2-C,C-C6H6)(CHCH2)]+, complex has a ΔG of -7.9 

kcal/mol relative to the open coordination site complex, Figure 3.12. The ensuing release of 

benzene and formation of [bpyPt(CHCH2)]+  has a calculated ΔG of 4.9 kcal/mol.  

  

Figure 3.12. Vinylic activation TS and [bpyPt(CHCH2)(Ph)]+. Bond lengths are reported in 
Å. This figure is reproduced with permission from the American Chemical Society.62 
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The calculated vinylic C-H activation barrier is ~16 kcal/mol higher than the calculated 

competing activation barrier for the insertion of an ethylene C=C bond into the Pt-Ph bond of 

(2). The large kinetic and thermodynamic preference for CH2=CH2 insertion over vinylic C-H 

activation thus suggests substantial latitude with respect to potential next-generation catalyst 

refinement strategies before vinylic activation becomes a potential problem for this family of 

PtII catalysts, thus providing one major advantage over reported RuII catalysts. 

3.2.4 Formation of Butylbenzene 

For the purposes of improved catalyst understanding, the formation of butylbenzene via 

double insertion of ethylene (Pt-Ph → Pt-CH2CH2Ph → Pt-(CH2)4Ph) was calculated. To form 

butylbenzene the [bpyPt(CH2CH2Ph)(π-CH2CH2)]+, the resting state complex would first have to 

undergo a rotation of the ethylene such that the C=C bond axis, which is perpendicular to the 

bipyridine plane in (7), becomes parallel with the Pt-Csp3 bond of the phenethyl ligand. A 

parallel conformation for the catalyst resting state (7⁄⁄) has been isolated and was found to be 

12.4 kcal/mol higher in free energy than resting state (7). The parallel conformer also shows the 

bpy folding slightly out of the plane. Slight geometric perturbation of (7⁄⁄, Figure 3.13) reverts to 

the perpendicular ethylene conformation, which is consistent with reported L3PtII(olefin) crystal 

structures.64 

The subsequent transition state wherein the ethylene inserts to form butylbenzene has 

yet to be isolated computationally. Multiple conformational searches for the TS yield either 

local maxima that do not correspond to the formation of a phenbutyl ligand or dissociation of 

the ethylene moiety. We propose that the most plausible explanation for the inability to find 

the TS linking (7⁄⁄) and [bpyPt(Phenbutyl)]+ is the steric hindrance brought about by the 
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projecting hydrogens of the ethylene spacer of the phenethyl ligand, which are absent on the 

sp2 carbon of benzene in the first CH2=CH2 insertion (i.e., the Pt-Ph bond). 

  

Figure 3.13. (7⁄⁄) and the product of the second insertion [bpyPt(Phenbutyl)]+. Bond 
lengths are reported in Å. 

To further test our hypothesis, calculations were carried out where the phenethyl ligand 

in isomers of (7) was substituted with a hydride; in these calculations the perpendicular 

ethylene isomer was 3.2 kcal/mol more stable than the parallel conformer. This ~3 kcal/mol 

difference is consistent with the trend observed for ethylene binding. With the hydride in place 

of phenethyl, the parallel conformer did not display the structural deviation observed in the 

bipyridine in (7⁄⁄), suggesting that these were probably caused by the system trying to alleviate 

unfavorable steric interactions. If the second insertion was to take place and butylbenzene 

formed, the resulting complex would likely involve an agostic interaction. If the reaction were 

to proceed the change in free energy (not including the TS barrier) would be endergonic by 15.6 

kcal/mol. For these reasons, we propose that the lack of observation of butylbenzene side 

products is due to the steric hindrance in the TS for insertion of the second olefin as well as the 

thermodynamic unfavorability of the butylbenzene product versus desired PhEt products. 
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3.2.5 Double Alkylation 

The most pertinent side reaction for the Gunnoe PtII catalyst involves the dialkylation of 

benzene. Following the formation of ethylbenzene (PhEt) in the first pass through the catalytic 

cycle of the reaction, a [bpyPt(Ph)(PhEt)]+ complex is formed. Two low energy conformations 

corresponding to the stoichiometry [bpyPt(Ph)(PhEt)]+ were isolated from calculations. The first 

has the ethylbenzene coordinated to the PtII center via the C-H bond of its methyl group, (6ag), 

and the other an η2 π-bonded conformation, (6π), Figure 3.14. Of the (6ag) and (6π) conformers, 

the latter is more stable by 7.9 kcal/mol. We hypothesize that the greater stability of (6π) versus 

(6ag) could explain why this catalyst is prone to a double alkylation as the η2 π-bonded 

conformation is ideally situated for further aromatic C-H activation. In other words, the 

ethylbenzene product remains too tightly bound to the catalyst. This suggests possible steric 

and electronic strategies to dislodge ethylbenzene. 

 

Figure 3.14. Complex 6ag and complex 6π. Bond lengths are reported in Å. This figure is 
reproduced with permission from the American Chemical Society.62 

As mentioned in the discussion of the primary catalytic cycle, the resulting product is the 

ethylbenzene coordinated through the carbon β to the benzene ring. This isomer, however, is 

less stable than the η2-C,C isomer. The difference in Gibbs free energy favors conformer (6π) 
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which in turn would favor the formation dialkyl-arene product. The resting state is 3 - 6 

kcal/mol less stable than the conformer that results at the end of the double alkylation. Hence, 

under typical catalytic conditions where there is an excess of olefin, the reaction is 

thermodynamically driven towards dialkyl products. 

One question that might be addressed with the use of calculations is the reasons for the 

ratio of the dialkylation product. In the initial communication by Gunnoe et al. it was stated 

that the catalyst made more meta than para or ortho, with the ortho dialkyl isomer produced in 

the lowest ration.33 Inspection of the different binding possibilities for ethylbenzene to (2) 

reveals that of the two near degenerate (6π) isomers one showing a preference for ortho—meta 

C-H activation (6π1), with the other showing a preference for meta—para C-H activation (6π2), 

Figure 3.15. Meta C-H activation as a result of both conformers being populated under catalytic 

conditions may shed some light on why meta-dialkyl-arenes are the most prevalent side 

products. Overall, the energetics are similar for all three diethylbenzene isomers, varying by 2 - 

5 kcal/mol in different steps of the cycle, as shown in Table 3.1.  

  

Figure 3.15. 6π1 (prefers ortho and meta C-H activation) and 6π2 (prefers meta and para 
C-H activation). Bond lengths are represented in Å.  
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Table 3.1. Table showing calculated ΔG for ortho, meta, and para isomers relative to (2) 
[bpyPt(Ph)]+. 

 Bound 
PhEt 

TS to 
make free 

Ph 

Bound Ph EzBz  
and free site 

C2H4  
bound 

Ts for 2nd 
insertion 

π conformer 
(like resting 

state) 
ortho -17.9 -1.1 -16.8 -13.7 -29.4 -19.7 -38.3 
meta -17.9 -0.6 -18.8 -12.1 -29.2 -19.0 -39.2 
para -17.9 1.5 -16.2 -9.5 -27.1 17.4 -36.4 

Unfortunately, the bpyPtII catalyst model (and presumably its tbpy experimental model) 

is similar in energy and geometry for insertion barriers, with ΔG‡ ~ 10 kcal/mol for both the first 

and second C=C insertions into Pt-Caryl bonds. If the first alkylation occurs the second alkylation 

step to form a dialkylaryl side product is just as likely to proceed for this Pt II system. Changes to 

the ligand would have to be further probed in order to lower the catalysts affinity for the PhEt 

product in an effort to reduce the occurrence of double alkylation side reaction, perhaps 

through the introduction of sterically protecting groups in the 6 and 6’ positions of bpy. 

3.3 Electronic Effects on the Bipyridine Supporting Ligand 

With the goal of further fine tuning of the bpyPtII catalyst systems, NO2 (nitro, σp = 

0.78), and MeO (methoxy, σp = -0.27)65 substituents, were used to “decorate” the 4 and 4’ 

positions of 2,2’-bipyridine. These substituents were selected to model an electron withdrawing 

(EWG, Figure 3.16) and electron donating (EDG, Figure 3.17) group, respectively. Their influence 

on bpyPtII-catalyzed ethylbenzene formation and selected side reactions such as styrene 

production is of interest as previous research in this dissertation showed small energy 

differences between styrene and ethylbenzene production, indicating that small differences in 

the ancillary ligand might result in a tipping of the scales in favor of styrene versus 

ethylbenzene. The goal of the research in this dissertation is to produce ethylbenzene (alkyl-
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arene), however, the possible formation of styrene (vinyl-arene) does hold interest as the 

majority of ethylbenzene is converted into styrene. 

 

Figure 3.16. Bipyridine with NO2 (electron withdrawing group, EWG) on the 4,4'-
positions. 

 

Figure 3.17. Bipyridine with methoxy (electron donating group, EDG) on the 4,4'-
positions. 

3.3.1 Discussion 

In previous research,62 the question of whether bpyPtII complexes activated C-H bonds 

via either an oxidative hydrogen migration (OHM) or an oxidative addition/reductive 

elimination (OA/RE) pathway was addressed. The DFT study indicated that both pathways were 
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kinetically similar with calculated reaction barriers within 1 - 2 kcal/mol of each other.3 The 

calculations suggest that the oxidative addition of benzene was slightly more favorable than 

oxidative hydrogen migration, as the former represented the highest energy point on the 

proposed reaction pathway for the catalytic cycle of hydroarylation, a contention supported by 

H/D exchange experiments. Scheme 3.3 collates the computed results after introducing an EDG 

or an EWG to the 4 and 4' positions of bipyridine, and the resulting changes in barrier heights 

and other relevant intermediates involved for C-H bond activation. The core geometries and 

other computational results are not discussed as they showed similar structural characteristics 

to those of the original complexes, i.e., those with H is at the 4 and 4' positions, Figures 3.1 - 

3.11.3 The introduction of an EDG or an EWG also has minimal impact on the calculated 

energetics. Simulations suggest that the OA pathway is still lower than OHM for all 4,4’-X-bpy 

models: ∆∆G‡ = 1.3 (X = NO2), 2.3 (X = H), 2.4 (X = OMe) kcal/mol. Interestingly, the OMe-

substituted and parent bpy have the same calculated barrier heights (∆GOA
‡ = 18.1 kcal/mol), 

and thus each is 1.5 kcal/mol lower than the calculated barrier for the 4,4'-NO2-bpy supported 

catalyst model. This is consistent with the experimentally observed (McKeown, B. A. 

(Chemistry, U. Virginia) – personal communication) lower activity of the bpy catalyst with an 

EWG versus the tbpy (σp = -0.01) and EDG decorated congeners. It must be noted that the 

experimental reactivity trend also likely reflects the greater degradation of the former via a 

dimerization pathway. 

DFT studies were undertaken to probe the formation of styrene with 4,4’-substituted 

bpyPtII hydroarylation catalysts. As first reported by Gunnoe and coworkers for the tbpy ligated 

PtII complexes, little to no styrene formation was observed.1 Note that tert-butyl groups (σp = -
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0.01)65 in the 4 and 4' positions constitute a very mild EDG relative to the bpy computational 

model. As was discussed previously in this dissertation, after insertion of ethylene into the C-Pt 

bond to form [bpyPt(CH2CH2Ph)]+, there are different routes from this key intermediate: (a) the 

4th coordination site of the PtII could be occupied by ethylene to form the catalyst resting state, 

(b) a π-arene or β-agostic interaction could occupy the otherwise vacant coordination empty 

site, or (c) the coordination of benzene would eventually lead to ethylbenzene formation and 

catalyst regeneration. 
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Scheme 3.3. Comparison of oxidative hydrogen migration vs. oxidative 
addition/reductive elimination with NO2, H, and OMe substituents on the 4,4'-positions 
of 2,2'-bipyridine3. This figure is reproduced with permission from the American 
Chemical Society.66 It was made with help from my experimental collaborator Bradley 
McKeown. 
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Upon the introduction of EWG/EDG, the most striking difference with the previous bpy 

results was that a β-agostic structure with NO2 groups in the 4 and 4' positions was not a stable 

stationary point. All geometry optimization attempts resulted in a NO2bpyPtH(styrene)]+ 

stationary point! A β-agostic structure for the 4,4'-OMe-bpy supported and parent bpy catalyst 

models did, however, correspond to stable stationary points at the same level of theory.  

Scheme 3.4 highlights the changes in energetic profile for the different substituted bpy 

ligands, and again the results highlight the bpyPtII catalyst's ability for electronic fine tuning as 

the addition of either an EWG or EDG to the 4 and 4' positions of the diimine supporting ligand 

leads to a large change in the observed chemistry. Previous calculations indicated a small 

barrier for the β-H elimination TS from the β-agostic structure [bpyPt(CH2CH2Ph)]+ to 

[bpyPtH(styrene)]+. One of the side reactions that was investigated computationally for the 

[bpyPtPh]+ catalyst was the formation of styrene. While styrene is a desirable product, its 

formation via β-hydride elimination would presumably result in a Pt-hydride intermediate, 

which can lead to undesirable dimerization and eventual catalyst deactivation. Calculations on 

the bpy catalyst models indicated that the formation of a β-agostic phenethyl, 

[bpyPtCH2CH2Ph]+, complex formed by insertion of ethylene into the catalyst Pt-Ph bond, was 

an important intermediate in the formation of styrene.3 To probe this hypothesis, a single 

hydride, [bpyPtH]+, and its dimer were calculated, Figure 3.18. Calculations indicate that the 

dimer is 5 kcal/mol more stable than two individual hydride complexes in continuum PCM (THF) 

solution, supporting the experimental proposal that hydride formation leads to catalyst 

decomposition.  
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Figure 3.18. bpyPtII(H) dimer. Bond lengths are reported in Å and bond angles in 
degrees. 
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points that could not be computationally isolated. This figure is reproduced with 
permission from American Chemical Society.66 
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The results of the DFT study indicate that the tbpyPtII and bpyPtII catalysts are on the 

very cusp of having sufficient acidity to facilitate the formation of either ethylbenzene or 

styrene. Presumably, after ethylene insertion into the Pt-phenyl bond of [XbpyPt(Ph)]+, X = H, 

tBu and OMe, the phenethyl intermediate can either rearrange to the more stable π conformer 

of [XbpyPt(CH2CH2Ph)]+ or interact with either ethylene or benzene, to make the resting state or 

react with benzene to close the catalytic cycle. It is worth noting in closing this section that 

more recent experimental work by the Gunnoe group (unpublished results) showed preliminary 

evidence indicating that the addition of electron withdrawing groups to the 4 and 4' positions 

of the bipyridine (X = NO2 or CO2Me) supporting ligand led to increased styrene formation 

versus the originally studied tbpyPtII hydroarylation catalysts, providing support for the current 

simulations. 
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Scheme 3.5. Proposed mechanism for catalyst regeneration via ethylene addition and 
ethane formation with NO2, H, and OMe substituents on the 4,4'-positions of 2,2'-
bipyridine. This figure is reproduced with permission from the American Chemical 
Society.66 
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The present research also raises the possibility if perhaps a heterogeneous bpyPt-based 

catalyst could be synthesized, for example via coordination to a surface, this could provide a 

facile way of making industrially important styrene. If the production of styrene is the main goal 

of the reaction, one would obviate the intermediate step of making ethylbenzene, a desirable 

“green chemistry” catalyst design feature. In Scheme 3.5 a proposed mechanism is presented 

for catalyst regeneration after styrene formation. The computational results indicate that the 

barrier for the formation of ethane via ethylene insertion into the Pt-H bond is feasible. As 

suggested by Figure 3.19, bpyPt(H)+ ligated with either ethylene or a through the vinyl moiety 

of styrene, yields two complexes similar in structure. The [bpyPt(H)(ethylene)]+ complex is more 

stable than [bpyPt(H)(styrene)]+ by ~4 kcal/mol for the three supporting ligand models. Free 

energy barriers of ~ 5 – 7 kcal/mol were calculated for the insertion of ethylene into a Pt-H 

bond to form [bpyPt(C2H5)]+, for which the resulting geometry has a β-agostic interaction due 

to the PtII ion seeking to electronically and coordinatively saturate itself, and approach a 16-

electron count. It is interesting to note that the β-agostic ethyl complex, [bpyPt(CH2CH2Ph)]+, is 

stable upon the calculated potential energy surface with EWG substituents on the bpy, while 

the phenethyl ligand congener is not. Given that a phenyl ligand is ever so slightly more 

electron donating than a hydrogen (σp = -0.01), this clearly points to the extremely subtle 

balance between catalyst acidity and partitioning between olefin hydroarylation and styrene 

formation pathways, which suggests this as an important catalysts design feature moving 

forward, both experimentally and computationally.  
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Figure 3.19. Core geometries for [bpyPt(H)(styrene)]+ (left) and [bpyPt(H)(ethylene)]+ 

(right). Bonds lengths are reported in Å.  

To conclude, this catalyst family is a viable replacement for previous Ru hydroarylation 

catalysts. From an energetic standpoint, they display similar energetic barriers ~20 kcal/mol for 

Pt and Ru,27 in the rate determining step with respect to the empty coordination site catalytic 

complex. However, their lack of multiple side reactions vinylic C-H bond activation, styrene 

formation, and butylbenzene formation favor this family of platinum(II) catalysts. However, 

minimizing double alkylation remains a challenge.66 
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 CHAPTER 4 

PLATINUM(II/IV) BASED CATALYTIC COMPLEXES  

A previous computational study by Grimes et al. indicated that Pt-scorpionate 

complexes were promising catalysts with respect to C-H activation, which previous 

computational and experimental work as summarized above in this dissertation supports as the 

rate-determining step in the catalytic hydroarylation of olefins.56,67 Thus, a new catalysts design 

direction seemed a natural research outcome given the aforementioned comments along with 

support from the extensive computational study of [bpyPt(Ph)]+-catalyzed hydroarylation 

(Chapter 3) that implied that bulky supporting ligands should be considered.62 Hydrido-

tris(pyrazolyl)borate, Tp, (Figure 4.1) was selected for this research given its use as a supporting 

ligand in RuII-catalyzed hydroarylation.27 Similar to bpy, Tp coordinates to metal centers via a 

lone pair on the three nitrogen atoms of the pyrazolyl groups, although Tp is expected to be a 

stronger donor than bipyridine due to its anionic nature. The Templeton and Goldberg groups 

have studied TpPtII/IV complexes, which exploit Tp’s ability to possess either κ2 or κ3 

coordination, influence reductive elimination and oxidative addition pathway viability, reactions 

integral to olefin hydroarylation catalysis.55-57 As with the 2,2’-bipyridine PtII system, discussed 

in Chapter 3, a neutral, saturated precatalyst complex is assumed to initiate the catalytic cycle. 
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Figure 4.1. TpPt(Cl)3 catalyst precursor.  
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4.1 Tris(pyrazolyl)borate PtII 

In this chapter, the focus is the desired formation of Csp2—Csp3 bonds in the main 

catalytic cycle with the issue of side reactions not addressed here. The cationic (and hence 

Lewis acidic) nature of [bpyPt(Ph)]+ catalysts was suggested by our computations to contribute 

to the formation of ArR2 side-products through tight binding of the initial ethylbenzene 

product,24,33,68 further motivating the use of an anionic supporting ligands such as Tp, to give an 

overall neutral Group 10 catalyst. For initial starting point geometries, an acetonitrile co-ligand 

was added with initial guesses in the octahedral geometry using known TpRu(II) catalysts as 

models. This was done to verify if given extra electron density and possible donor ligands, the 

PtII center would remain octahedral or revert to an expected square planar geometry. In some 

of the pictures in this chapter the acetonitrile ligand was omitted for clarity; if so, they is noted 

as such. 

4.1.1 Intermediate Geometries 

Computed stationary point geometries for PtII models are consistent with previous DFT 

studies27,53 and experiment.55 Calculations of the hydroarylation catalytic cycle were carried out 

for TpPt catalyst models, starting with an active species with a potentially open coordination 

site (i.e., TpPtPh) for subsequent ethylene coordination shown in Figure 4.1. This congener of 

bpyPtPh+ active species also has a “square planar” (SPQ4) geometry with an open coordination 

site, Figure 4.2, due to the κ2 nature of the Tp supporting ligand. The Pt-N bond trans to the 

open coordination site is shorter (2.00 Å) than that trans to the phenyl ligand (2.16 Å). The final 

Pt—N distance for the non-coordinated Tp pyrazolate arm is calculated to be 2.99 Å, much 

longer than the other two Pt—N bond lengths, hence the κ2 designation. 
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Figure 4.2. [κ2-TpPt(Ph)] catalyst model. Bond lengths are reported in Å. This figure is 
reproduced with permission from Elsevier. 66 

A square planar description is apt for TpPtPh(NCMe), Figure 4.3, given the elongated Pt-

NTp N distance of 3.22 Å for the third Tp arm versus ~ 2.08 Å for the other two pyrazolate arms, 

Figure 4.3, leading us to label TpMPh(NCMe) as having a κ2 coordination mode. In the case of 

platinum the prediction of κ2-Tp coordination is consistent with experimental structures of 

TpPt(II) complexes.55 Additionally, our computational data imply that there is a reasonably 

facile κ2/κ3 equilibrium in these Group 10 Tp complexes, which could be advantageous in 

catalysis through opening coordination sites for substrate coordination or relegation of a Tp 

arm to stabilize reactive intermediates and/or transition states. 

 
Figure 4.3. [κ2-TpPt(Ph)(NCMe)], catalyst precursor. Bond lengths are reported in Å. This 
figure is reproduced with permission from Elsevier. 66 
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Ethylene coordination to the TpPtPh complex, shown in Figure 4.4, followed by olefin 

(C=C) insertion into the metal-phenyl bond, leads to the formation of a phenethyl ligand and 

the Csp2—Csp3 bond of interest in olefin hydroarylation catalysis. In Table 4.1, selected bond 

lengths and angles are presented that demonstrate the good accord between our calculated 

structure of, [TpPt(Ph)(C2H4)], Figure 4.4 (left), and an experimental crystal structure.55 

 

Figure 4.4. [TpPt(Ph)(C2H4)] Pt-C distances to C2H4 ligand = 2.11 Å. Calculated bond 
lengths reported in Å. This figure is reproduced with permission from Elsevier.66 

Table 4.1. Comparison of corresponding bond lengths and angles of [TpPt(Ph)(C2H4)], 
Figure 4.4 (left), with experimental results.55 This table is reproduced with permission 
from Elsevier.66 

 Calculated Experimental 
Pt—C (benzene) 2.040 Å 2.104 Å 
Pt—C (ethylene) 2.108 - 2.114 Å 2.064 - 2.052 Å 
C—C (ethylene) 1.458 Å 1.43 Å 

Pt—N (Tp) 2.212 - 2.313 Å 2.140 - 2.220 Å 
C (Et)—Pt—C (Et) 40.4° 40.2° 
C (Bz) —Pt—C (Et) 88.3 - 88.8° 90.4 - 92.0° 
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The calculated transition state for ethylene insertion into the metal-phenyl bond shows 

the elongation of the C-C bond versus that in the ethylene adduct precursor, as well as 

pyramidalization of the ethylene hydrogens as the two carbon atoms they are bonded to 

transition from sp2 to sp3 hybridization, Figure 4.5. The next step in the catalytic cycle after 

formation of the CH2CH2Ph ligand is the coordination of benzene to [κ2-TpPt(C2H4Ph)]. 

 
Figure 4.5. [TpPt(Ph)(C2H4)]‡ ethylene insertion for phenethyl formation. Bond lengths 
reported in Å. This figure is reproduced with permission from Elsevier.66 
 

 
Figure 4.6. [κ2-TpPt(C2H4Ph)(C6H6)] MeCN a square planar Pt complex with benzene in 
the inner coordination sphere. Bond lengths in reported in Å. This figure is reproduced 
with permission from Elsevier.66 
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The binding of benzene to κ2-TpPt(CH2CH2Ph) allows for a saturated, 16-electron, square 

planar, coordination sphere for κ2-TpPt(CH2CH2Ph)(η2-C6H6), Figure 4.6. The TpPt catalyst model 

activates benzene through a two-step oxidative addition/reductive elimination mechanism with 

a PtIV intermediate. (No oxidative hydrogen migration TS could be isolated despite numerous 

attempts to isolate such a stationary point.)  

The Pt catalyst model operates, via a two-step, oxidative addition/reductive elimination 

pathway to release ethylbenzene, Figure 4.7 and Figure 4.8. Calculations predict that the PtIV-

hydride intermediate is an octahedral complex, as expected for a d6, six-coordinate, 18-electron 

complex. Searches for the TS states resulted in one stationary point that was the formation of a 

hydride where the migrating hydrogen atom was added to the Tp free arm nitrogen, Figure 4.8.  

 

Figure 4.7. Transition states for benzene C—H oxidative addition (left) and ethylbenzene 
C—H reductive elimination (right). Bond lengths are reported in Å. This figure is 
reproduced with permission from Elsevier.66 
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Figure 4.8. [κ2-HTpPt(Ph)(C2H4Ph)], a side reaction product (previously observed 
experimentally)57 and [TpPt(H)(Ph)(C2H4Ph)], the PtIV-hydride intermediate. Bond 
lengths are reported in Å. This figure is reproduced with permission from Elsevier.66 

4.1.2  Calculated Energetics 

The remainder of this subsection will discuss the free energy surface in Figure 4.9 The 

first step described in the graph ([κ2-TpPt(Ph)(NCMe)]→ [TpPt(Ph)(C2H4)] ) is the exchange of 

MeCN with ethylene giving a small favorable -0.7 kcal/mol change in free energy. Following the 

substitution by ethylene, an insertion takes place with a barrier of 26.3 kcal/mol. Note that this 

is nearly double that calculated for the bpyPt-catalyst migratory insertion. The fourth point on 

the free energy surface in Figure 4.9 depicts a phenethyl π-conformer (a β-agostic rotamer was 

not investigated). Endergonic binding of benzene is presumably due to the loss of entropy as 

the number of molecules studies has decreased as the aforementioned energetic values are 

free energies. As described in section 4.1.1, TpPt catalysts are calculated to operate through an 

oxidative addition/reductive elimination (OA/RE) type of pathway. Numerous attempts to 

isolate a single-step hydrogen transfer TS (e.g., oxidative hydrogen migration) resulted in either 

the oxidative addition TS, reductive elimination TS, or the octahedral hydride intermediate. The 
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formation of the latter intermediate is not surprising given platinum’s ability to form stable 4+ 

formal oxidation state as seen in the experimental work of the Goldberg and Templeton 

groups.55-57 As with previous work on the TpRuII hydroarylation catalysts,27 the C-H activation 

barriers still yield the highest points on the calculated free energy surface. The free energy 

activation barriers of ~30 kcal/mol compare to previously seen computational results for Group 

8 complexes reported by Glenn Morello (UNT, Chemistry) of ~20 kcal/mol.69 
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Figure 4.9. A free energy reaction surface for hydroarylation. Free energies relative to 
the catalyst precursor in Figure 4.3. All quoted values reported in kcal/mol. All points are 
defined in the text.66 

While the subject of side reactions was not pursued in this portion of dissertation 

research, the formation of a TpPtIV—H intermediate suggests transfer of the hydride to the free 
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arm of Tp, Figure 4.8 (left), which has been experimentally observed by Templeton et al.57 DFT 

calculations indicate that the Pt-hydride is calculated to be more stable than the protonated-Tp 

isomer, Figure 4.8 (right), by 5.4 kcal/mol, consistent with its observation by Templeton et al. 

However, a transition state that connects these two tautomers could not be located. Based on 

these preliminary results further work is not deemed necessary as initial treatment resulted in 

new side reactions. The idea of a similar bulkier ligand did prove successful in regards to lower 

affinity for the product (PhEt) so further work on Pt (II) based N chelated catalytic complexes is 

recommended as a means for mitigation of dialkylation.  

4.2 Tris(pyrazolyl)borate PtIV 

In section 4.1 the effects of a ligand modification (i.e., bipyridine to hydrido-

tris(pyrazolyl)borate) on the energetic profile of a PtII based hydroarylation catalyst was 

discussed. Herein, a third nitrogen donor atom group and a negative charge were added to the 

ligand scaffold, now in addition to a change of the supporting ligand a change in oxidation state 

for the platinum center is explored. Computational results indicate that this TpPt system has a 

similar main catalytic cycle to both the bpyPt(II)62 and TpRu(II)27 catalysts in terms of 

thermodynamics (calculated ΔG) and geometries. Most importantly among the similarities to 

other previously studied TpRuII systems, the two C-H activation barriers (evaluation was begun 

at an earlier point to the catalytic cycle) are the highest points on the free energy surface with 

calculated ΔG‡ of 21 for the initial C-H activation of the benzene substrate, and 22 kcal/mol for 

the second C-H activation of benzene to make ethylbenzene product and close the catalytic 

cycle.  
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4.2.1 Intermediate Geometries 

For this PtIV catalyst system the matter of κ2 vs. κ3 coordination did not arise as Tp 

coordinates via a κ3 ligation isomer for all of the species studied here in section 4.2. This is 

reasonable as the d6-PtIV center retained an octahedral (Oh) geometry (singlet or low spin state) 

throughout the stationary points examined computationally.  

 

Figure 4.10. [TpPt(Cl)3] (left) and [TpPt(Cl)2]+ (right), precatalyst species. Bond lengths 
reported in Å. 

 

Figure 4.11. [TpPt(Cl)2(THF)]+ (left), the solvent coordinated system, and [TpPt(Cl)2(κ-
C6H6)]+ (right), the benzene binding complex. Bond lengths reported in Å. 
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The TpPtIV catalyst varies slightly from the bpyPtII version in that initial benzene binding 

is required to form the active catalyst. The original neutral precatalyst is a facial-isomer as 

shown in Figure 4.10. The mechanism whereby the first chloride ion is abstracted is outside the 

scope of this study and thus was not probed computationally. The binding of benzene, Figure 

4.11, and its ensuing C-H activation TS, Figure 4.12, to form HCl is not significantly different 

from the H-transfer transition state that results in the formation of ethylbenzene. This 

additional step was meant to probe the effect on hydrogen transfer by changing the hydrogen 

atom acceptor (C versus Cl). Again as with the TpPtII an important divergence that merits 

mention between the TpPtIV and bpyPtII catalysts involves the binding of the benzene via κ1 

coordination for the TpPtIV active species versus η2 coordination in the bpyPtII catalyst. Based 

on previous modeling of hydroarylation catalysts,62  this change in coordination mode of 

benzene reflects a greater steric impact of the Tp ligand compared to bpy, which we 

hypothesize is a result of the larger coordination number of the former catalyst. Furthermore, 

this greater steric hindrance upon access of the benzene substrate to the metal center is 

reflected in the greater (by 7 kcal/mol) free energy barrier to initial C-H activation of the 

benzene substrate by these catalyst models.18,46,53 
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Figure 4.12. [TpPt(Cl)2(κ-C6H6)]+‡  (left), transition state leading to the formation and 
release of HCl [TpPt(Cl)(Ph)]+ (right), open coordination site of active catalyst species. 
Bond lengths reported in Å. 

 

Figure 4.13. [TpPt(Cl)(Ph)(C2H4)]+ (left), active catalyst species with a bound ethylene, 
and [TpPt(Cl)(Ph)(C2H4)]+‡ (right), ethylene insertion transition state. Bond lengths 
reported in Å.  

In regards to bond lengths and bond angles the changes observed for TpPtII and TpPtIV 

catalyst models follow previously perceived trends discussed in Chapter 3 and earlier parts of 

Chapter 4. As such, the binding and insertion (left and right, respectively), Figure 4.13, of 

ethylene are presented without further comment. Likewise, the binding of benzene to the 

catalyst, Figure 4.14, and C—H activation transition state are presented without further 

comment.  
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Figure 4.15 (right), which results in the formation of ethylbenzene shows conformity to 

previous results in this dissertation. As this is a PtIV complex and a coordinatively saturated 

system, the C-H activation can occur only through a non-oxidative mechanism with the metal 

center maintaining its formal 4+ oxidation state. Akin to the TpPtII, the binding of benzene 

displays a κ1 coordination. 

 
Figure 4.14. [TpPt(Cl)(PhEt)]+ (left), TpPtIV catalyst with a phenethyl ligand and open 
coordination site, and [TpPt(Cl)(PhEt)(κ-C6H6)]+ (right) benzene binding prior to product 
release and catalytic cycle closure.  Bond lengths are reported in Å. 
 

 
Figure 4.15. [TpPt(Cl)(PhEt)(C6H6)]+ ‡ oxidative hydrogen migration TS to close the 
catalytic cycle. Bond lengths are reported in Å. 
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Figure 4.16. [TpPt(Cl)(PhEt)(Ph)]+ active TpPtIV complex with coordinated ethylbenzene 
with a strained bond due to proximity to the platinum metal center. Bond lengths are 
reported in Å.  

 

Figure 4.17. [TpPt(Cl)(PhEt)(C2H4)]+ catalyst resting state. Bond lengths are reported in 
Å. 

4.2.2 Calculated Energetics 

The free energy profile for the modeled main cycle of catalytic olefin hydroarylation of 

TpPtIV catalyst has a few more steps such as extra benzene binding and C-H activation events, 

as compared to those previously studied in this dissertation, bpyPtII and TpPtII catalysts. The 

first point calculated on this surface is [TpPt(Cl)2]+, it was selected as the zero point (Figure 4.10, 

right). The ΔΔG between the third and ninth points in Figure 4.18, which are the barriers for C-

H activation of two benzenes to form HCl and ethylbenzene, respectively, is 0.9 kcal/mol. 

Hence, irrespective of platinum oxidation state, benzene C-H bond activation remains the rate 
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determining step for this catalytic cycle as seen in all other systems modeled in this 

dissertation. The migratory insertion step, which leads to the C-C bond formation in 

ethylbenzene is smaller than previously computed results for PtII catalyst systems, with a 

barrier of 8.9 kcal/mol barrier, Figure 4.13 (right). It is interesting to note that for this system 

the stabilization gained due to the association of ethylene is close in free energy to that of a 

second benzene binding, and lower than the complexed product ethylbenzene; Figure 4.11 

(right), Figure 4.13 (left), and Figure 4.14 (right). The resting state, does coincide with previous 

results in that it is one of the lowest points on the energy surface. The bpyPtII C-H activation 

barrier is more favorable than that of TpPtIV being only 14 kcal/mol.  
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Figure 4.18. Free energy surface for ethylene hydroarylation by the TpPtIV catalyst 
system. All quoted values are in kcal/mol. 
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Preliminary observations in this dissertation of some of the just discussed complexes 

may shed light on some possible side reactions for the TpPtIV catalyst in future research. The 

resulting geometry optimizations after C=C insertion suggests that there is neither a π or β-

agostic phenethyl conformer for the complexes shown in Figure 4.13, likely due to the steric 

hindrance of the Tp ligand. As the β-agostic structure is necessary for β-hydride elimination and 

thus the formation of styrene, it is anticipated that the TpPtIV system will not suffer from this 

side reaction, although further calculations is needed in the future to test this hypothesis. 

Likewise, initial inspection of the calculated resting state geometry (Figure 4.17) indicates that 

polymerization and double insertions might be facile for this system. In section 3.2.4 the 

computational results indicated that the bpyPtII catalyst would not perform multiple migratory 

insertions (i.e., polymerization). As the coordination sphere of a square planar complex is 

smaller as the TpPtIV is octahedral it has more room and thus polymerization or multiple olefin 

insertions may prove to be an unwanted side reaction as with previous octahedral catalysts.27 

The results presented in section 4.2 do not advocate further work at the moment as this 

complex, TpPt(Cl)3, displays similar energetic profiles to previous systems.  
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 CHAPTER 5 

NICKEL(II) BASED CATALYTIC COMPLEXES 

In the spirit of rational catalyst design, nickel - the late first row transition metal - was 

selected as a candidate for computational studies due to it being a Group 10 metal as is 

platinum. Additionally, Ni is a much cheaper metal than Pt.51,52 In addition, previous research 

details the ability of nickel complexes to form C—C bonds and activate C—H bonds, and 

activate C—H bonds.53,54 With this in mind, both TpNi and bpyNi catalysts were studied for 

olefin hydroarylation to compare and contrast with their platinum counterparts. As a first row 

transition metal, singlet and triplet electronic state calculations were studied to ascertain the 

lowest energy spin state, 2(S=1), for the system as the ligand field splitting for 3d transition 

metals is small enough that higher spin states need to be evaluated. TpNiIV complexes were 

minimally evaluated, but as this formal oxidation state is highly improbable in a "real world" 

system, and no computational results were obtained to warrant further computational or 

experimental evaluation, those results have been omitted from this dissertation.  

5.1 2,2'-Bipyridine NickelII System 

Before discussing the bpyNiII catalyst, the singlet and the triplet spin states of the 

complexes must be evaluated. In Figure 5.1 the free energy surfaces for the two spin states are 

compared to each other. Unfortunately, the singlet point ethylene insertion TS to form a C-C 

bond could not be isolated. Performing a single point singlet calculation at the triplet insertion 

TS shows it to be much higher, suggesting that the catalyst is operating on the triplet surface at 

this point in the cycle. There are two definite computed intersystem crossings, occurring upon 

the binding of ethylene to the bpyNiII catalyst and the C-H activation of benzene to liberate the 
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formed phenethyl. The small disparity, 0.4 kcal/mol, between the singlet and triplet states 

following ethylene insertion is not sufficient enough to label one as the clear minimum on the 

energy surface, -24.1 and -23.7 kcal/mol for the singlet and triplet complexes, respectively. 

However, the similar geometries and energies suggest that crossover from one spin surface to 

the other may be facile. The second intersystem crossing occurs at the C-H activation step to 

form ethylbenzene. Like with previous systems modeled, bpyPt and TpPt, the OHM step is rate 

limiting. 
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Figure 5.1. Comparison of energetics for singlet and triplet bpyNiII complexes. Singlet 
values are in cobalt blue and triplet values are in green. The singlet ethylene insertion 
was not located and is denoted by (????). All quoted values are in kcal/mol. 
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5.1.1 Intermediate Geometries 

For the sake of brevity, given the similarity in many cases to the corresponding platinum 

catalyst, the nickel complexes are discussed with minimal comments. Our attention focuses 

primarily on the stationary points deemed to be lowest on the free energy reaction surface. in 

addition the precatalyst open coordination site complex, and the π-conformer as they were 

found to be interesting examples that changes in geometry are not always reflected in great 

energetic differences. For the initial active catalyst with an open coordination site, Figure 5.2, 

there is only minimal difference between the triplet and singlet spin states in the geometry at 

the metal center and the angle at which the phenyl group binds to the Ni atom, RMSD = 0.2 Å. 

This geometric similarity is, however, not reflected in stability with the triplet complex of 

[bpyNi(Ph)]+ being favored by 16.8 kcal/mol versus the singlet.  

 

Figure 5.2. The open coordination site active complex, 3[bpyNi(phenyl)]+ (left), 
1[bpyNi(phenyl)]+ (right). Bond lengths are reported in Å. 

Subsequently, after the binding of ethylene to the Ni catalyst the first intersystem 

crossing, triplet to singlet, is observed, Figure 5.3 (right), with the singlet complex of 

[bpyNi(Ph)(CH2CH2)]+ lower in energy by 6.3 kcal/mol. The spin transition is presumably a 
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reflection of the strong binding of ethylene causing an increase in the ligand field splitting at 

nickel, favoring the lower spin state. The insertion step is calculated to occur via a triplet spin 

state, Figure 5.3 (left), and displays a warped tetrahedral (Td) geometry. The ensuing phenethyl 

complex, [bpyNi(CH2CH2Ph)]+ (Figure 5.4), shows great variation in geometry between the two 

spin state complexes, with a square planar (singlet) or warped tetrahedral geometry (triplet). 

However, energetically the computed geometries for [bpyNi(CH2CH2Ph)]+ are proximate 

minima, varying by only 0.4 kcal/mol, with the singlet spin state being favored at 24.1 kcal/mol. 

 
Figure 5.3. Ethylene binding prior to CC bond formation, 1[bpyNi(phenyl)(C2H4)]+ (right), 
and ethylene insertion TS to form phenethyl, 3[bpyNi(phenyl)(C2H4)]+‡ (left). Bond 
lengths are reported in Å.  

 
Figure 5.4. bpyNiII complexes after product formation, 3[bpyNi(phenethyl)]+ (left), 
1[bpyNi(phenethyl)]+ (right). Bond lengths are reported in Å.  
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The binding of benzene to the 3bpyNi complex displays a pseudo-tetrahedral geometry 

in the triplet spin state [bypNi(phenethyl)(benzene)]+ presumably as this allows for greater 

interaction with the entire π-electron cloud versus a η2-interaction. The C-H activation step 

entails the second definite computed intersystem crossing, Figure 5.5 (right), with the singlet 

being favored by 8.6 kcal/mol at 6.2 kcal/mol relative to the singlet [bpyNi(Ph)]+. The product of 

C-H activation reverts the potential energy surface back to a triplet spin state. 

 
Figure 5.5. Benzene binding to the bpyNiII complex, 3[bpyNi(phenethyl)(benzene)]+ (left), 
single hydrogen transfer to form ethylbenzene 1[bpyNi(phenyl)(benzene)]+‡ (right). Bond 
lengths are reported in Å. 
 

 
Figure 5.6. A loosely bound ethylbenzene product, {3[bpyNi(phenyl)]+(PhEt)}. Bond 
lengths are reported in Å. 
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5.1.2 Calculated Energetics 

As seen in Figure 5.1, there are two computed intersystem spin crossings for the bpyNiII 

catalyst system. The subsequent discussion here follows the expected path as described in 

section 5.1.1. The possibility of the Ni-based bpy catalyst operating via a two step OA/RE 

pathway was pursued computationally. Various attempts to find the five coordinate 

intermediate resulted in either the benzene or ethylbenzene acquiring a hydrogen atom as 

opposed to it being coordinated to the Ni metal center. All efforts to find either of the 

transition states or the hydride intermediate for the triplet spin complexes, likewise, resulted in 

either a failure to converge or local minima. While the TS for the singlet catalyst did converge, 

they are omitted from the energy surface for clarity. When isolated, oxidative addition 

transition states had a large barrier of 42.6 kcal/mol. Taken together, the results highlight the 

instability of Ni complexes in the formal 4+ oxidation state.  

The binding of ethylene is endergonic by 1.5 kcal/mol. The ethylene insertion step has a 

21 kcal/mol barrier and is thus similar in magnitude to the previously studied bpy-Pt systems. 

The aforementioned phenethyl complex that was found to have a 0.4 kcal/mol difference 

between the two spin states, is ~23 kcal/mol more stable than the zero point, 1[bpyNi(phenyl)]+. 

Binding of benzene to the Ni catalyst is reminiscent of previous systems, TpPtII/IV, in that 

benzene forms weakly bound adducts and has a positive ΔG of 5.5 kcal/mol. The second 

computed intersystem crossing is the C-H activation of benzene, where the system transitions 

from a triplet to a singlet ground spin state. The barrier for the hydrogen transfer between 

benzene and the bound phenethyl moiety to form ethylbenzene is 24.8 kcal/mol. Upon product 

formation of ethylbenzene, the potential energy surface reverts back to a triplet spin state 
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catalyst. Despite having only a loose ethylbenzene coordinating through an sp3 carbon the 

[bpyNi(Ph)]+ is still stabilized by ~ 4 kcal/mol relative to the triplet open coordination site 

complex. 

The bpyNiII catalyst as modeled here system may potentially suffer from styrene 

formation, as the β-agostic conformer of the phenethyl product of ethylene insertion was not 

found computationally. Attempts to locate this geometry resulted in the complete transfer of 

the hydrogen atom to the metal center. The preliminary calculations reported here hint that 

this complex will not suffer from dialkylation side reactions like the parent bpyPtII complex as 

aryl-rings form loosely bound adducts with the bpyNiII complex. There is only a 0.4 kcal/mol 

difference between the benzene ring, {[bpyPt(Ph)]+(η2-C,C-PhEt)}, and ethane moiety ligated, 

{[bpyPt(Ph)]+(η2-C,C-PhEt)}, coordination isomers. This is in stark contrast to the 7.9 kcal/mol 

difference observed in the bpyPtII complex favoring the former conformer. 

5.2 TpNi(II) 

This following sections looks at the impact on the reaction cycle free energies and 

geometries when replacing the bidentate bpy ligand with the tridentate Tp. The structure of the 

latter ligand is close to scorpionate-supported nickel complexes, which have been synthesized 

as models for metalloenzyme active sites.70 The previous section, 5.1, focused on changing the 

metal center for the previously modeled bpyPtII system to the Group 10 congener NiII. Here the 

spotlight is on changing the ancillary ligand. 
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Figure 5.7. Free energy surface comparing the singlet and triplet spin catalytic cycles for 
ethylene hydroarylation using a TpNiII catalyst. Singlet values are in cobalt blue and 
triplet values are in green. All quoted values are reported in kcal/mol. 66 

The free energy surface shown in Figure 5.7 reports that unlike the bpyNi system, which 

displayed intersystem crossings, the TpNi system remains as a triplet spin species throughout 

the catalytic cycle. The triplet complexes are found to be 3 - 28 kcal/mol more favorable than 

the equivalent singlet stationary points. As such the discussion of this TpNi system focuses only 

on the triplet spin complexes. 

5.2.1 Intermediate Geometries 

The initial structure of this system is the TpNi(Ph) active species complex, Figure 5.8, 

which exhibits a distorted tetrahedral geometry with three nearly identical Ni—N bond lengths 



71 

(NiN ~ 2.0 Å). Interestingly, the Tp supporting ligand is κ3 for the nickel catalyst model, but κ2 

for the platinum complex. The 16-electron catalyst precursors, TpM(Ph)(NCMe), which has a 

coordinated acetonitrile, increases the NiII Tp ligand Ni—N donor bonds by ~0.1 Å, Figure 5.8. 

Unlike Pt, for the Ni congener, Ni—C distances to the ethylene substrate are very large, ~ 4 Å, 

Figure 5.9. This is observed again with benzene binding, Figure 5.11. These results are not 

implausible as nickel has a smaller vdW radii than platinum (Ni = 83 pm, Pt = 94 pm).71 This 

suggests that these organic entities cannot easily enter the inner coordination sphere of the 

TpNi catalyst model. A similar situation was reported by Morello in his studies of TpFe 

hydroarylation catalysts.69 

 

Figure 5.8. An active catalyst complex with an open coordination site, 3[bpyNi(phenyl)]+ 

(left), The catalyst with a acetonitrile in the coordination site, 3[bpyNi(phenyl)(NCMe)]+ 
(right). Bond lengths are reported in Å.  
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Figure 5.9. The catalyst system displaying a preference for acetonitrile coordination, 
3[bpyNi(phenyl)(NCMe)]+(C2H4) (left), and ethylene insertion TS, 
3[bpyNi(phenyl)]+‡(NCMe) acetonitrile was omitted for clarity (right). Bond lengths are 
reported in Å.  

Following the insertion of ethylene into the Ni-phenyl bond, the TpNi-phenethyl 

complex shows slight stabilization by self-solvation through the π-cloud on the phenyl moiety of 

the phenethyl ligand, Figure 5.10, interacting with the metal. The calculated transition state and 

intermediate geometries indicate that C—H bond activation to form PhEt and complete the 

catalytic cycle represents the most significant divergence between the PtII and NiII model 

catalysts. As the TpPt catalyst proceeded through a two-step oxidative addition/reductive 

elimination pathway, while nickel operated with a single-step hydrogen transfer mechanism. 

The single-step benzene C—H activation mechanism for the TpNiII system is analogous to the 

previously studied TpRuII systems. 
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Figure 5.10. Phenethyl complex, 3[bpyNi(phenethyl)]+(NCMe) (left), and the phenethyl 
TpNi complex with loosely bound benzene and acetonitrile, 
{3[bpyNi(phenethyl)]+(benzene)(NCMe)} (right). Bond lengths are reported in Å. 

Unlike the TpPtII catalyst model, the TpNiII catalyst is predicted by the DFT simulations to 

operate via a single-step (oxidative hydrogen migration TS) to form the ethylbenzene product 

and close the catalytic cycle. Numerous attempts to locate an oxidative addition TS were 

unsuccessful. As before, the computed result is likely a reflection of the instability of the 4+ 

formal oxidation state for nickel. The present results are also consistent with a recent DFT study 

of C—H activation by bpyM (M = Group 10 metal) complexes reported by Butschke and co-

workers.53 In their study Butschke found that the Ni system operated via a single-step 

mechanism while Pt activated C—H bonds via a two-step pathway.  
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Figure 5.11. Hydrogen atom transfer between benzene and phenethyl, 
3[bpyNi(phenyl)]+‡ acetonitrile was omitted for clarity (left), and active catalyst complex 
with loosely bound PhEt and acetonitrile, 3[bpyNi(phenyl)]+(NCMe)(PhEt) (right). Bond 
lengths are reported in Å. 

As discussed by Morello in his study of hydroarylation by Group 8 TpM complexes,69 the 

3d metals with their smaller ionic radii preferentially coordinate weakly binding ligands like 

benzene in the outer coordination sphere when supported by scorpionate supported ligation 

such as Tp. In addition, like the corresponding platinum congener, {[TpNi(Ph)](NCMe)}, was also 

initially modeled with an acetonitrile to see if the system would adopt an octahedral geometry. 

This dichotomy in coordination geometry is also reflected in “movement” of the Tp ligand 

between κ2 and κ3 coordination modes. This change in hapticity within a transition metal triad 

has been seen before as has the ease of inter-conversion between the two ligation isomers.72,73 

However, one may deduce from the present and past modeling results, that the inability to 

form weakly bound benzene precursors prior to their C—H activation may not impact the 

effective reaction barriers, but could retard catalyst activity through its impact on the pre-

exponential factor in the Arrhenius equation. Alternatively, the weakness of arene binding that 
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is seen for TpM systems (M = Group 10) may be turned to advantage given that this could 

encourage dissociation of ethylbenzene product before it can be poly-alkylated. 

5.2.2 Calculated Energetics 

The binding of ethylene to 3[TpNi(Ph)]+ destabilizes the complex endergonically by 7.3 

kcal/mol despite ethylene associating in the outer coordination sphere of the complex. The C=C 

insertion barrier into the metal-phenyl bond is likewise less favorable, with a barrier of ~ 15 

kcal/mol higher for TpPt than that of the bpyNi catalyst. This is an indication that an 

electrophilic, cationic system is important for facile C=C insertion. Further research on Ni 

hydroarylation catalysts, experimental and computational, seems warranted based on these 

preliminary studied, but the problem of coordination sphere crowding (see Figure 5.9) in Tp 

complexes of 3d metals may require some attention in identifying next-generation scorpionate 

hydroarylation catalysts with these Earth-abundant metals.  

The phenethyl complex “self-solvates” through its π-arene ring, with a favorable –ΔG of 

6.5 kcal/mol, with calculations indicating that the NCMe model solvent molecule is 

preferentially moved into the outer-coordination sphere, Figure 5.10. As with the ethylene 

adduct, the binding of benzene is also seen to occur in the outer-coordination sphere, Figure 

5.10, for the TpNi catalyst models studied here. 

The model TpPtPh catalyst is suggested by computations to operate via an oxidative 

addition/reductive elimination pathway akin to that observed for bpyPt, as in both cases, these 

two-step, PtIV-mediated catalytic cycles are close in energy to oxidative hydrogen migration 

pathways. While the mechanism (oxidative hydrogen migration versus oxidative 

addition/reductive elimination) and the binding modes (inner versus outer sphere benzene and 
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κ2/κ3 equilibrium) for Ni and Pt can vary significantly, the TS energetics including that for the 

calculated rate determining step of the catalytic cycle does not. The present results are 

consistent with previous studies that also showed C—H activation as the rate determining 

step.27  

As previously noted in this dissertation, there is a sizeable difference in the operating 

mechanism for Tp-ligated platinum and nickel C—H bond activation to complete the catalytic 

cycle. The Ni system is thus calculated to proceed via a one-step, oxidative hydrogen migration 

type mechanism. Presumably, these differences in C-H activation mechanisms for nickel versus 

platinum reflect the greater stability of the 4+ formal oxidation state of the heavier metal 

platinum. The differences in intermediate complex geometries suggest potentially interesting 

differences in the calculated kinetics and thermodynamics for the TpMPh-catalyzed ethylene 

hydroarylation. Both studies of bpyNi and TpNi systems indicate that experimental work should 

be performed to demonstrate how these systems behave in a lab setting as from computational 

results they seem likely candidates for catalytic olefin hydroarylation. 
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 CHAPTER 6 

CLOSING REMARKS 

6.1 Summary 

In Chapter 1 and Chapter 2 a short discussion is presented of the relevant background 

both with respect to the methods employed in this dissertation, the systems modeled herein 

and potential “real world” implications of the chemistry that is explored in this research. While 

Friedel-Crafts chemistry and related reactions are the industrial workhorse of alkyl-arene 

synthesis, arguably it is time to replace these century-old technologies with more atom 

economical reactions that lead to less waste. One solution is the development of complete 

catalytic cycles mediated by organometallic complexes that include olefin insertions into metal-

carbon bonds and C-H bond activation of aromatic substrates. It is worth noting that these 

reactions – olefin insertion and C—H bond activation – are also integral to industrial and fine 

chemical catalysis. To this end, the research presented in this dissertation centers on 

improvements of established transition metal based catalysts – as well as identifying promising 

new leads for computational and experimental study - for olefin hydroarylation though formal 

oxidation state changes (PtII versus PtIV), ancillary ligand modification (bpy versus Tp), and metal 

(Ni versus Pt) transformation. 

Chapter 3 focuses on direct synergistic efforts between computations and experiment 

to understand the mode of operation of bpyPtII catalyzed hydroarylation. The theoretical 

project discussed in this dissertation, initially motivated by new experimental results from the 

Gunnoe group (University of Virginia), then served to not only corroborate but predict what 

was to be expected from the “wet” chemistry, and in several cases suggested profitable routes 
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for future experimentation. The main cycle for olefin hydroarylation, comprised of ethylene 

binding, olefin C=C insertion, and C—H bond activation, was explored in detail. Within the 

context of the present computational chemistry study, these results help to explain why certain 

side reactions, previously observed in other systems, such as double insertion and vinyl 

activation are not observed. Calculations showed that unlike octahedral systems a double 

insertion (butylbenzene formation) for a square planar complex is not favorable due to 

coordination sphere crowding. The vinylic activation barrier also indicated that this family of 

catalyst even through fine tuning would more than likely not undergo vinylic activation. The 

issue of dialkylation was a major point of interest in the study of the bpyPtII catalysts as it is the 

most prevalent side reaction observed experimentally. Bulkier substituents or ligand electronic 

effects were suggested that might lower the binding affinity for the ethylbenzene’s arene 

moiety as our computational results, in conjunction with collaborative experimental work with 

Gunnoe and coworkers, indicate that this is most likely the reason for dialkylation. The final 

portion of Chapter 3 discusses the results of electronic donor/acceptor effects on the free 

energy surface of catalysis the bpyPtII. The results of the study indicate that C—H activation is 

mildly affected by electronic effects but perhaps most exciting are the implications of fine 

tuning via electron withdrawing substituents with regards to β-hydride elimination and styrene 

formation. Of course, moving forward, a more viable oxidant than ethylene is needed, as is the 

likely need to sequester the catalyst to a surface to inhibit dimerization of platinum-hydride 

intermediates. 

Chapter 4 is a natural expansion of the work presented in Chapter 3 as one of the 

suggestions was the use of a bulkier ligand as a means to curb dialkylation. Theoretical methods 
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were employed in an attempt to save time and resources and survey the potential use of tri-

dentate, hydrido-tris(pyrazolyl)borate (Tp), as the ancillary supporting ligand for a PtIV and PtII 

systems, instead of the bidentate bpy ligand. The change in benzene coordination mode from 

η2 to κ1 was the first clue that the steric bulk of Tp may indeed limit dialkylation, although this 

modification could possibly retard catalyst activity. The initial treatment of this system showed 

possible problems in the form of a Tp-H intermediate with a hydrogen added to the free arm of 

the scorpionate ligand in the square planar η2TpPt(II) complex.  

Further work was done to explore the effects of metal formal oxidation changes to the 

main catalytic cycle of ethylene hydroarylation. These results indicate that the initial hypothesis 

of controlling against dialkylation through greater supporting ligand steric bulk is a valid one, 

however, use of Tp might not be the best choice. The computational results indicate that the 

TpPtIV catalyst was capable of the same chemistry as bpyPtII with small changes. As the Pt 4+ 

oxidation system remained in a κ3 coordination mode it was not able go through either a 

oxidative addition/reductive elimination (OA/RE) pathway and operated exclusively through an 

oxidative hydrogen migration (OHM) mechanism. The computational results put forth in 

Chapter 4 denote that Pt-N (N = chelate supporting ligand) catalysts are generally capable of 

fine tuning the acidity of the metal center as changes in supporting ligand charge and metal 

center oxidation state provide ready access to both olefin insertion and C—H bond activation 

transition states. The available results presented in Chapter 4 do not make compelling 

arguments for further study of Tp with either a PtII or PtIV metal center. Further work on side 

reactions would be needed to make a more definitive case against further study of either TpPt 

in the 2+ or 4+ oxidation states in regards to experiment as the initial treatment of these 
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complexes showed that while they might have less dialkylation they would have other 

problems such as a protonated Tp arm and double insertions.  

Chapter 5 concentrates on using Ni catalysts and gives them the same theoretical 

treatment that Pt is subject to in regards to olefin hydroarylation. Ni was suggested as it is also 

a Group 10 metal and is more abundant. Calculations indicate that Ni might exclusively be a 

triplet system, bpy, or operate with spin system crossovers, Tp. Computational results indicate 

that nickel can effect the same catalytic chemistry (ethylene insertion, benzene C-H activation) 

as platinum, in terms of the energetics, despite the stationary points having quite different 

underlying geometries, as is evident in the warped tetrahedral geometry for bpyNi and the κ3 

coordination of Tp to the nickel metal center. Further experimental and computational work is 

required to assess decomposition pathways and side reactions. For changes in supporting 

ligand charge, Ni species showed results comparable to those of the heavier Group 10 

congener, Pt. However, this does not imply that NiII-N chelate catalysts are ideal, as there are 

anticipated difficulties for these species as coordination of weakly bound ligands like ethylene 

and especially benzene substrates was evident throughout the catalytic cycle, arising from the 

smaller size of the 3d metal. Electronic fine tuning is also suggested especially in the case of 

bpyNi complexes since they showed increased Lewis acidity in the inability to computationally 

isolate a β-agostic conformer, [bpyNi(CH2CH2Ph)]+. Of the two systems, bpyNi or TpNi, the 

computations favor further experimental work for bpyNi as the results showed comparable 

insertion and C—H activation barriers between bpyPtII and bpyNiII. The TpNi system showed 

higher, possible less experimentally attainable, energetic barriers. As such the preliminary 

results presented in section 5.2 of this dissertation do not support further study of TpNiII.  
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6.2 Future Work 

The majority of the world’s ethylbenzene is converted into styrene. Our main reason for 

the catalytic species discussed here to avoid styrene production is that homogenous “catalysts” 

with styrene formation pathways are typically in fact stoichiometric (i.e., less than one 

turnover) and usually end with catalyst decomposition. The work discussed here, in conjunction 

with experiments by Gunnoe et al., is consistent with the working hypothesis that dimerization 

of metal-hydride intermediates, generated via β-H elimination, is a plausible route to catalyst 

decomposition. Therefore, using a tethered version of Ni or Pt hydroarylation catalysts may be 

targeted to successfully make styrene without catalytic decay.  

As mentioned in the previous section and Chapter 5, TpPtII complexes show similar 

energetics and as such at the moment does not warrant further research. When work on the 

bpyPtII catalysts is finished, it might be time reevaluate the Tp systems with a more 

comprehensive treatment that includes exploration of side reactions (vinylic activation, 

multiple insertions, styrene formation, and dialkylation) and how they compare with the 

respective reaction barriers of the favored reactions (migratory insertion and benzene C—H 

activation). Further work is recommended on changing the supporting ligand of the platinum(II) 

metal center to another N-chelating species that has a greater steric profile than bpy to further 

probe their (bulkier ligands) ability to mitigate dialkylation. One example of this being worked 

on already by the Gunnoe group is dpm, dipyridyl-methane. 

It is anticipated that the computational modeling results presented here will motivate 

further study of nickel catalysts for coupling catalysis given the current interest in the greater 

use of Earth abundant metals in catalysis. While the prevailing norm in catalyst modeling is that 
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small changes in geometry portend large energetic changes, the present case (platinum 

operating through either an OA/RE pathway; nickel operating via an OHM pathway) is an 

example that contradicts this common structure-property assumption in catalyst design. 

Furthermore, in the first section of Chapter 4, Ni had extremely similar cases of geometry (e.g., 

the active catalyst with an open coordination site, [bpyNi(Ph)]+, and extreme change in 

geometry, [bpyNi(CH2CH2Ph)]+ (distorted tetrahedral triplet versus square planar singlet), that 

were not reflected in large energetic changes, so that one might speculate that this is due to 

the considerable differences in light and heavy transition metal-ligand bonding, due to the 

different covalency/ionicity of the metal-ligand bonds, ligand field splitting or what Wolczanski 

has termed the “density of states.”74 Alterations in expected catalyst structure-property 

relationships mark an important challenge given the increasing motivation to reverse engineer 

successful precious metal (typically 4d and 5d metals) catalysts with more Earth-abundant 

(typically 3d) base metal replacements. 66  
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