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ABSTRACT 

Since the advent of density functional theory (DFT), computational modelling has 

become a widely-used tool in organometallic chemistry. This modelling is typically 

limited to identifying the minima and transition states on the potential energy surface 

(PES) of a reaction and calculating free energies using the harmonic approximation. Ab 

initio molecular dynamics (AIMD) is an obvious strategy to address these issues. Within 

these simulations, the full range of thermally accessible structures is explored and 

anharmonicity is expressed intrinsically. As AIMD simulations are computationally 

demanding, the maximum length of a simulation is on the order of 100 ps. It is 

exceedingly rare for a chemical reaction to occur within this time scale, which precludes 

the use of straightforward AIMD simulations to study organometallic reaction dynamics 

or to calculate free energy barriers. We attempt to resolve this time scale limitation by 

adapting Transition Path Sampling (TPS) for use in organometallic chemistry. TPS is a 

novel Monte Carlo technique to focus an MD simulation on a reactive event. We present 

new algorithms to generate initial reactive trajectories for TPS and a novel trajectory 

generation algorithm which uses a variable perturbation size to improve the sampling 

efficiency. Our first path sampling study investigated the Ru-hydride catalyzed H2-

hydrogenation of olefins. We identified non-RRKM behaviour of the elimination step of 

a critical reaction intermediate of the hydrogenation catalytic cycle. Through a spectral 

decomposition of the vibrational energy, we determined the non-RRKM behaviour 

results from a localization of vibrational energy in the reactive modes of this intermediate 

following the rate-limiting insertion step. Our second TPS study modelled the /3-

hydrogen transfer chain termination reaction of a zirconocene polymerization catalyst. 

ii 



The reaction dynamics showed that the barrier of the /3-hydrogen transfer is atypically flat 

due to a Zr-H interaction in the transition state. We subsequently used AIMD to study the 

equilibrium structure and /3-hydrogen transfer free energy profile of this system with and 

without a counteranion present. These simulations showed that the counteranion-dipole 

interactions have a significant impact on the preferred configuration of the catalyst and 

the free energy profile of the transfer. 
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CHAPTER 1 

Introduction 

1.1. Homogeneous Catalysis 

Catalysis plays a fundamental role in modern chemistry.1 Historically, 

heterogeneous catalysts, such as metal surfaces and microporous solids, have played the 

greatest role in chemical industry.2 More recently, homogeneous catalysts3 have 

experienced rapid development and are now used in a wide range of important chemical 

transformations, such as the hydrogenation of unsaturated bonds,4'5 olefin metathesis,6"10 

and olefin polymerization.11'12 In most instances, homogeneous catalysts are transition 

metal containing compounds, which can effect complex transformations of organic 

substrates under mild conditions and with high efficiency. These catalysts are now an 

integral part of the production of polymers,13 fine chemicals,14'15 and pharmaceuticals.16 

Synthetic inorganic chemists have been able to achieve exceptional control over the 

selectivity and activity of these catalysts by variation of the ligands and metal centers of 

these complexes, which has led to the establishment of organometallic chemistry as a 

vital branch of inorganic chemistry. 

Typically, these organometallic catalysts operate through a series of reaction 

steps, known as the catalytic cycle. This cycle includes the initiation of the catalyst to its 

active form, the transformation of the substrate, and the regeneration of the active 

catalyst. Understanding the catalytic cycle assists researchers in the rational design of 

improved catalysts and the application of existing catalysts to new reactions. As many of 

the putative intermediates within a catalytic cycle are short-lived, the individual steps of a 

catalytic cycle can be difficult to study experimentally. For this reason, there has been 
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intense interest in using computer modelling to provide insight into the inner workings of 

organometallic catalytic cycles. In the next section, we describe how quantum chemical 

(QC) calculations are used to model chemical reaction mechanisms, particularly those 

involving an organometallic reaction. 

1.2. Quantum Chemical Studies of Reaction Mechanisms 

Since the advent of quantum chemistry in the 1930s, theoretical chemists have 

played a significant role in the development of chemical theories on structure, bonding, 

and reactivity. One of the most powerful tools that emerged from this research are the ab 

initio QC methods, which calculate the electronic structures of chemical species from 

first principles.17 These methods made it possible to use computational chemistry as a 

tool to explore unknown chemical structures systematically. With the proliferation of 

more powerful computers during the 1980s, QC calculations gained wide usage as a tool 

to model all the species in a reaction mechanism.18"22 



1.4 1.5 1.6 1.7 1.8 1.9 2.0 2.1 
Ru-H Bond Length (A) 

Figure 1.1. Example 2D PES of the insertion of ethylene into a Ru-H bond. The 
optimized structures of the reactant, intermediate, and transition state are indicated by 
white X's. Energies are reported in kcal mol"1. 

Fundamentally, reaction mechanisms are modeled using QC methods by 

calculating the potential energy of a chemical complex at a given set of nuclear 

coordinates. This allows researchers to model the potential energy surface (PES) of a 

reaction. Using numerical optimization algorithms, the minimum-energy structures on the 

PES of a reaction mechanism can be located. These minima correspond to stable or 

metastable species, such as reactants, products, and intermediates. The second stage of a 

QC mechanistic study is to identify the transition states connecting these minima. The 

transition state (TS) of a reaction corresponds to a saddle point on the PES, which is the 

highest point on the minimum energy path between the two minima. This process is 

illustrated in Figure 1.1, where C-H and Ru-H coordinates of the PES of a ruthenium-

hydride ethylene complex studied in Chapter 3 is plotted. The reaction corresponding to 
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ethylene insertion into the Ru-H bond (Figure 1.1, TS1) is apparent in this 2D PES and 

the reactant, intermediate, and TS are indicated. 

The final component of this method is the calculation of free energies. 

Conventional statistical mechanics can be used calculate the free energies of the 

optimized structures by assuming each molecule is independent and that the energy 

within the molecule can be divided into transitional, rotational, and vibrational energy 

components. The vibrational component of the free energy is the most difficult to 

calculate, so it is generally approximated by performing normal-mode analysis at the 

minimum-energy structures and treating the vibrational modes of the complex as 

quantum harmonic oscillators. 

In this branch of modelling, which we refer to as static QC modelling, a reaction 

mechanism is described by the set of potential energy minima and transition states of the 

PES. This procedure has obvious value in homogeneous catalysis, as it can be used to 

model a complete catalytic cycle, including the transition states and short-lived 

intermediates which are difficult to study experimentally. 

Early modelling of organometallic reactions using ab initio calculations had only 

moderate success. Calculations using the relatively inexpensive Hartree-Fock method 

tended to be unreliable for organometallic structures and reaction energetics.24 More 

sophisticated post-Hartree-Fock methods were too computationally demanding for use 

with most organometallic complexes, so progress in this field was impeded by the lack of 

an efficient computational method with sufficient accuracy. 
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1.3. The Rise of Density Functional Theory 

The emergence of density functional theory (DFT), an alternative branch of QC, 

was pivotal in organometallic modelling. Although DFT had been under development 

through the 1970s, these early DFT methods did not have sufficient accuracy in chemical 

applications to merit use in the place of established QC methods.25 Beginning in the late 

1980s and early 1990s, new gradient-corrected exchange-correlation functionals were 

developed,26,27 which marked the beginning of the widespread adoption of DFT. These 

methods were demonstrated to have a reasonable computational cost and were 

sufficiently accurate to give quantitative agreement with experimental structures and 

activation parameters for many organometallic reactions. This represented a major 

advance in the modelling of organometallic reactions, as it became possible to perform 

QC calculations on complex organometallic compounds with sufficient accuracy to 

explain subtle differences in reactivity and even predict potential catalytic activity. 

Since its first applications by Ziegler and coworkers in the late 1980s and early 

1990s,28"38 DFT has been used to a progressively greater extent for modelling 

organometallic chemistry. A search for articles with the keywords "density functional 

theory" and "organometallic" shows the extraordinary growth in the application of DFT 

in the field of organometallic chemistry (Figure 1.2). DFT modelling is now a routine 

part of this discipline and is frequently used by experimentalists to support and interpret 

experimental results. In some recent instances, DFT modelling has even been used to 

evaluate a potential catalyst prior to its synthesis.39"41 
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Figure 1.2. Articles published containing the keywords "organometallic" and "density 
functional theory" by year (SciFinder Scholar 2009, accessed October 9, 2009). 

Modern DFT calculations have been found to match experimental reaction 

energies within 3-7 kcal mol"1 and match experimental barrier heights within 5-10 kcal 

moF1.42'43 This accuracy is sufficient to provide an excellent qualitative or even 

quantitative model of many reactions. In recent years, improvements in DFT 

methodology have been mostly incremental, such as the introduction of meta-

functionals44 and dispersion corrections.45'46 More dramatic advances have been made in 

the speed and scale of DFT calculations due to improvements in computer hardware and 

the development of more efficient algorithms, such as QM/MM methods.47 

1.4. Beyond Static Calculations 

Although DFT made it possible to calculate realistic PESs of organometallic 

reactions, the basic procedure of QC modelling has remained the same for the last 30 
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years; a reaction mechanism is characterized by identifying the minima and transition 

states on the PES. As some organometallic complexes are highly fluxional,48 the 

minimum-energy geometry does necessarily provide a complete description of these 

structures. Furthermore, in static modelling, vibrational effects on the free energies and 

reaction rates are calculated using the harmonic oscillator appoximation.49 The weak 

metal-ligand interactions in some inorganic complexes can lead to a large degree of 

anharmonicity, making the harmonic approximation inappropriate. Lastly, static 

modelling does not provide any direct information about the dynamics of a reaction, a 

fundamental aspect of chemical reactivity. 

Generally, the problems associated with static modelling result from only 

considering the minimum-energy structures on of the PES rather than the complete range 

of structures available to the complex at the temperatures at which these catalysts are 

employed. These problems can be resolved by using molecular dynamics (MD) to 

simulate the catalytic system. In an MD simulation, the constituent atoms of the system 

are treated as classical particles and their positions are propagated through time using 

Newton's equations of motion. This generates a trajectory of the movement of the 

particles which samples an ensemble of thermally accessible structures. From these 

ensembles, free energies can be calculated without invoking the harmonic 

approximation.50 

MD simulations have been used for decades to model complex systems, such as 

materials, liquids, and biomolecules.51 These simulations typically use a computationally 

inexpensive molecular mechanical (MM) model where the interactions between the 

atoms are approximated by simple, empirical potentials. Generally, chemical reactions 
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cannot be modeled using MM, as these simple potentials cannot describe the process of 

chemical bond breaking/making. The natural solution to this problem is to use MD in 

conjunction with an ab initio QC method, such as DFT, which are inherently capable of 

representing these features. These ab initio molecular dynamics (AIMD) simulations 

have made significant contributions to our understanding of both fundamental52"54 and 

complex chemical systems, " including many notable examples in organometallic 

chemistry.59"66 Nevertheless, there are significant challenges in the application of AIMD 

for modelling organometallic reactions, which has precluded its more extensive use. 
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rAG'=15kcalmol' 
Microsecond -10~6 

as o 
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CD 
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> 1 0 - 9 
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AIMD 
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: I 1 

• 10"151 
Molecular 
Vibrations 

Figure 1.3. Time scales associated with steps of a chemical reaction at 300 K. 

The largest challenge to more extensive applications of AIMD in organometallic 

chemistry is the limits on the time scales of the simulation, which is illustrated in Figure 

1.3. Molecular vibrations and fluctuations within the minima are typically of the order of 

10-100 fs, so these motions can be sampled within relatively short simulations (~10 ps); 

however, this also necessitates a time step of approximately 1 fs in order to capture the 

highest frequency vibrations. The actual reactive event where the barrier is crossed 

occurs rapidly, on the 20-200 fs time scale, but the waiting period spent in the reactant 
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minimum prior to the reactive event is much longer. This waiting period can be on the 

order of 20 ps for reactions with small barriers (AG* «3 kcal mor1), but can be higher 

than a microsecond for reactive events with larger barriers (AG* «10 kcal mol-1). For 

example, even the most efficient olefin polymerization catalysts have turnover 

frequencies of roughly 65000 s_1 atm-1,68 which corresponds to a waiting period of 1.5 fis 

for the olefin-insertion step at atmospheric pressure. As the time steps in these 

simulations are short and the computational expense of evaluating the DFT potential and 

gradients at each time step is substantial, 200 ps is currently a rough upper limit on the 

time scales that can be feasibly simulated using AIMD. 

As the waiting period of an activated processes can be orders of magnitude longer 

than the longest possible MD simulations, these events cannot be studied using a 

straightforward MD simulation. This is a fundamental challenge in molecular simulation, 

known as the rare event problem.69 Even a lengthy 100 ps AIMD simulation is unlikely to 

observe a single chemical reaction with an activation energy above 4 kcal mol-1 

(assuming a simulation temperature of 300 K) and this simulation would only sample the 

minimum the simulation was initiated in. Overcoming this rare event problem is the 

primary challenge faced by researchers attempting to use AIMD to model the dynamics 

of organometallic reactions. 

1.5. Simulation of Rare Events 

A wide variety of techniques have been developed to overcome the rare event 

problem in MD simulations. One common approach is to impose artificial forces on the 

simulation to induce the MD simulation to sample the barrier and product state. This 
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encompasses well-established techniques such as umbrella sampling,70 but also more 

recent refinements, such as metadynamics,71'72 adaptively biased molecular dynamics,73 

and the finite-temperature string method.74 Recently, a second class of rare event 

simulation methods has emerged that do not require these artificial forces. Instead, 

transition path sampling,75 transition interface sampling,76 and milestoning77 sample 

unbiased trajectories which cross the reaction barrier. In the following subsections, we 

present a brief overview of the two rare event simulation methods used in this thesis: 

biased sampling and transition path sampling (TPS). 

1.5.1. Biasing Sampling 

Reaction free energy profiles can be calculated by using an MD simulation to 

sample the accessible configurations along a reaction coordinate. This sampling allows 

the probability distribution of this coordinate to be determined, which can be directly 

related to the relative free energies along this coordinate. This direct strategy for 

calculating free energy profiles is only effective for reactions where the barrier is 

thermally accessible and the full profile of interest is sampled sufficiently during the MD 

simulation. In most chemical reactions of practical interest, the reaction barrier and 

higher-energy intermediates and products will not be sampled sufficiently in a 

straightforward MD simulation for the full free energy profile to be calculated 

A simple solution to this problem is to use a series of simulations with constraints 

or restraints imposed to ensure every point along the coordinate is sampled sufficiently. 

The effect of these forces can then be analytically removed, enabling the calculation of 

no 

the unbiased free energy profile. Constraint-biased simulations have been used in 
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conjunction with AIMD to model organometallic reactions in a series of papers by 

Ziegler and coworkers. ' " This procedure has not been widely adopted by other 

computational organometallic chemists due to the high computational cost and the 

technical complexity of these simulations. Biased AIMD simulations have been more 

extensively used to calculate the free energy profile of organic reactions in solution84"87 

and enzyme-catalyzed reactions. 

There are several drawbacks to using biases to overcome the rare event problem. 

The bias is typically defined by the user and selecting an appropriate coordinate to 

represent the transition is not always intuitive. An inappropriate bias can result in poor 

sampling, yielding inaccurate results. Although unbiased free energy profiles can be 

calculated from the biased simulations, the artificial forces imposed on the simulation 

mask the true dynamics of the system. Dynamic, time-resolved quantities, such as the 

half-life of a reaction intermediate, the reaction transmission coefficient, and the 

vibrations involved in the reaction, cannot be examined with a biased MD simulation, as 

the bias irrevocably changes these properties. In this respect, biased MD simulations only 

provide a means to sample a reaction coordinate for the calculation of a free energy 

profile and do not provide true dynamics. 

1.5.2. Transition Path Sampling 

Transition path sampling (TPS) is a novel Monte Carlo technique that avoids 

some of the drawbacks associated with biased MD. Rather than introducing a bias or 

constraint to induce sampling of the reaction barrier, a Monte Carlo procedure is used to 

focus an MD simulation on the rare event. The result of a TPS simulation is an unbiased 
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ensemble of short, reactive trajectories.75'95 In recent years, path sampling has been used 

in several landmark studies of chemical reaction dynamics96'98 and is emerging as a 

promising tool to study organometallic reaction mechanisms.99'100 

Reactants Products 

Figure 1.4. Schematic of a shooting move of a TPS 
simulation. A new trajectory (red) is generated from 
old trajectory (blue) by a perturbation to the atomic 
momenta (Sp) at the shooting point (xsp). 

The fundamental algorithm used in TPS to generate new trajectories is the 

shooting algorithm (Figure 1.4). This algorithm generates a new reactive trajectory by 

selecting a random time step from an existing trajectory, perturbing the momenta of the 

atoms at this step (5p), then integrating forward and backwards in time from this point to 

generate a distinct trajectory. If this newly generated trajectory is reactive, it is added to 

the transition path ensemble (TPE). This process can be repeated as many times as is 

necessary to generate a complete description of the reaction mechanism. The TPE 

generated from a TPS simulation of the conformational isomerization of the alanine 

dipeptide is illustrated in Figure 1.5. 
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-150 -100 100 150 

Figure 1.5. Illustration of the path sampling process on the 
isomerization between two conformations of the alanine 
dipeptide (indicated by the white boxes) on the (p/ty torsional free 
energy surface. The ensemble of reactive trajectories is plotted in 
black, with one trajectory highlighted in red. 

Although it is possible to determine the rate constant of a rare event using TPS, 

this process is extremely computationally demanding101 and TPS has only been used for 

this purpose in a handful of instances.102"105 TPS has been more frequently used to study 

the dynamics of important rare events, such as protein conformational changes,106"110 

DNA base-pair binding,111 lipid bilayer flip-flop transitions,112 and phase changes.113"122 

Of particular relevance to this thesis are the instances where TPS has been used to 

study the dynamics of chemical reactions, including the autoionization in water,96'123 the 

pressure induced incorporation of helium into C60, ion dissociation in aqueous acetic 

acid solutions,124 and hydride transfer in the enzyme lactate dehydrogenase.98'125 The 

ability of TPS to circumvent the rare event problem is of particular value in these studies, 



14 

as it is necessary to use computationally demanding AIMD to model these bond 

breaking/making processes. 

Perhaps the greatest advantage of using TPS simulations to model chemical 

reactions is its unique ability to simulate unbiased reaction dynamics, which is the 

fundamental process underlying a chemical reaction. In contrast to biased MD 

simulations, TPS trajectories show the true dynamics of the reactive event, so properties 

such as intermediate lifetimes, recrossing, and the intense vibrations associated with 

bond-breaking chemical reactions can be examined directly. 

1.6. Goals and Overview 

In this thesis, we present our research towards extending computational modelling 

of organometallic reactions beyond the standard static procedures. Specifically, we aim to 

use MD to explore the full range of possible structures present in a reaction mechanism 

rather than describing reaction mechanisms exclusively in terms of optimized structures 

on the PES. The primary obstacle to the use of MD to study organometallic reactions is 

the rare event problem, which is particularly serious when computationally expensive 

AIMD simulations are used. To overcome this problem it will be necessary to use 

established simulation techniques such as biased MD, but also the newly-developed TPS 

algorithms. As TPS has not been applied to organometallic reactions in the past, new 

methods will need to be developed to make these studies practical and efficient. 

The balance of this thesis is comprised of seven chapters, organized in the 

chronological order that the research was performed. The following is a brief summary of 

each chapter. 
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Chapter 2 describes our attempt to solve the "initial path problem" in TPS. When 

we began researching TPS, it became apparent that an inherent limitation of TPS is that 

the researcher must provide an initial reactive simulation of the process under 

investigation. This is particularly problematic for chemical reactions, where there is 

generally no obvious means to generate this initial path. Previous TPS studies addressed 

this issue on an ad hoc basis and no general technique had been developed. We devised, 

implemented, and tested three novel techniques to generate these initial paths for a range 

of chemical reactions. These methods served as the groundwork for our subsequent 

applied studies using TPS. 

Chapter 3 stems from an exciting collaboration with Professor Deryn Fogg, a 

synthetic inorganic chemist in our department. In this study, we modeled the catalytic 

cycle of a mainstay ruthenium-hydride catalyst for the H2-hydrogenation of olefins using 

static DFT calculations. Significantly, the catalytic cycle derived from our calculations 

was distinct from the "textbook" pathway, as an unusual Ru(IV) dihydride intermediate is 

present in the catalytic cycle. This initial study motivated us to study other aspects of this 

catalyst in the next two chapters. 

In Chapter 4, we present the results of our first application of TPS to an 

organometallic reaction. TPS was used to examine the reaction dynamics of the ethylene 

insertion into a Ru-H bond and the subsequent reductive elimination of ethane, which are 

the critical reactive steps of the catalytic cycle elucidated in Chapter 3. Although our 

traditional static QC study in Chapter 3 identified a metastable dihydride intermediate in 

the catalytic cycle, the TPS simulation showed that the lifetime of this intermediate is 

reduced by non-RRKM effects. 
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In Chapter 5, we use the results of Chapters 3 and 4 to rationally design a new 

hydrogenation catalyst. As we had concluded in Chapter 3 that olefin insertion will not 

occur without the presence of H2 as a stabilizing 2-electron donor, we evaluated several 

hemilabile ligands that could stabilize the metal during the insertion. This work was 

published in the Canadian Journal of Chemistry in a special issue dedicated to Professor 

Tom Ziegler. As permitted by our faculty, we have included this article in its published 

form. 

In Chapter 6, we present an equilibrium AIMD and TPS study of 

Cp2Zr(CH2CH2)(CH2CH3)+, a model for the olefin-complex of a metallocene 

polymerization catalyst. These MD simulations show a large degree of fluxional 

character in metal-ligand interactions, which would not have been apparent using static 

calculations alone. These studies also illustrate the different time scales of organometallic 

processes, ranging from facile in-place methyl rotation to the relatively rare /3-hydrogen 

transfer reaction. 

In Chapter 7, we expand on our study of Cp2Zr(CH2CH2)(CH2CH3)+ to examine 

the effect of a counteranion ([CH3B(C6F5)3]~) on the solution configuration and reactivity 

of this complex. We used equilibrium MD to examine the preferred ion pair orientations 

and isomerization dynamics. Subsequently, restraint-biased MD was used to calculate the 

free energy barrier of the /3-hydrogen transfer from a series of restrained MD simulations, 

with and without the counteranion present. To the best of our knowledge, this is the first 

instance where restraint-biased AIMD has been used to determine the free energy profile 

of an organometallic reaction. 
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In Chapter 8, we return to TPS method development. In conventional TPS 

shooting moves, shooting points near the transition event have a much higher probability 

of being accepted than shooting points further away. This introduces a degree of 

inefficiency to these calculations, as some shooting moves that are attempted have 

effectively no probability of being accepted. In this chapter, we attempt to modify the 

shooting algorithm reduce this inefficiency. 

Chapter 9 is a general discussion of our research results and possibilities for 

future research in this field. 

We have also included four appendices (A-D) to provide more extensive 

discussion and derivations of some of the theories and methods used in the main text of 

this thesis. Appendix A describes MD, periodic boundary conditions, and thermostats. 

Appendix B describes the calculation of free energy profiles using biased MD. Appendix 

C relates to the RRKM unimolecular reaction rate theory. Appendix D relates to the 

calculation of free energies using static calculations. 
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CHAPTER 2 

Generation of Initial Trajectories for Transition Path Sampling of Chemical 

Reactions with Ab Initio Molecular Dynamics 

Reproduced in part from: Rowley, C. N.; Woo, T. K. J. Chem. Phys. 2007, 126, 

024110/1. 

Abstract 

Transition path sampling is an innovative method for focusing a molecular 

dynamics (MD) simulation on a reactive event. Although transition path sampling 

methods can generate an ensemble of reactive trajectories, an initial reactive trajectory 

must be generated by some other means. In this chapter, we have evaluated three methods 

for generating initial reactive trajectories for transition path sampling with ab initio 

molecular dynamics (AIMD). We have tested each of these methods on a set of chemical 

reactions involving the breaking and making of covalent bonds: the 1,2-hydrogen 

elimination in the borane-ammonia adduct, a tautomerization, and the Claisen 

rearrangement. The first method is to initiate trajectories from the potential energy 

transition state, which was effective for all reactions in the test set. Assigning atomic 

velocities found using normal-mode analysis greatly improved the success of this 

method. The second method uses a high temperature MD simulation and then iteratively 

reduces the total energy of the simulation until a low temperature reactive trajectory is 

found. This was effective in generating a low temperature trajectory from an initial 

trajectory run at 3000 K of the tautomerization reaction, although it failed for the other 
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two. The third uses an orbital based bias potential to find a reactive trajectory and uses 

this trajectory to initiate an unbiased trajectory. We found that a HOMO-LUMO bias 

could be used to find a reactive trajectory for the Claisen rearrangement, although it 

failed for the other two reactions. These techniques will help make it practical to use 

transition path sampling to study chemical reaction mechanisms that involve bond 

breaking and forming. 

2.1. Introduction 

Ab initio molecular dynamics (AIMD) simulation has emerged as a powerful 

1 9 

technique for the study of chemical reactions. ' In an AIMD simulation, the forces acting 

on the nuclei are determined by a computationally expensive quantum chemical 

calculation. As a result, AIMD simulation times are limited to the sub-nanosecond 

regime, even with modern computers. Unfortunately, reactions with modest barriers of 

10 kcal mol 1 are typically not observed because they require simulation times on the 

order of microseconds or longer to occur. Furthermore, even when a reaction does occur, 

most of the simulation time will be spent in the potential energy minima, providing only 

limited information about the reactive event. Many more reactive trajectories are needed 

to get a complete description of the reaction mechanism. Addressing these problems will 

make it possible to apply AIMD to a wider range of chemical systems. 

One technique that has the potential to resolve these problems is transition path 

sampling (TPS), developed by Chandler and coworkers to focus MD simulations on a 

reactive event.3'4 This process generates an ensemble of reactive trajectories that can be 

analyzed to determine reaction mechanisms,5 activation energies,6 and rate constants.7 In 
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conjunction with AIMD, this technique promises to make it possible to study the 

dynamics of an enormous range of chemical reactions in a way that was previous 

impractical. To date, TPS using AIMD has been used to study a variety of chemical 

reactions,8"12 notably a landmark investigation of the autoionization of water.13 

Reactants Products 

Figure 2.1. An illustration of the shooting algorithm, (a) A 
point r is selected from a reactive trajectory and the 
momenta at that point are perturbed, (b) the trajectory is 
integrated forward with the new momenta to time T, (c) the 
trajectory is integrated backwards to time 0. Grey lines 
represent the old trajectory. 

The fundamental algorithm used in TPS to generate reactive trajectories is the 

shooting algorithm (Figure 2.1). This algorithm generates an ensemble of reactive 

trajectories by selecting a random time step from a reactive trajectory. The momenta of 

the atoms at this step are perturbed and the simulation is run forward and backward in 

time from this point. For deterministic simulations in the microcanonical ensemble, the 

newly generated trajectory is accepted and added to the transition path ensemble if it 

connects the products and reactants.14 This process can be repeated an arbitrary number 

of times until a sufficient number of reactive trajectories have been found. 
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Although the shooting algorithm can generate new trajectories given an initial 

reactive trajectory, transition path sampling does not provide any means for generating 

this initial trajectory. For some simulations, an initial trajectory can be found by running 

an MD simulation until the reactive event occurs. As transition path sampling is 

primarily used for rare events, the length of this simulation would be prohibitively long 

in many cases. This is especially relevant for AIMD simulations, where the length of the 

simulations is severely limited by computer resources. For most practical cases, the 

researcher must generate this initial trajectory using another technique. 

Initiation Points 
{!•', P'} 

Reactants j Products 

(aO "•»• O 
<bO • O 
<o °* o 

Figure 2.2. An initial trajectory is generated by (a) 
generating an initiation point with atomic coordinates r' 
and atomic momenta p' (b) integrating forward in time 
(c) integrating backward in time. Initiation point (i) 
leads to a reactive trajectory, while initiation point (ii) 
does not reach the reactants and is therefore unreactive. 

In principle, a method such as Action-Derived Molecular Dynamics15 could be 

used to find a true dynamical trajectory given product and reactant structures. These 

methods tend to be computationally demanding, so most transition path studies to date 

have used simpler methods. The commonly used approaches for finding an initial 
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reactive trajectory generate an initiation point in phase space that is likely to lead to a 

reactive trajectory when integrated forward and backward in time (Figure 2.2). If the 

trajectory produced is reactive, it can serve as the initial path for a transition path 

sampling study. Otherwise, this process can be repeated for a series of initiation points 

until a reactive trajectory is found. An effective algorithm of this kind generates 

initiation points with a high probability of leading to a reactive trajectory, thereby 

reducing the number of attempts needed. 

A common technique that has been used in previous transition path sampling 

studies is to generate an initiation point by estimating reasonable atomic coordinates for 

a time step of a reactive trajectory in the transition region. The transition region is the 

section of a trajectory that has left the reactants but has not yet reached the products. In 

some cases, this is the potential energy or free energy transition state, but it can also be a 

simple estimate of an intermediary geometry. The atoms are then assigned random 

velocities that are rescaled to the selected kinetic energy and a trajectory is initiated from 

this point. Zahn and coworkers have developed and applied a geometric model for 

generating intermediate structures in solid-to-solid phase transitions16 as well as a more 

general method of geometric interpolation.5 Although initiating from an intermediate 

geometry has been effective in a variety of studies,17"19 the researcher must generate the 

intermediate structure themselves or assume that the mechanism found by interpolation 

is correct. 

Many reactive events that are rare at low temperatures occur readily at elevated 

temperatures. This has been utilized in other methods for studying complex potential 
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energy surfaces, such as parallel tempering20 and hyperdynamics.21 Similarly, an 

intuitive technique for finding a reactive trajectory is to run a simulation at a higher 

temperature or pressure, where a reaction is more likely to occur. This technique has 

been used to generate initial trajectories for a variety of simulations.22"24 A notable 

example of this is Zahn's path sampling study of water boiling.25 The initial trajectory 

was found by running a simulation of liquid water at 300°C. At this temperature, the 

transition to water vapour occurred in a rapid, explosive boiling. A new trajectory was 

initiated by selecting a step from the high temperature trajectory as an initiation point. 

The atomic velocities of the initiation point were rescaled to the appropriate kinetic 

energy and a new trajectory at 100°C was initiated. By the same principle, Zahn used a 

high pressure simulation to generate an initial trajectory for the Bl to B2 phase transition 

ofRbBr.26 

A third method that has been reported in the literature is to apply external forces 

to an MD simulation that cause the transition to occur within a short simulation. One 

such method is to apply geometric constraints to the simulation that make the transition 

more likely.8"10 A notable example of this method was the transition path sampling study 

of the C-C bond forming step of the methanol coupling reaction in the zeolite chabazite 

by Trout et a/.10 The key C-C bond length was constrained at varying distances until a 

reaction occurred. This trajectory was then used to initiate a new, unconstrained 

trajectory. 

Another method of this type is to modify the Hamiltonian of the simulation to 

increase the probability of the reaction. An elegant example of this was the transition 
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path sampling study of the association of NaCl in an aqueous solution. The van der 

Waals radii of the ion-water atom interactions were increased to make the association 

occur readily. The reactive trajectory found with the modified parameters was used to 

initiate a trajectory using the correct parameters. Similarly, artificial forces were used to 

generate an initial path in a study of ligand exchange between Cr(CO)s and a methanol 

solvent.28 Very recently, Hu et al. have presented a method where a bias potential is used 

to generate an initial trajectory, then the bias is iteratively eliminated in a series of 

shooting moves.29 The metadynamics method has also been used to generate an initial 

path for the dissociation of acetic acid in water. 

The shooting moves of transition path sampling are analogous to the sampling 

iterations of a Monte Carlo simulation. As such, an initial path that is not representative 

of a typical transition trajectory is sufficient, provided that the shooting moves will move 

the sampling to more representative trajectories in a reasonable number of iterations.31 

This may not be possible if the initial path follows a substantially different mechanism 

than the more probable transitions. Preferably, the initial path used in a transition path 

sampling simulation will be at least qualitatively similar to the more representative 

trajectories. 

In this chapter, we evaluate three techniques to generate initial reactive 

trajectories expressly for simulating covalent bond breaking and forming reactions 

(Scheme 2.1) with AIMD. We focus on methods that are based on techniques that are 

already established in the chemical simulation literature and are therefore practical to 

implement and apply. These methods will make it more practical to apply transition path 
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sampling in the study of chemical reaction mechanisms, which is where our interest lies. 

The appropriate algorithm for generating an initial reactive trajectory depends on both 

the type of reaction being studied and the conditions under which the reaction occurs. 

As such, there is no method that would be suitable in every case. We aim to formalize 

and test the more intuitive techniques that could be used to find initial reactive 

trajectories and discuss where they can be applied and what their potential pitfalls are. 

Each of the methods we present here finds initial trajectories by generating 

initiation points, although two different approaches are used for this purpose. The first is 

to use static calculations to generate initiation points. The second is to find a reactive 

trajectory under different conditions (i.e. temperature) or with a different Hamiltonian 

(i.e. a bias potential) and then initiate a new trajectory from a time step selected from the 

transition regions of these trajectories. 
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Scheme 2.1. Chemical reactions used to evaluate the proposed 
algorithms. 
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We have chosen three simple reactions to test these methods on. The first is the 

unimolecular 1,2-hydrogen elimination from the ammonia-borane adduct (Scheme 2.1a). 

Several previous theoretical studies using static ab initio calculations have found the 

barrier to be roughly 34 kcal mol , " which provides a difficult test for an initial path 

method as the barrier is high and the potential energy surface is complex. The second 

reaction is an aromatic tautomerization, representing a simpler, lower barrier transition. 

The last reaction we have studied is the Claisen rearrangement, a reaction commonly 

used in organic synthesis. Previous theoretical studies found that this reaction follows a 

concerted mechanism that is driven by the rearrangement of the x system, with a barrier 

of roughly 28 kcal mol"1.35'36 

In brief, the remainder of this chapter is as follows: the computational details are 

given in Section 2.2, a presentation and discussion of the results is given in Section 2.3, 

where each of the three methods is evaluated in separate subsections. Finally, the 

conclusions are presented in Section 2.4. 

2.2. Computational Methods 

All AIMD simulations were performed with the CPMD package version 3.9.2.32 

The PBE functional33 with Goedecker pseudopotentials and a kinetic energy cutoff of 70 

Ry were used for all MD simulations. The transition path sampling simulations were 

performed with our own code interfaced with CPMD. Trajectories were initiated, in both 

the forward and backward direction, by quenching the wave function to the Born-

Oppenheimer surface and assigning initial orbital velocities of zero. 
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Three trajectory initiation algorithms were evaluated (vide infra) - the first 

involving initiation from a transition state optimized structure, the second starting from a 

high temperature MD trajectory, and the third using a electronic structure based biasing 

potential. Static DFT calculations for transition state optimizations and normal analysis 

were performed using the PBE functional with a 6-31G(d) basis set in Jaguar 5.5. 

HOMO-LUMO biasing code used a modified version of MND097 interfaced with 

CPMD. The bias and bias correction to the gradients were calculated using MNDO. The 

HOMO-LUMO biased potential energy surface presented in Figure 2.5 was calculated 

with NWChem 4.7 34 interfaced with MND097. 

Simulations of the borane-ammonia complex were done in a simple cubic cell 

with a length of 12 Bohr. The reactants were defined as the N-H bond length being 

between 1.6 A and 1.7 A and the B-H bond length being between 1.1 A and 1.3 A. The 

products were defined as structures where the H-H bond length was between 0.74 and 

0.78 A and the B-N bond length was between 1.36 A and 1.41 A. 

The tautomerization reaction was simulated in an orthorhombic cell with lattice 

parameters a = 17.0 Bohr b = 22.0 Bohr and c = 10.0 Bohr. The reactants were defined as 

structures the N-H bond length being between 0.95 A and 1.1 A and the O-H bond 

length being between 1.9 A and 2.1 A. The products were defined as structures where the 

O-H bond length was between 0.9 A and 1.0 A. 

The Claisen rearrangement was simulated in a face centered cubic cell with a 

lattice parameter of 15 Bohr. The reactants were defined as structures where the C-0 

bond length was between 1.4 A and 1.6 A. The products were defined as structures 
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where the C-C bond length was between 1.45 A and 1.55 A and the C-0 bond length 

was between 1.1 A and 1.3 A. 

2.3. Results and Discussion 

2.3.1. Transition State Structure Initiation 

Transition state optimizations are routine practice for studying molecular 

reactions in the gas phase. As a result, methods to optimize potential energy transition 

state structures are available in most electronic structure programs. The transition state 

geometry is an obvious initiation point for generating a trajectory, as it lies between the 

two potential energy minima. To initiate a trajectory from a transition state, the potential 

energy transition state is found using conventional static quantum chemical calculations. 

This geometry can be used as the initial atomic coordinates, where the atomic velocities 

can be assigned at random or by a more sophisticated means. 

We have applied this method to generate initial trajectories for the three reactions 

in our test set. We initiated 50 trajectories for each reaction from the transition state 

structure using random velocities from a Boltzmann distribution at 200 K. The 

trajectories were run forward and backward in time by 2000 time steps (6 a.u. per time 

step). This method was highly effective for the tautomerization reaction and the Claisen 

rearrangement, where 94% and 96% of the trajectories initiated were reactive, 

respectively. The 1,2-hydrogen elimination reaction had a lower acceptance rate, as only 

74% of trajectories were reactive. We attribute this to the more complex potential energy 

surface of this reaction. 
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Figure 2.3. Cartesian displacements of the 
imaginary mode for the transition state of the 
1,2-elimination of H2 from the borane-
ammonia adduct. These atomic coordinates and 
Cartesian displacements serve as initial atomic 
positions and velocities, respectively. Key 
bond lengths (A) are adjacent to the bonds. 

Although there was a reasonable acceptance rate for trajectories initiated with 

purely random velocities for all the reactions investigated, the acceptance rate clearly 

depends on the type of reaction being studied. More complex reactions may have 

acceptance rates that would be unacceptably low. This led us to consider methods that 

would generate initial velocities that would be more likely to result in a reactive 

trajectory than random velocities. The most obvious is to use a portion of the imaginary 

transition mode of the transition state structure (Figure 2.3). We have used the Cartesian 

displacements for this mode to generate initial velocities likely to produce a reactive 

trajectory on the 1,2-hydrogen elimination reaction with the hope of improving the 

acceptance rate. When the velocities were assigned exclusively from the imaginary mode 

of the transition state, the resulting trajectory was reactive. 
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Table 2.1. The percentage of trajectories initiated 
from the potential energy transition state structure 
of reaction (a) that are reactive. Atomic velocities 
at the initiation point are a combination of the 
Cartesian displacements of the transition mode and 
a Boltzmann distribution of random velocities. 

Scale Factor 

100 
90 
80 
70 
60 
40 
20 

Acceptance 
Probability (%) 

74 
80 
82 
86 
100 
100 
100 

To investigate how important the atomic velocities are to the probability that the 

trajectory is reactive, we have attempted to initiate trajectories with velocities generated 

by mixing a random Boltzmann distribution of the velocities with the velocities 

generated from the transition mode for this reaction. The initial velocities were generated 

by adding the velocities generated from the imaginary mode and the velocities from a 

Boltzmann distribution with the appropriate weights. This new distribution was then 

rescaled to a temperature of 200 K. We have found that we can incorporate a large 

component from a Boltzmann distribution and still have a high acceptance rate for 

generating reactive trajectories, as shown in Table 2.1. The acceptance rate was 100% 

even when there was a 60% Boltzmann distribution velocity component, although the 

acceptance rate dropped to 80% when a 90% Boltzmann distribution component was 

used. 

These results suggest that the initial atomic velocities can have a large effect on 

the probability that a trajectory will be reactive. The probability of generating a reactive 



38 

trajectory may be dramatically improved by using normal-mode analysis or other 

methods to provide better initial velocities in cases where the acceptance rate is low. The 

high acceptance rates observed here suggest that this approach may work effectively with 

approximate transition states, such as those obtained from a transition state optimization 

that has not fully converged or from a simple linear scan of the reaction coordinate. 

2.3.2. High Temperature Initiation 

Increasing the temperature of an MD simulation is a simple technique used to 

observe more reactive events in a short simulation. One of the most obvious schemes to 

generate an initial path utilizes this by running a simulation at a high temperature until 

the reactive event occurs. Time steps from this high temperature trajectory can be used 

as initiation points for a lower temperature trajectory by rescaling the atomic velocities to 

a lower kinetic energy. 

Previous studies initiated the lower temperature trajectory from the high 

temperature trajectory directly; however, we have implemented an iterative algorithm 

instead, where the change from the high temperature trajectory to the low temperature 

trajectory takes place through a series of intermediate steps, which was first used by 

Hagen et alP In this algorithm, a time step is selected at random from the higher 

temperature trajectory and the atomic positions and velocities from this step are used to 

initiate a lower temperature trajectory. The velocities are rescaled by a constant 

coefficient (0<o<l) to decrease the kinetic energy (Eq. (2.1)) and a new trajectory is 

generated by integrating forward and backward in time. If a reactive trajectory is 
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generated, it is used as the starting point for the next iteration. Otherwise, another 

attempt is made using a different time step of the trajectory. This process is repeated 

until a reactive trajectory at the targeted total energy is found. 

v*+1-+av* (2.1) 

Within the microcanonical ensemble, this process corresponds to running a 

trajectory at a high total energy, causing the system to undergo large fluctuations that 

drive the system across a barrier to another stable state. Rescaling the velocities lowers 

the kinetic energy component of the total energy such that the total energy of the new 

trajectory is lower than the previous iteration by a fraction of the kinetic energy of the 

time step it was initiated from (Eq. (2.2)). The total energy of the simulation is gradually 

lowered over a series of iterations, as fluctuations unrelated to the transition are 

quenched. This process can be stopped when the total energy is lowered to the energy the 

transition path sampling process is intended to operate at. 

S « + 1 = £ « - ( l - « 2 K , (2-2) 

The scaling factor (a) is chosen to give a high acceptance rate while still making 

significant progress at reducing the total energy of the trajectory. Cooling the trajectory 

iteratively rather than in one step may make it possible to reach a lower total energy than 

could be done in one step and can help to eliminate prejudices introduced by the high 

temperature trajectory. This process is similar to the algorithm used by Zahn to find 

minimum energy trajectories within transition path sampling.5 

To test this technique on practical molecular chemical reactions, we ran high 

temperature MD simulations on all three of our test reactions. No reactions were seen in 



40 

the simulations of the BH3NH3 adduct or the Claisen rearrangement (Scheme 2.1a and 

2.1c, respectively) in 7 ps simulations initialized with random velocities from a 

Boltzmann distribution scaled to 3000 K. This is likely due to the relatively high barrier 

heights of these reactions. Conversely, the simple tautomerization reaction (Scheme 

2.1b) occurred within a simulation time of 1.8 ps. Using the high temperature initiation 

algorithm, we were able to make 10 iterations with a scaling coefficient of 0.95 (Figure 

2.4), considerably lowering the total energy of the simulation. 
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Figure 2.4. Potential energy profiles for trajectories 
produced by the iterations of the high temperature 
initiation algorithm (a=0.95) for reaction (b). The 
initial trajectory (1), the 5th iteration (2), and the 10th 

iteration (3) are shown here. The potential energy is 
calculated relative to the optimized reactants. Time is 
roughly partitioned into reactant, transition, and 
product regions. 

To determine the effect of the scaling factor on the acceptance probability, we 

selected random initiation points from the transition region of the initial high temperature 

trajectory for a range of scaling factors. 50 trajectories were initiated for each scaling 

factor, which ranged from 0.2 to 0.8, as given in Table 2.2. All 50 trajectories were 

120 140 160 180 200 
Time (fs) 
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reactive when a scaling factor of 0.8 was used. Only 24 were accepted when a scaling 

factor of 0.6 was used, suggesting that the acceptance rate can be very sensitive to the 

scaling factor used. Scaling factors of 0.2 and 0.4 each had low acceptance rates. 

Selecting an appropriate scaling factor depends on the initial and final total energies 

needed by the simulation, as well as the properties of the system being studied, such as 

the barrier height and transition lengths. For molecular reactions like this, it would 

generally be most efficient to use scaling factors near 0.8, as the lower acceptance 

probability seen when a smaller scaling factor is used outweigh the gains made by 

reducing the total energy by a larger amount in each iteration. 

Table 2.2. The percentage of trajectories initiated 
from the initial high temperature trajectory that were 
reactive, using various scaling factors used to rescale 
the atomic velocities. 

Scale Factor 

0.80 
0.60 
0.40 
0.20 

Acceptance 
Probability (%) 

100 
48 
30 
22 

Although this method was effective for this reaction, there are many reactions 

where we would not expect this method to be effective for generating an initial reactive 

trajectory. Static calculations using PBE/6-31G(d) determined that this tautomerization 

has a barrier height of only 5.7 kcal moF1, while the calculated barrier heights for the 

1,2-hydrogen elimination and the Claisen rearrangement are much higher (34.1 and 22.7 

kcal mol1 , respectively). Many chemical reactions of interest have much higher barrier 

heights, where the simulation temperature would have to be extremely high to generate a 

reactive trajectory in a short simulation time. Furthermore, the reaction mechanism of 
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this tautomerization is simple; other reactions may have different mechanisms at high 

and low temperatures, making this method inappropriate. 

2.3.3. Orbital Biased Trajectory Switching 

A common technique to promote a rare event in an MD simulation is to introduce 

an arbitrary potential energy term into the Hamiltonian, known as a bias potential. A bias 

potential can be used to selectively lower the barrier for a particular reaction. With the 

barrier lowered, the system can undergo the reaction during a much shorter simulation. 

For instance, Rothlisberger used a classical molecular mechanical bias potential on an 

AIMD simulation to accelerate the methyl group rotation of ethane and the isomerization 

of peroxnynitrous acid. These bias potentials are based on geometrical parameters, 

such as bond lengths, bond angles, and dihedrals. The drawback of methods like these is 

that the bias potential is chosen a priori. The mechanism must be known in advance, as 

selecting a bias that favours a less probable mechanism would prejudice the sampling. 

Ideally, the bias will not require any a priori information about the reaction mechanism, 

but the simulation will nonetheless quickly undergo a reaction of chemical interest when 

the bias is applied. 

An attractive alternative to geometry based bias potentials is available in AIMD. 

As the electronic structure is determined at each time step, a bias can be calculated from 

electronic properties instead. The trajectory can be biased to undergo a type of electronic 

rearrangement that is reflected in geometrical changes rather than defining geometrical 

changes directly. 
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In many chemical reactions, the HOMO-LUMO gap is larger at the minima and 

smaller at the transition state. A HOMO-LUMO bias stabilizes the transition states with 

respect to the minima, effectively lowering the reaction barrier. This technique has been 

successfully applied to accelerate a variety of chemical reactions.37 Similarly, 

Rothlisberger has used single-electron orbital energies as biases in the isomerization of 

1,3-butadiene.38 

Although the potential energy correction in the biased simulation can be 

calculated trivially based on the electronic structure, as this term is simply the difference 

between the orbital energies of the LUMO and the HOMO (Eq. (2.3)), corrections to the 

atomic gradients are also needed for orbital biased MD simulations. The correction to the 

gradient requires an additional calculation that can be very expensive. We resolve this 

problem by calculating the unbiased potential energy and gradients using the same DFT 

method used elsewhere in this chapter and calculating the bias and correction to the 

gradients using an inexpensive semi-empirical method.37 

^biased = ^DFT "*" P\£WMO ~ £HOMO ) (2-3) 

The reactive trajectory generated by these biased dynamics can potentially follow 

a very similar mechanism to what an unbiased simulation would produce. An excellent 

initiation point can be generated by selecting a time step from the transition region of a 

reactive biased trajectory. We call this technique biased trajectory switching as we are 

switching between Hamiltonians. 

We ran 4 ps simulations with a variety of HOMO-LUMO biases on all three 

reactions in the test set. Trajectories produced from small biases (/3<0.4) run on the 
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BH3NH3 adduct and the tautomerization system were not reactive. When an MD 

simulation with a bias of |S=0.5 was run on the BH3NH3 adduct, the molecule 

decomposed through the loss of a proton from the borane. Similarly, the trajectory with 

/3=0.5 on the tautomerization reaction led to the fragmentation of the ketone containing 

ring, rather than the tautomerization. We conclude that a HOMO-LUMO bias is not 

suitable for finding initial trajectories of these reactions. 

This method had more success on the Claisen rearrangement (Scheme 2.1c). The 

potential energy surface (PES) of the transition state region of the rearrangement shows 

that the barrier height is lowered from 22.7 kcal mol1 to 12.4 kcal mol"1 when a HOMO-

LUMO bias is applied {(5=0.2) (Figure 2.5). Reactive biased trajectories were found by 

running MD simulations from reactant structures using a HOMO-LUMO bias with a 

coefficient of /3=0.2. We have made 50 switching attempts from random time steps from 

the biased trajectory to test how effective a biased trajectory is as a means to generate 

initial trajectories. There was a reasonable acceptance rate for switching to unbiased 

dynamics, as 52% of the trajectories initiated from the biased trajectory were reactive. 
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(a) C - 0 Distance ( b ) C - 0 Distance 

Figure 2.5. PES of the Claisen rearrangement, (a) PBE/6-31G(d) surface without a bias 
(b) PBE/6-31G(d) surface with a HOMO-LUMO bias 08=0.2). Distances are in A. 
Energies are in kcal mol 1 and are calculated relative to the optimized reactant structure. 
The biased trajectory is shown in black on (a), while the dashed red line shows an 
unsuccessful switching attempt and the dashed green line shows a successful switching 
attempt. The biased trajectory is also shown in black on (b), as well as accepted (green 
circles) and rejected (red X's) initiation points. The C-C and C-0 bond length 
parameters used in the potential energy surface scan are indicated on the schematic 
diagram of the transition state structure (top). 

A comparison of the biased and unbiased PES surfaces of the Claisen 

rearrangement shows a significant change in the position of the transition state when the 

bias is applied. Large differences in the PES could lead to a low acceptance rate for 

generating an initial path, as the biased trajectory will provide poor initiation points for 

switching to the unbiased trajectory. Nonetheless, unbiased reactive trajectories were 

found with a reasonable acceptance rate, even with a significant change in the position of 

the transition state. To illustrate this, we have plotted one reactive and one non-reactive 
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trajectory on the unbiased PES (Figure 2.5a) as well as the reactive and non-reactive 

initiation points from the biased trajectory on the biased PES (Figure 2.5b). Initiation 

points from time steps that had not crossed the transition state on the unbiased PES were 

mostly rejected, as they returned to the reactant basin when integrated forward in time. 

Trajectories initiated from time steps later in the biased trajectory were more likely to be 

accepted. As the barrier for this reaction remains significant, even with the bias potential 

applied, the successful generation of a reactive trajectory was likely due a fortuitous 

starting geometry. 

2.4. Conclusions 

We have developed and evaluated three methods for generating initial reactive 

trajectories for bond breaking - forming reactions for transition path sampling with 

AIMD. Initiating a trajectory from a transition state is an efficient technique when it is 

possible to find the transition state geometry using static calculations. This method 

successfully generated initial trajectories for all three reactions. Generating atomic 

velocities based on normal-mode analysis has been found to greatly increase the 

probability of generating a reactive trajectory. This method can be used for systems with 

arbitrarily high barriers; however, the location of the transition state on the potential 

energy surface must be identified first. 

The high temperature initiation algorithm can generally be applied to systems 

where a reaction will occur in during a short MD simulation at a high temperature. We 

successfully used this method to find a reactive trajectory for a tautomerization reaction, 

reaction (b). No a priori information about the reaction mechanism is needed, but this 
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technique assumes that the reaction mechanism at a high temperature is essentially the 

same as it is at a low temperature. Only reactions with low barriers can be studied, as 

prohibitively high temperatures may be needed for reactions with high barriers. Case in 

point, high temperature simulations did not lead to reactive trajectories for the 1,2-

hydrogen elimination reaction or the Claisen rearrangement. 

Initiating from an orbital-biased trajectory is a very promising method for orbital-

driven reactions. Trajectories for reactions with sizeable barriers can be efficiently found 

and "un-biased" by the biased switching algorithm. We have found that the biased 

switching algorithm has a high acceptance rate for trajectories initiated from a HOMO-

LUMO gap biased trajectory when we applied it to the Claisen rearrangement, reaction 

(c). No a priori information about the reaction mechanism is needed. This method was 

not successful for the 1,2-hydrogen elimination reaction or the tautomerization reaction, 

as the HOMO-LUMO biased trajectory led to fragmentation reactions instead. Finding 

electronic biases appropriate for a wider range of chemical reactions will extend the 

range of chemical reactions that can be studied using transition path sampling, but this is 

beyond the scope of this work. Nonetheless, the results suggest that generating initial 

trajectories from simulations where the Hamiltonian has been modified or biased is 

viable. 

Each of these methods can generate an initial path with a reasonable 

computational cost. Each attempt to find an initial trajectory from an initiation point 

requires an MD simulation that is of the length that the transition path ensemble is 

harvested from, which are generally short. An efficient algorithm must be able to 

generate initiation points with modest expense and a high acceptance rate. The high 
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temperature initiation algorithm is likely the most expensive of the methods that we 

present here, as a relatively long initial high temperature MD is needed, plus a large 

number shorter simulations for the iterations to reduce the total energy of the trajectory. 

Biased MD is a relatively inexpensive method, as only a short initial trajectory is 

needed, along with a few short simulations to switch to the unbiased Hamiltonian; 

however, calculating the bias correction for the biased initial trajectory can be very 

expensive. The transition state structure initiation method is arguably the most efficient, 

as we observed high acceptance rates for the reactions tested here, although the transition 

state must be optimized using static calculations, which can be computationally 

demanding, especially if normal-mode analysis is needed to generate initial velocities. 

The high temperature initiation algorithm and biased trajectory switching are a 

particularly interesting as they are open-ended. Only the reactant structures are provided 

by the user. The reaction mechanism and even the products are determined by the 

simulation. In many catalytic processes, the reaction mechanism is not known, and 

therefore open-ended methods can "scout out" potential reactions to be used to initiate a 

transition path sampling to examine the process in more detail. 
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CHAPTER 3 

The Mechanism of Olefin Hydrogenation Catalyzed by RuHCl(CO)(PR3)2 

Complexes: A DFT Study 

This work has been published in part in Rowley, C. N.; Foucault, H. M.; Woo, T. K.; 

Fogg, D. E. Organometallics 2008, 27, 1661. 

Abstract 

Static DFT calculations were used to study the full catalytic cycle for H2-

hydrogenation of olefins by the catalyst RuHCl(CO)(PR3)2 (2a) using the model substrate 

ethylene. The mechanism we elucidated follows the sequence: dissociation of a 

coordinated phosphine, coordination of ethylene, coordination of H2, simultaneous 

ethylene insertion into the Ru-H bond and oxidative addition of H2 to form a Ru(IV) 

dihydride intermediate, and reductive elimination of this intermediate to form ethane 

product and regenerate the active catalyst. This mechanism differs from those proposed 

in the literature in two significant respects. Firstly, it had generally been thought that 

olefin insertion occurs prior to the coordination of the H2, however it was found that the 

presence of H2 was essential to stabilize the alkyl intermediate. Secondly, ethane loss 

proceeds through a readily accessible Ru(IV) dihydride intermediate, an intermediate that 

had been thought to be too unstable to be present in a catalytic reaction. These static QC 

calculations are the basis for our subsequent TPS simulation of this reaction in Chapter 4. 
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3.1. Introduction 

Hydrogenation of unsaturated bonds by homogenous transition-metal complexes 

offers tremendous potential to specify regio-, chemo-, and stereo-selectivity, as well as 

overall system productivity. " While many metal complexes catalyze hydrogenation 

reactions, the late metals of groups 8-10 are most active.6'7 Ruthenium catalysts of the 

general class RuHCl(PR.3)2(L) (e.g. 1-2) are of particular interest for their relatively low 

cost, their versatility, and their efficiency in reduction of challenging substrates, including 

unsaturated polymers. " This capacity has been recently exploited in tandem metathesis-

hydrogenation catalysis.11" 

V 1:L=PR3, R=Ph 
R3P/ '/ ', I > C I 2: L=CO, R='Pr3 

L ^ % P R 3 3 : L = C O , R = H 

Hydridoruthenium catalysts have been the subject of extensive development and 

1 7 

study since Wilkinson's original report of H2-hydrogenation of terminal alkenes by 1. 

Early kinetic experiments on 1 established that the reaction is zero to first order in 

[olefin], first order in [H2], first order in [Ru], and inversely dependent on [PR3].7 Related 

Ru-monohydride catalysts, including 2a, obey the same rate law.18'19 Based on these data, 

a five step catalytic cycle (Figure 3.1) has been widely accepted as the mechanism of 

hydrogenation for this catalyst. In the first step, a phosphine ligand dissociates from the 

precatalyst (la/2a) to form the active catalyst (lb/2b). Olefin coordination to the active 

catalyst at the site vacated by the phosphine forms an ethylene adduct, (lc/2c). The 

critical reactive step follows, where the olefin will insert into the Ru-H bond to form a 

putative Ru(II) square planar intermediate (ld/2d). The earliest reports assumed that 
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coordination of H2 to this intermediate would immediately yield a Ru(IV) dihydride 

intermediate.7 Subsequent reports of nonclassical ruthenium dihydrogen complexes led to 

a revised catalytic cycle where the complexation of H2 to the metal forms a nonclassical 

Ru(II) dihydrogen complex (le/2e) instead. Heterolytic cleavage of H2 in conjunction 

with elimination of the hydrogenated alkane regenerates the active catalyst (lb/2b), 

completing the catalytic cycle. 

y y M 
R3P///„. I > C I -PR 3 , R3P///„ I ^ C l + = R3P//,, I ,X*CI 

1a A 
2a - CH3-CH3 

R^P//, /1\CI P H 2 H ? RgP//,, ,4c i ,C H2 
1:L=PR3,R=Ph 3 " " R ^ / 2 - > u L . / 
2: L=CO, R=iPr3 ^ I ^ C H 2 L ^ ^ C H 2 

3: L=CO, R=H ^ e d 
'2 

d 

Figure 3.1. Literature catalytic cycle for the Ru-hydride H2-
hydrogenation of olefins with ethylene as the example 
substrate. 

Although computer modelling could facilitate the design of improved catalysts, 

no computational study of the full catalytic cycle of catalysts of the class la and 2a had 

been reported. Previous quantum chemical investigations on ruthenium hydride 

complexes have studied the effect of hydride orientation,21 olefin insertion into Ru-H 

bonds,22 and Ru-H and Ru-H2 interactions,23 but never reported a model of the complete 

reaction mechanism. Our aim in this project was to generate a comprehensive model of 

the catalytic cycle using static DFT calculations. See Section 3.3 for the full 

computational details. 
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As a model catalyst, we have chosen the carbonyl complex 2a. Although a wide 

variety of catalysts have been developed within this framework, contemporary variants 

typically feature a CO auxiliary ligand and an alkyl phosphine. Trisisopropyl phosphine 

ligands have a moderate computational cost compared to larger cyclohexyl phosphines, 

although the steric and electronic properties of this ligand are similar. This compound is 

itself a potent hydrogenation catalyst24"26 and serves as an analogue of other benchmark 

alkylphosphine systems.6 

3.2. Results and Discussion 

3.2.1. Reaction Mechanism 

We began our study by examining the structures present in the catalytic cycle 

proposed in the literature (Figure 3.1). The diphosphine precatalyst 2a is square 

pyramidal, with the hydride ligand occupying the apical site. Our proposed mechanism 

begins with loss of one phosphine ligand, in keeping with the accepted scheme, n2-

Coordination of ethylene takes up the vacant site trans to phosphine (2c), the high trans 

influence of hydride disfavouring the site trans to the hydride. While insertion of the 

alkene into the Ru-H bond (2c-2d), followed by coordination of H2, are generally 

depicted as the next steps, attempts to optimize the Ru-ethyl intermediate regenerate the 

ethylene adduct 2c. As this complex is a key step in the proposed catalytic cycle, it was 

necessary to explore alternative reaction mechanisms. A full account of the mechanisms 

we considered is presented in the Supplementary Section 3.6 of this chapter. Upon 

exhausting these other possibilities, we found that when H2 is coordinated in vacant axial 

site, an ethyl-containing dihydride intermediate (vide infra) could be identified (Figure 
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3.2, 2g). This led us to investigate an alternative reaction mechanism wherein 

coordination of H2 precedes olefin insertion, which we present in detail in the following 

subsections. 

R3P///,.. I > C I -PR3, R3P///„ I ^ C l + = R3P///, I ^ C l 

.Ru -Ru = * = J R U 

l < 1 a PRs [ < b l < c ^ 
2a 
3a A 

" CH3-CH3 +H2 

1:L=PR3, R=Ph , H \ 
2: L=CO, R="Pr3 R3P/,,,, M®F\ ^ ^ " ' R U - ^ 

3: L=CO, R=H L ^ / \ V H 2 \ < I ^ 

H H H2 

g f 

Figure 3.2. Revised catalytic cycle for the Ru-hydride H2-
hydrogenation of olefins with ethylene as the example 
substrate. 

3.2.2. Reaction Potential Energy Surfaces 

To better understand why the putative ethyl intermediate d is not a potential 

energy minimum, while the analogous complex with the vacant coordination site 

occupied by H2 (g) is, the potential energy surfaces (PES) of the ethylene insertion step 

were calculated for complexes with and without H2 coordinated trans to the hydride 

ligand. The potential-energy minimum structure was optimized for a grid of distances 

ranging from Ru-H = 1.4 A to 2.1 A and C-H = 1.1 A to 2.4 A in 0.025 A increments. 

We used the truncated phosphine (PH3) model (3) in these calculations to lower the 

computational cost. 
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Ru-H H- .P-H 

1.4 1.5 1.6 1.7 1.8 1.9 2.0 2.1 1.4 1.5 1.6 1.7 1.8 1.9 2.0 2.1 

Ru-H Bond Length (A) Ru-H Bond Length (A) 

Figure 3.3. PES of ethylene insertion into the Ru-H bond step without (left, D=vacant) 
and with (right, D=H2) dihydrogen coordinated. Energies are reported in kcal moF1. 

The leftmost PES in Figure 3.3 corresponds to the insertion when the coordination 

site trans to the hydride is vacant. The top left corner is the section of the PES where the 

Ru-H bond is still present and the C-H bond has not yet formed (Ru-H < 1.7 A and C-H 

distances > 2.0 A), corresponding to the ethylene adduct (3c). There is no potential 

energy minimum on this surface that corresponds to the ethyl intermediate (3d). 

Furthermore, structures corresponding to the insertion product (Ru-H distance > 1.6 A 

and C-H distances < 1.3 A) are highly unstable (~20 kcal mol-1) with respect to the 

reactant complex. 

The rightmost PES corresponds to the insertion when the coordination site trans to 

the hydride is occupied by a dihydrogen ligand. The minimum in the top left 

corresponding to 3f is somewhat broader to that of 3c, as the H2 ligand stabilizes 
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structures with elongated Ru-H bonds. Most significantly, when the coordination site 

trans to the hydride is occupied by an n -coordinated dihydrogen, there is a low-energy 

minimum corresponding to the ethyl-containing intermediate (2g) where the newly-

formed ethyl group interacts with the metal through a /3-agostic interaction. This 

minimum is connected to the ethylene adduct (3c) structure through a modest energetic 

barrier (5.3 kcal mol-1). Based on these PESs and our exhaustive search of other 

mechanisms, we propose that olefin insertion occurs only after coordination of H2. 

3.2.3. Insertion Step 

Having established that the coordination of H2 precedes the olefin insertion step, 

we will now consider the insertion step itself. The coordination of H2 prior to the 

insertion is weak due to the strong trans influence of the hydride (Ru-n2(H2) = 1.81 A). 

The transition state structure (TS1, Figure 3.4) is similar to that found for other such 

99 

insertion reactions, with a coplanar Ru-C-C-H segment. The intrinsic reaction 

coordinate (IRC) of this insertion (Figure 3.4) shows a significant potential energy barrier 

(5.4 kcal mol-1 with respect to 2e) that is strongly dependent on the length of the C-H 

bond formed in this insertion, with the transition state occurring when C-H = 1.54 A. A 

strong /3-agostic interaction between Ru and newly-formed C-H bond is found in 2g (Ru-

H = 1.89 A; C-H =1.19 A). 
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R3P///„ / i c i / C H 2 

' R u ^ / 
OCT A C H ' 

H H 
Intermediate 

(2g) 
1.5 

o 
c 
CD 

-•—» 
CO 

b 
I 

-1.0 J. 

0.5 
1.7 1.6 1.5 1.4 

C-H Distance (A) 
Figure 3.4. Energies of the Intrinsic Reaction Coordinate (IRC) for the oxidative 
addition of the ethylene H2 adduct (2f) to the Ru(IV) dihydride intermediate (2g) 
through 2-TS1, plotted along the C-H axis (blue). The internuclear distance of the 
coordinated dihydrogen (red) is plotted on the secondary axis. 

The H-H distance of the coordinated dihydrogen changes dramatically over the 

course of the insertion. The coordination is weakest in the 2f (H-H = 0.84 A) due to the 

strong trans influence of the hydride ligand. The H-H distance increases linearly along 

the IRC such that H-H = 0.88 A at the transition state. Charge Decomposition Analysis 

(CD A)27 of the reactant and transition state structures indicates that the relative weight of 

back-donation from the metal from the ff*-antibonding HOMO of the H2 increases along 

the reaction coordinate, consistent with the elongation of the H-H bond (Table 3.1). This 

stronger back-donation results from the loss of the trans influence of the hydride, as the 

Ru-H(hydride) bond is broken during the insertion. Further, the metal becomes more 
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electron deficient during the insertion, as the ethylene ligand no longer serves as a two-

electron donor to the metal. 

Table 3.1. CDA of the metal-H2 interaction of 2c and 2-TS1. 

Species Donation Back-donation Repulsion 
2c 0.35 0.16 -0.14 
2-TS1 0.41 025 -0.13 

Late in the reaction coordinate (C-H < 1.3 A), the H-H distance increases 

sharply, consistent with cleavage of the H-H bond. This cleavage occurs only after the 

Ru-H bond is effectively broken and its trans influence is therefore eliminated. While 

these calculations indicate insertion and cleavage occur in a concerted process without 

any intervening intermediates, the Ru-H bond breaking and C-H bond formation occurs 

earlier on the reaction coordinate than the cleavage of H2. 

3.2.4. Ethyl Dihydride Intermediate 

The intermediate formed by the insertion, 2g, is a 7-coordinate distorted capped 

trigonal prismatic structure. Although we immediately classified this structure as a 

Ru(IV) dihydride, the presence of a dihydride intermediate in this catalytic cycle is a 

matter of some controversy. A Ru(IV) dihydride intermediate, formed via oxidative 

addition of H2 to a Ru(II) precursor, was originally proposed to be active in this catalytic 

cycle by analogy to the Rh(I)/Rh(III) couple;17'28 however, oxidative addition of H2 to 

form a dihydride is strongly endergonic in some transition metal-H2 complexes,29 

suggesting that this reaction would have to proceed through a heterolytic cleavage of H2 

in order to avoid the ethyl-dihydride intermediate (2f). 
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The two possible mechanisms for the cleavage of H2 arise because transition 

metal complexes with H2 are capable of forming two distinctly different bonding 

arrangements: classical and nonclassical complexes. Classical complexes are dihydrides 

wherein each hydrogen is a distinct ligand with a formal oxidation state of - 1 . 

Nonclassical dihydrogen complexes were discovered more recently and reflect a 

significantly different bonding arrangement. In these complexes, the hydrogen atoms 

comprising the H2 ligand remain bound to each other. The H2 ligand serves as a two-

electron donor to the metal, interacting primarily through donation from the H2 HOMO to 

the metal, but also through donation from the metal to the H2 LUMO. Crabtree et al. 

determined that a complex RuH4(PPli3)3, which had previously been assigned as a Ru(IV) 

tetrahydride,30 was in fact a nonclassical complex of the form RuH2(H2)(PPh3)3.31 This 

was used as evidence that Ru(IV) dihydrides are, as a rule, less stable than their 

nonclassical Ru(II)-dihydrogen analogues and that cleavage of H2 within this catalytic 

cycle would occur heterolytically from an nonclassical dihydrogen complex.20 

Rather than finding that the dihydride intermediate 2g was highly unstable, we 

found that this intermediate is only 1.1 kcal mol'1 less stable than the preceding complex, 

2f. While this is contrary to the reported trend of Ru(IV) dihydrides being less stable than 

their Ru(II)-dihydrogen analogous, this is consistent with the observation by Morris and 

coworkers that small, electron-donating ligands can stabilize dihydride structures,3 as 

well as numerous experimental reports of stable Ru(IV) dihydrides.32"36 

To unambiguously characterize the bonding within 2g as a Ru(IV) dihydride or a 

nonclassical Ru(II)-dihydrogen complex, we calculated the electron localization function 

(ELF)37 of the putative Ru(IV)(H)2 intermediate. Areas of high electron localization, such 
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as core orbitals and chemical bonds have high ELF values, which makes the method 

appropriate for determining the nature of the bonding interaction between the dihydrogen 

and the metal. Colourmaps of the ELFs are plotted in the Ru-H-H plane of 2f (Figure 

3.5, left), 2-TS1 (Figure 3.5, center), and 2g (Figure 3.5, right) to show the change in 

bonding over the course of the insertion. Plots for 2f and 2-TS1 show high localization 

along the H-H internuclear axis, consistent with the H2 serving as a two-electron donor. 

The analogous plot of 2g shows two distinct basins for each Ru-H bond, consistent with 

H2 being cleaved and the two hydrogen atoms serving as separate ligands. Furthermore, 

the H-H distance in 2g is 1.62 A, which is in the range (dHH > 1.6 A) that can be 

unequivocally designated as a dihydride. 

2f 2-TS1 2g 
Figure 3.5. ELF plot of the Ru-H-H plane complexes 2f, 2-TS1, and 2g. Locations of 
key hydrogens are indicated with a black dot while the location of the ruthenium is 
indicated with a white dot. Note that the core structure of the ruthenium atom is not 
present due to the use of an effective core potential. 

The relative stabilities of the nonclassical and classical H2 bonding arrangements 

can be interpreted from the PES of the H-H coordinate in complexes 2f and 2g, which we 

have designated as nonclassical and classical dihydrides, respectively (Figure 3.6). In 2f, 

the global minimum on the H-H coordinate occurs near 0.82 A and increases sharply 



63 

outside of this range. Classical dihydride structures are considerably less stable for this 

complex and structures where H-H > 1.6 A corresponds to a structure where one of the 

hydrogens has transferred to ethylene ligand to form an ethyl-containing trans-dihydride. 

In contrast, the minimum on the PES of 2g is located at 1.6 A but is very broad, similar to 

the profile of the oxidative addition of H2 to IrCl(CO)(dppe).38 Regions of short H-H 

distances (< 1.0 A) that correspond to a nonclassical bonding mode are only 4 kcal mol-1 

higher in energy than the minimum-energy dihydride structure, indicating that this 

structure experiences a significant, but lesser degree of stabilization in the nonclassical 

bonding mode compared to the classical dihydride bonding mode. The nonclassical 

bonding mode is not a minimum in 2g, consistent with the cleavage of H2 occurring 

concomitantly to the insertion. This preference for the classical dihydride bonding mode 

has been reported in a number of other transition metal complexes.29 
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Figure 3.6. PES of the H-H coordinate in complexes 2f and 2g. A relaxed scan was 
performed on the H-H distance in 0.02 A increments. 

3.2.5. Elimination Step 

Having formed the dihydride intermediate 2g, the only remaining step in the 

catalytic cycle is the elimination of the hydrogenated product. There is an obvious route 

for this elimination in 2g, as the two newly-formed hydride ligands are in the basal plane 

of the intermediate, cis to the ethyl ligand. Transfer of the nearest hydride to the 

methylene carbon of the ethyl ligand (2-TS2) is a facile process, with an energy barrier of 

1.1 kcal mol-1 with respect to intermediate 2g. This transition state releases the 

hydrogenated product (ethane) and regenerates the active catalyst. This step is strongly 

exergonic due to the formation of the C-H bond. We note that the stereochemistry of the 

active catalyst is opposite to that of the active catalyst at the start of the catalytic cycle, 
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which precludes asymmetric hydrogenation activity for a catalyst operating through this 

catalytic cycle. 

3.2.6. Reaction Profile 

Figure 3.7. Gibbs free energy reaction profile of the full fb-hydrogenation catalytic cycle 
(R = 'Pr). Energies are given beneath the title of the species in kcal moF1. 

Our calculated free energy profile of the catalytic cycle summarized in Figure 3.2 

is presented in Figure 3.7. Dissociation of one coordinating phosphine to form 2b is 

endergonic (7.7 kcal mol-1) due to the strong coordination energy of the phosphine. This 
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is partially compensated for by the coordination of ethylene, although the coordination 

energy of ethylene to the metal is not as strong as that of the phosphine, so this complex 

is less stable (6.0 kcal mol-1) than the diphosphine precatalysts (2a). As the coordination 

of dihydrogen to this complex is relatively weak at this stage, the formation of the 

dihydrogen ethylene adduct is endergonic (10 kcal mol 1). The barrier corresponding to 

TS1 is the highest point on the reaction coordinate (16.2 kcal mol-1), due in large part to 

the instability of the preceding dihydrogen ethylene adduct (2c). The insertion step is 

rate-limiting, which is consistent with the reports of Yi et al.18'39 The dihydride 

intermediate is slightly less stable than the ethylene adduct (11.1 kcal moP1), although 

the barrier for the elimination transition state (TS2) is facile with respect to this 

intermediate (12.2 kcal moF1). The elimination of ethane is strongly exergonic due to the 

formation of the second C-H bond and the increase in entropy upon dissociation. 

3.3. Computational Methods 

All calculations we report here used DFT with the BP86 functional40'41 and the 

def2-TZVP basis set and core potential combination.42 Benchmarking calculations 

against the B3LYP and TPSS functionals were found to give similar results (see Section 

3.5). Optimized structures were confirmed as stationary points using frequency analysis. 

Zero-point energy and Gibbs free energy corrections were determined using the 

calculated vibrational frequencies within the harmonic approximation. See Appendix D 

for the equations used to calculate the free energy corrections. 
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3.4. Conclusions 

These findings update the long-standing mechanism for olefin hydrogenation via 

ruthenium hydride catalysts of the class 2a in two significant aspects. First, the ethyl 

intermediate formed by olefin insertion utilizes an "ancillary" H2 ligand to stabilize the 

electron-deficient ruthenium centre through a-bond donation, where the classic model 

invoked ethylene insertion prior to H2 binding. Secondly, activation of H2 and elimination 

of alkane involve an oxidative addition-reductive elimination sequence (i.e. a Ru(IV) 

dihydride intermediate), rather than heterolytic cleavage of H2 within Ru(II) species. This 

unusual metastable Ru(IV)-dihydride intermediate will be investigated further using MD 

in Chapter 4. We note that these revisions remain consistent with the experimentally 

determined rate law, as the rate-limiting step is TS1, which yields a rate law first order in 

[olefin] and first order in [H2]. 

3.5. Supplementary Section: Computational Benchmarks 

To validate of our computational methodology, we compared the relative energies 

for the reaction mechanism presented in Figure 3.7 calculated using BP86 to those 

calculated with two alternative DFT functionals: B3LYP and TPSS. These data are 

presented in Table 3.2. For both methods, the general structure and geometry of each 

species was similar to those we found using BP86. The largest differences occurred in the 

phosphine dissociation step, where the relative energy of complex 2b ranges from 20.5 

kcal mol-1 for B3LYP to 26.0 kcal mof4 for TPSS. The reactive steps of species 2c-2g 

and transition states 2-TS1 and 2-TS2 were generally more consistent, predicting a rate-

limiting olefin insertion step and a facile reductive elimination step. Based on these data, 
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we are confident that the general reaction mechanism we presented in this chapter is not 

an artifact of our use of the BP86 functional. 

Table 3.2. Relative energies of species in reaction profile using the 
BP86, B3LYP, and TPSS functionals and the def2-TZVP basis set. 

Species 

2a 
2b 
2c 
2d 
2-TS1 
2g 
2-TS2 
Products 

Relative Electronic 
BP86 

0.0 
23.3 

7.0 
-0.9 

5.5 
-0.4 

0.7 
-15.3 

Energy (kcal mol*) 
B3LYP 

0.0 
20.5 

8.7 
3.2 

10.8 
5.7 
6.6 

-17.3 

TPSS 
0.0 

26.0 
7.2 

-1.7 
5.9 
1.5 
2.6 

-11.5 

3.6. Supplementary Section: Alternative Mechanisms 

Before concluding that the mechanism we have presented in the main section of 

this chapter was operative, we considered a range of other possible mechanisms. We 

considered four general variants of this mechanism: a unsaturated insertion (Section 

3.6.1) where the complex isomerizes to a form where direct insertion is possible, a 

mechanism wherein the metal is in a triplet spin state (Section 3.6.2), a mechanism where 

the metal is stabilized by an agostic interaction with an aliphatic group on the phosphine 

(Section 3.6.3), and a mechanism where both phosphines remain coordinated to the metal 

during the insertion (Section 3.6.4). We ultimately rejected these mechanisms in favour 

of the mechanism presented in the main text 
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3.6.1. Unsaturated Insertion 

To find possible unsaturated insertion mechanisms, we identified the minimum-

energy isomer of the ruthenium hydride complex where ethylene has coordinated to the 

metal. In the minimum energy configuration, the hydride occupies the apical site and the 

coordinated ethylene is coordinated trans to the phosphine (2c). The energies of all the 

species reported in this section are reported relative to this complex. 

Possible structures for the putative Ru(II)-ethyl intermediate were found using a 

systematic search of all possible configurational isomers. The 12 possible isomers were 

built in a square pyramidal geometry, where the ethyl ligand has a /3-agostic interaction 

with the metal, then optimized. The calculated energies of these structures are reported in 

Table 3.3. We number these complexes S2-S13 to differentiate them from the species we 

ultimately present as the presumptive reaction mechanism. 



Table 3.3. Possible isomers corresponding to a 16-electron reaction 
intermediate containing an ethyl ligand. Energies are reported 
relative to the minimum energy isomer of the ethylene adduct 2c. 

Isomer Structure AE (kcal mol~ ) 

S2 

S3 

S4 

S5 

S6 

S7 

S8 

S9 

S10 

S l l 

S12 

S13 

ci 

H2C^H// „ , I „ „uPR 3 

c ^ ^ c o 
H2 

CI 

H2C--H/ / / ,gu . l l r t , \CO 

C ^ ^ P R 3 

H2
 3 

PR3 

H2C--H/,/„.F|u.,lrtACO 

C ^ ^ C l 
H2 

PR3 

H2C-H/,„„Ju., l lVrtCI 

C ^ ^ C O 
H2 

CO 

H2C^H/'/-..R 'u.,imPR3 

f ^ ^ C l C 
H2 

CO 

H2C--H/,„1.^u., lrtrtCI 

C ^ ^ P R 3 
H2 

H2C CH2 

I I 
O C ^ ^ C l 

H2C CH2 

I I 
R3P'/".,.J ,>.»vvn 

C l ^ ^ C O 

H2C CH2 

I I 
Cl///i„.J ,„\\\H 

R 3 P ^ ^ C O 
,CH, 

: R U - ; C I 

^ C 

" V 

R3P////„.p'.w«\CH2 

O C ^ ^ C l 
,CH2 

^PlU,,,.^ .,>itt\CH2 

C l ^ ^ C O 
,CH2 f\ Cl//;,,..^ „«ttCH2 

18.6 

21.5 

Optimizes to S10 

Optimizes to S10 

15.0 

11.9 

13.9 

14.9 

-1.6 

Optimizes to S8 

Optimizes to S9 

Optimizes to 2c 

R3P S V CO 
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Isomers S2, S3, S6, S7, S8, and S9 were too high in energy to be considered 

viable intermediates. Isomers S4, S5, S l l , S12, and S13 were not potential energy 

minima and optimized to other isomers. Structure S13, corresponding to the commonly 

suggested form putative intermediate 2d, reverted to the ethylene adduct (2c) structure 

when optimized. The lowest energy isomer found through this process was S10, which 

was 1.6 kcal mol-1 more stable than the ethylene adduct. 

CI//„,..[^.l„v\H 

H 2 C = = 9 H 2 

Oil,,,, \ . „ . ^ H 

R 3P^ ^CO 

t H2C "CH2 

I I 
CI////„, J , O 1 \ \ H 

R 3 P ^ ^ C O 

Scheme 3.1. Ethylene adduct and insertion transition state 
leading to S10. 

Taking S10 to be the only catalytically significant ethyl intermediate for this 

complex, we found its corresponding ethylene adduct and transition state (Scheme 3.1). 

The ethylene adduct leading to this intermediate is 14.0 kcal moF1 less stable than the 

most stable ethylene adduct due to the unfavourable trans interaction between the hydride 

and the phosphine. As a result, the barrier to insertion is high (14.4 kcal mol-1), despite 

the relative stability of the resulting intermediate. This leads to a rate-limiting barrier that 

is considerably higher than what we concluded was the minimum-energy mechanism. 

3.6.2. Triplet Mechanism 

As S13 is not a stable intermediate in the singlet spin state, we attempted to 

optimize this structure in a triplet spin state. In a triplet spin state, isomer S13 optimizes 

to a distorted square planar structure with no /3-agostic interaction through the ethyl 
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ligand (Scheme 3.2). Although this structure is a potential energy minimum, it is 19.4 

kcal mol-1 less stable than the reference adduct. Based on its relative instability, we have 

also rejected this species as a possible intermediate. 

CH3 

C l"".,.„ ,««\CH2 Ru 

R 3 P ^ ^ C O 

Scheme 3.2. Structure of triplet configuration of S13. 

3.6.3. Agostic Phosphine Interactions 

A ruthenium triscyclohexylphosphine complex stabilized by an agostic interaction 

with a cyclohexyl C-H bond has been reported by Arliguie et al.43 In principle, such an 

interaction could stabilize the ethyl intermediate when the phosphine has flexible alkyl 

substituents, such as a cyclohexyl (Scheme 3.3). We attempted to optimize ethyl 

intermediate structures featuring this interaction using triscyclohexylphosphine. In all 

cases, the intermediate optimized to a structure where ethylene deinserted to revert to the 

ethylene adduct. This indicates that the agostic interaction through the cyclohexyl group 

is not strong enough to stabilize this intermediate. 

^ C H 2 

\ 

C I / / / , , ' ,„uV\CH2 

Cy2P '. CO 
H 

Scheme 3.3. Proposed ethyl intermediate 
stabilized through an agostic interaction with a 
cyclohexyl C-H bond. 
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3.6.4. Associative Insertion Mechanism 

R3P///, 
H. 

.I. r t«wci +C2H^R3P////I# \ ^ \ c i wR3P///„ . / ^ \ c r c H 2 

•Ru-' / .Ru ,RuL 
O C ^ ^ P R 3 - C 2 H 2 o c ^ | -^,, Q C ^ , - ^ 

2a PR3 V PR3
 H: 

(0) S14 S 1 5 

-C2H1 

H H 
R3P///„, 

+PR. 
+H2 

(18.2) (16-9) i 
- H 2 r 

y 2 r 

Ru' O C 
OC» rCH2 

H - V u „ PR3 -CH2 

2f 2e S16 
(11.6) (12.6) (17.0) 

Scheme 3.4. Associative insertion mechanism. Free energies 
in kcal mol-1 are in parenthesis. 

A remaining alternative is for both phosphines to remain coordinated to the metal 

during insertion (Scheme 3.4). Upon the coordination of ethylene, the complex 

isomerizes such that a phosphine is trans to the hydride (S14). This would allow the 

phosphine to serve as the two-electron donor that must be present for the insertion to 

occur. This insertion generates S15, where the phosphine is trans to the C-H agostic 

interaction. After the insertion, H2 can coordinate to the metal by displacing the C-H 

agostic interaction between the ethyl group and the metal (S16). Subsequently, phosphine 

can dissociate from the metal to form 2e. This mechanism coincides with the mechanism 

proposed in the main text of the manuscript from this point. This mechanism would be 

consistent with the inverse dependence on the concentration of phosphine in the 

experimental rate law, provided that the rate-limiting barrier occurs in the oxidative 

addition/reductive elimination steps after the dissociation of phosphine. 

Our calculations indicate that this mechanism is a higher energy pathway than the 
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dissociative mechanism we propose in the main text. S14 is an unstable species (18.2 kcal 

mol-1), as there is an unfavourable trans interaction between the phosphine and the 

hydride and significant steric repulsion between the cis-disposed phosphines. The 

insertion is rate-limiting in this mechanism, with a barrier of 24.9 kcal moP1. This 

mechanism is unlikely to be operative as this barrier is 8.9 kcal mol-1 higher than the 

rate-limiting insertion in our proposed mechanism. The ethyl intermediate formed from 

the insertion (S15) are both moderately stable, at roughly 17 kcal mol-1 less stable than 

the reactants. The analogous mechanism with RuHCl(CO)(PH3)(P'Pr3) has a barrier for 

insertion of only 10.1 kcal mol-1. This suggests that a catalyst of this class with sterically 

small phosphines may have an active associative pathway where the insertion occurs with 

both phosphines coordinated to the metal. 
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CHAPTER 4 

A Path Sampling Study of Ru-Hydride Catalyzed E^-Hydrogenation of Ethylene 

This work has been published in part in Rowley, C. N.; Woo, T. K. J. Am. Chem. Soc. 

2008,730,7218. 

Abstract 

Ab initio molecular dynamics and transition path sampling were used to examine 

the dynamics of the Eb-hydrogenation of ethylene with the catalyst RuHCl(CO)(PR.3)2. 

The simulations showed H2 is coordinated very weakly to the metal until ethylene 

insertion, where it is cleaved into a dihydride intermediate. Reductive elimination of 

ethane proceeds shortly after the insertion ethylene and oxidative addition of H2. The 

dihydride has a shorter lifetime than RRKM theory predicts due to the localization of 

kinetic energy into Ru-H vibrational modes after the insertion step. 

4.1. Introduction 

Computational chemistry has made many important contributions to the study of 

reaction mechanisms in organometallic chemistry, allowing the short-lived intermediate 

and transition states structures of a reaction mechanism to be located and analyzed.1"3 

Although computational chemistry has successfully modeled aspects of chemical 

reactivity, most studies only identify potential energy minima (reactants, products, and 

intermediates) and saddle points (transition states). Even at moderate temperatures, 

vibrational effects can be essential to the full understanding of a reaction mechanism.4"6 
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The range of thermally accessible structures, the intense molecular vibrations 

involved in crossing transition states, and the redistribution of vibrational energy in 

reaction intermediates are important features of a mechanism, but are unobtainable from 

the potential energy reaction profile alone. Simulating the motion of the atoms through 

time with ab initio molecular dynamics (AIMD) simulations is a powerful means to 

examine these effects; ' however, reactions with significant barriers, such as those 

present in many organometallic reactions, need unpractically long simulations to be 

observed. 

Commonly, this timescale problem is circumvented by imposing artificial forces 

to drive the system across the reaction coordinate in a short simulation. While this 

approach has yielded many significant insights in a range of catalytic systems,9"11 the true 

dynamics of the reaction are masked by these artificial forces. One promising technique 

for addressing this problem is transition path sampling (TPS); an innovative Monte Carlo 

scheme that allows reactive events, such as chemical reactions, to be studied with MD.12 

i -i 

Given an initial trajectory, path sampling can generate an ensemble of reactive, 

dynamical trajectories. This ensemble can then be analyzed to describe the dynamics of 

the reaction. Although the MD simulations used in these studies neglect nuclear-quantum 

effects, such as vibrational energy quantization and tunneling,7'8 these simulations still 

serve as an approximate means to examine the dynamical features of chemical reactions. 
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Figure 4.1. Potential energy reaction profile for the 
insertion (TS1) and elimination (TS2) steps of the Efe-
hydrogenation of ethylene. Energies in parenthesis are in 
kcal mor1. 

Combined with density functional theory (DFT), path sampling has great potential 

for investigating organometallic reactions. In this study, we have used AIMD in 

conjunction with path sampling to examine the dynamics of key steps in a notable 

catalytic reaction; the H2-hydrogenation of ethylene with the catalyst RuHCl(CO)(PR.3)2, 

a mainstay of homogenous catalysis which was modeled in Chapter 3.14"17 The potential 

energy profile of the insertion and elimination steps is summarized in Figure 4.1 (not 

including zero-point corrections). The critical step of this mechanism is the insertion of 

ethylene into the Ru-H bond (TS1), which leads to a dihydride intermediate that 

undergoes reductive elimination of ethane through a 1.3 kcal mol-1 barrier (TS2). This is 

an exemplary subject for a path sampling study, as it involves three important 

organometallic reaction steps: olefin insertion into an M-H bond, oxidative addition of 

H2 to a metal, and reductive elimination of an alkane. While our DFT calculations 

predicted that the intermediate was unambiguously an Ru(IV)-dihydride, previous 
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reports had precluded this possibility, as nonclassical Ru(II)-H2 complexes are more 

commonly observed experimentally. Herein, we report an MD and path sampling study 

of the insertion and elimination steps of this catalytic cycle to analyze the dynamics of 

these reaction steps and resolve the nature of this surprising Ru(IV) dihydride 

intermediate. 

4.2. Results and Discussion 

4.2.1. Reactant Equilibrium Dynamics 

Our reactant complex, RuHCl(CO)(C2H4)(H2)(PH3), has not been reported 

experimentally due to the weak association of H2 to the metal and the tendency of the 

precatalyst to form saturated, diphosphine ethyl complexes in solution with ethylene.19 

To establish a complete description of this reactant structure at room temperature, we ran 

a 20 ps molecular dynamics simulation initiated from the minimum-energy geometry, 

subject to a thermostat to maintain a constant temperature of 300 K. While nuclear-

quantum effects will be significant for the dynamics of the coordinated H2, we can infer 

from these simulations that the H2 has a large degree of configurational freedom, with 

large fluctuations in the Ru-n2(H2) distance (the RMSD of the Ru-n2(H2) distance is 0.12 

A). Conversely, the Ru-n2(C2H4) distance fluctuates in a much smaller range, with an 

RMSD of 0.05 A. The C=C axis of the ethylene remains close to its minimum energy 

orientation, eclipsing the Ru-H bond, with an RMSD of the Hydride-Ru-C=C dihedral 

angle of 11°. This is consistent with the stronger coordination of the ethylene to the metal 

(32.2 kcal mol-1) compared to H2 (7.2 kcal mol-1) and literature reports that the Ru-

ri2(olefin) rotation typically has a sizeable barrier.20'21 
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4.2.2. Insertion Reaction Dynamics 

Having examined the equilibrium dynamics of this complex, we studied reaction 

dynamics of the ethylene insertion process using path sampling. 150 trajectories where 

ethylene insertion occurs were harvested. A typical trajectory shows localization of 

kinetic energy into the Ru-H stretching and bending modes prior to insertion, followed 

by alignment of the ethylene over the Ru-H bond. Simultaneously, the hydride is 

transferred to the ethylene and the coordinated dihydrogen cleaves, forming the 

intermediate. The C-H bond formed in this step immediately forms an agostic interaction 

with the metal. The TS1 barrier can be crossed (C-H = 1.58 A in Figure 4.2) at a variety 

of Ru-H bond lengths; trajectories crossed the transition state with Ru-H distances that 

ranged between 1.65 A and 1.75 A. This reflects that the Ru-H bond is vibrationally 

excited during the insertion. 

1.5 16 1.7 1.8 1.9 2.0 2.1 
Ru-H Bond Length (A) 

Figure 4.2. Reactive trajectories on the PES of the 
insertion (TS1). The indicated ruthenium-hydride bond 
and carbon-hydrogen bonds are used as the x and y axis, 
respectively. The white X indicates the location of the 
potential energy transition state. The trajectory analyzed 
in Figure 4.3 is shown in red. Energies are in kcal mol_1, 
relative to the optimized reactants. 
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4.2.3. Intermediate Lifetime 

After crossing TS1, only the 1.3 kcal mol1 TS2 must be crossed to eliminate 

ethane, a common motif in reaction mechanisms, where a large, rate-limiting barrier 

precedes a small barrier. The lifetimes of these intermediates can be calculated from 

analysis of the PES using a unimolecular rate theory, of which RRKM is most common. 

The microcanonical RRKM model expresses the average lifetime (<r>) of a reaction 

intermediate as the reciprocal of the microcanonical RRKM rate constant (k(E)) for a 

total energy, E, 

/ \ 1 hp(E) 

V=Wf^tk) (4J) 

where p(E) is the density of vibrational states of the intermediate and N(E-E*)is the 

number of vibrational states in the energy range between the total energy of the complex 

and the reaction barrier (E*). The vibrational energy levels can be calculated using 

normal-mode analysis at the intermediate minimum-energy geometry and the transition 

state, allowing the number and density of states to be calculated using Beyer and 

Swinehart's algorithm within the quantum harmonic oscillator model.22 The dihydride 

intermediate is predicted to exist for a short but significant period, with an average 

lifetime of the 7.3 ps. See Appendix C for the full derivation and discussion of RRKM 

theory. 

The classical microcanonical variant of RRKM theory, derived from a classical 

harmonic oscillator model, correlates most directly to our path sampling simulations, 
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which uses Newtonian mechanics for the movement of the nuclei. In the equation for the 

average intermediate lifetime within this classical model (Eq. (4.2)), the average 

intermediate lifetime can be computed trivially from the total energy, the barrier height, 

and the normal-mode vibrational frequencies of the intermediate and transition state 

structures (v. and v(*, respectively). This model predicts a dihydride intermediate lifetime 

of 3.6 ps; somewhat shorter than the quantum RRKM model, but still significant. This 

difference between the quantum and classical RRKM lifetimes suggests that our classical 

simulations will underestimate the lifetime this intermediate; however, both models 

predict a lifetime of the order of ps. 

m-\ 

(rH:rV ^~ (4-2) 
VE~E) E h 

1=1 

RRKM models which use the harmonic approximation to represent vibrational 

modes can be significantly in error for predicting intermediate lifetimes if there is 

significant anharmonicity in key reactive modes. Furthermore, RRKM theory assumes 

equilibrium distribution of kinetic energy in the reaction intermediate, which may not be 

realistic following a reaction step where kinetic energy has been localized in specific 

vibrational modes. 

Path sampling is a promising means to examine intrinsic non-RRKM effects in 

chemical reactions. The trajectories harvested provide a range of vibrational energy 

distributions that reflect the localization of kinetic energy in the newly-formed 

intermediate. Additionally, the MD simulations underlying TPS intrinsically account for 

the anharmonicity of vibrational modes, which is an advantage over RRKM models that 
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employ the harmonic oscillator approximation. An early path sampling simulation by 

Bolhuis et al.24 found good agreement between rate constants calculated using path 

sampling and rate constants calculated using classical RRKM theory, although this real-

world catalytic system has greater complexity than the 2D Lennard-Jones cluster used in 

that study. To determine the lifetime of the intermediate resulting from a trajectory were 

the insertion occurs, we extended the trajectories crossing TS1 forward in time until the 

simulation crossed TS2. Of the 150 trajectories sampled, 21 recrossed TS1 to revert to the 

reactants rather than undergoing elimination. Almost 70% of the remaining trajectories 

crossed TS2 within 1 ps of the formation of the intermediate and all trajectories 

underwent elimination within 3 ps. 

Intermediate Lifetime (ps) 
Figure 4.3. Lifetime distribution of dihydride intermediates. 

The lifetime of the reaction intermediate was defined as the length of time 

between the first time step where the intermediate structure formed and the first time step 

where the ethane was formed (defined as all structures where the C(ethane)-H(hydride) 

bond length was less than 1.1 A). A histogram of the distribution of these lifetimes for the 
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trajectories in the ensemble is depicted in Figure 4.3. The y-axis represents the 

probability that an intermediate will still exist during a lifetime window given on the x-

axis. This rapid decay is consistent with "apparent" non-RRKM behaviour,25 where the 

non-random initial distribution of vibrational energy in the intermediate results in a faster 

decay of a reaction intermediate than RRKM theory predicts. 

Apparent non-RRKM behaviour is difficult to characterize, as it results from a 

complex process of kinetic-energy transfer between the atoms of the reactive 

intermediate, a process is referred to as intramolecular vibrational redistribution (IVR). 

One way to describe this process is in terms of the intensity of the molecular vibrations, 

as the vibrational mode corresponding to the unimolecular decomposition must become 

vibrationally excited for the elimination to occur. 

Yamauchi et al. have developed a technique to visualize IVR by performing a 

windowed Fourier transform on the velocity autocorrelation function of a trajectory.26 

This technique provides a time-resolved spectrogram of the relative intensities of 

vibrational modes, which has been applied to collision induced reactions27 and proton 

transfer.28 This method could also be an effective method for studying apparent non-

RRKM behaviour in chemical reactions by visualizing IVR within a reaction 

intermediate through its vibrational spectrogram. 

To quantify the apparent non-RRKM behaviour leading to the exceptionally short 

half-life of the Ru(IV)-dihydride intermediate, we have calculated the vibrational 

spectrogram of a representative trajectory with a short intermediate lifetime (Figure 4.4). 

The details of the generation of this spectrogram are provided in Section 4.4.3. The 

redistribution of vibrational energy over the course of the reaction is apparent in the 
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intensities of the key reactive modes. Ru-H stretching and bending vibrations are notably 

excited prior to the insertion, as the Ru-H bond is stretched from its equilibrium length 

and bent towards the ethylene ligand in TS1. After the insertion, the hydrides formed by 

cleavage of the coordinated H2 gain vibrational energy. Starting near 700 fs, the 

intermediate undergoes a fluctuation where the dihydride H-H distance contracts to 0.94 

A, transiently forming a nonclassical dihydride structure. This is consistent with the 

disappearance of the H-Ru-H bending modes starting at 700 fs in Figure 4.4. An H-H 

stretch causes this structure to revert to a dihydride. In this process, sufficient energy is 

localized in the H-Ru-H bending mode to cross TS2, causing elimination at 800 fs. We 

have examined the spectrograms of several other trajectories which have a short 

intermediate lifetime and they all showed the same qualitative behaviour. 

0 100 200 300 400 500 600 700 800 
Timestep (fs) 

Figure 4.4. Vibrational spectrogram of a trajectory with a 
dihydride lifetime of 400 fs. Red and blue areas indicate 
high and low intensity, respectively. 

4.3. Conclusions 

In this study, we used AIMD in conjunction with transition path sampling to 

examine the reaction dynamics of the H2-hydrogenation of ethylene using a mainstay 
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ruthenium-hydride homogeneous hydrogenation catalyst. These simulations provided 

several insights that are not attainable using conventional QC calculations. Even at 300 

K, the vibrational dynamics of this reaction have a significant effect on the molecular 

structure, how the rate-limiting barrier is crossed, and the elimination of the product. The 

localization of vibrational energy into H-Ru-H bending modes after the insertion step 

leads to rapid elimination of the ethane. As such, this mechanism is better understood as a 

concerted insertion-elimination mechanism with a transient Ru(IV) stage rather than a 

true stepwise mechanism, so observation of this Ru(IV) intermediate would require a 

spectroscopic technique operating on the sub-picosecond timescale. This facile and direct 

cleavage of H2 through a transient Ru(IV) dihydride intermediate may be of great value 

to the development of novel hydrogenation catalysts. 

4.4. Computational Details 

4.4.1. Electronic Structure Methodology 

Turbomole 5.8 with the TPSS29 meta-functional and the def-SV(P) core potential 

and basis set30 was used for all the QC calculations we report here. Energies in the 

reaction profile depicted in Figure 4.1 are calculated with respect to the minimum-energy 

structure of the reactants. The relative energies and structures of the species on this 

profile are in generally good agreement with those reported in Chapter 3. No zero-point 

energy corrections are included in order to be consistent with the classical Born-

Oppenheimer molecular dynamics used in the path sampling simulation. A PH3 group 

was used to represent the alkyl phosphine ligand to reduce the computational cost. Using 
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static calculations, we found this truncation to be a good approximation for these steps of 

the reaction profile. 

4.4.2. Simulation Methodology 

The TPS and MD simulations reported here were performed using our own code 

interfaced with Turbomole. The reactant complex was equilibrated with a Lowe-

Andersen thermostat at 300 K for 10 ps. The average total energy (19.5 kcal mol~ with 

respect to the optimized reactants) for the last 4 ps was used as the total energy for the 20 

ps microcanonical simulation of the reactant complex and the path sampling simulation. 

The initial trajectory was generated by assigning Boltzmann distribution 

velocities to the potential-energy transition state geometry at the total energy determined 

above, following the procedure described in Chapter 2. 500 fs trajectories were run 

forward and backward in time from this point, generating a reactive trajectory. 20 

shooting moves were run from this initial trajectory to equilibrate the trajectory. These 20 

trajectories were not included in the 150 trajectories analyzed in this chapter. 

Within the path sampling simulation, the reactants were defined as all structures 

where the Ru-Hydride bond length was between 1.6 A and 1.7 A, the Ru-n2(H2) distance 

was between 2.0 A and 4.0 A, the H2 interatomic distance was between 0.6 A and 1.0 A 

and the distance between the hydride and the ethylene carbon it is transferred to is 

between 2.0 A and 5.0 A. The products were defined as all structures where the distance 

between the hydride and the ethylene carbon it is transferred to is between 0.9 A and 1.15 

A. All trajectories that crossed between the reactants and products were considered 

reactive and were added to the transition path ensemble. 
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4.4.3. Vibrational Spectrogram 

The trajectory presented in Figure 4.4 was generated though a Fourier 

transformation the velocity auto-correlation function, time-resolved using a Harming 

window function with a window length of 100 fs. The trajectory was selected from the set 

of trajectories showing significant non-RRKM behaviour (a lifetime shorter than 600 fs). 

The vibrational spectrograms of several trajectories of this set were calculated, with each 

showing the same fundamental behaviour where there is a large vibrational energy 

redistribution into the H-Ru-H bending mode after the insertion. The spectrogram 

depicts the absolute value of the power spectrum, normalized by the maximum intensity. 

Assignment of some frequencies from the spectrogram to specific vibrational modes was 

not possible, as some frequencies are convoluted with each other and the resolution of the 

windowed Fourier transform is limited. 
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CHAPTER 5 

Computational Design of Ruthenium Hydride Olefin-Hydrogenation Catalysts 

Containing Hemilabile Ligands 

This chapter is comprised of a paper published in the Canadian Journal of 

Chemistry in a special issue dedicated to Professor Tom Ziegler. As permitted by our 

faculty, we have included this article in its published form. 
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Computational design of ruthenium hydride 
olefin-hydrogenation catalysts containing 
hemilabile ligands1'2 

Christopher N. Rowley and Tom K. Woo 

Abstract: Three ruthenium hydridocarbonyl complexes containing bidentate hemilabile ligands have been evaluated as pos­
sible catalysts for the H2 hydrogenation of olefins. Our previous investigations of the mainstay hydridoruthenium catalyst, 
RuHCl(CO)(PR3)2 (1), indicated that the rate-limiting olefin-insertion barrier was increased by the need for an H2 molecule 
to act as a stabilizing two-electron donor. Using density functional theory (DFT) calculations, we have determined that a 
P,N phosphane-oxazoline would be suitable for stabilizing the metal center of the complex RuHCl(CO)(P'Pr3)(DZ), where 
DZ is a neutral bidentate hemilable ligand. In the reaction catalyzed by this complex, the olefin insertion occurs before the 
coordination of H2, avoiding the entropic penalty of coordinating H2. We predict that the phosphane-oxazoline containing 
catalyst will have higher activity than 1 and a different rate-law, zero-order in [H2]. The oxazoline increases the strength of 
coordination of the ethylene due to stronger back-donation from destabilized Ru d-orbitals to the ethylene 7t* molecular 
orbital. 

Key words: catalyst design, catalysis, olefin, hydrogenation, DFT, hemilabile, phosphine, oxazoline. 

Resume : On a evalue la possibility d'utiliser trois complexes hydridocarbonyle du ruthenium contenant des ligands biden-
tates hemilabiles comme catalyseurs pour l'hydrogenation d'olefines. Les etudes anterieures effectuees avec le catalyseur 
traditionnel de 1'hydridoruthenium, RuHCl(CO)(PR3)2, 1, ont permis de determiner que l'etape cinetiquement limitante a 
l'insertion de l'olefine est rehaussee par la necessite qu'une molecule d'hydrogene agisse comme donneur stabilisant de 
deux electrons. Se basant sur des calculs de la theorie de la fonctionnelle de la densite, on a pu determiner qu'un ligand 
phosphane-oxazoline contenant un atome d'azote et un atome de phosphore devrait etre approprie pour stabiliser le centre 
metallique du complexe RuHCl(CO)(woPr3)(DZ) dans lequel le groupe DZ est un ligand bidentate hemilabile neutre. Dans 
la reaction catalysee par ce complexe, l'insertion de l'olefine se produit avant la coordination du H2 ce qui a pour effet 
d'eviter la penalite entropique de la coordination du H2. Sur la base des calculs, il est predit que l'activite d'un catalyseur 
contenant un ligand phosphane-oxazoline sera plus elevee que celle du compose 1 et sera regit par une loi de vitesse diffe-
rente, d'ordre zero en [H2]. L'oxazoline augmente la force de la coordination de l'ethylene en raison d'un pouvoir de re­
trocession plus important a partir des orbitales d destabilised du ruthenium vers l'orbitale moleculaire K* de l'ethylene. 

Mots-cles : developpement d'un catalyseur, catalyse, define, hydrogenation, theorie de la fonctionnelle de la densite, he­
milabile, phosphine, oxazoline. 

[Traduit par la Redaction] 

Introduction 
The homogeneous H2 hydrogenation of olefins is of con­

siderable importance in organic synthesis, fine chemical pro­
duction, and polymer chemistry.3-5 Among homogeneous 
catalysts, hydridoruthenium complexes of the class 
RuHCl(L)(PR3) are of notable use in the reduction of chal­
lenging substrates6-12 or within a tandem ROMP-hydrogena-
tion (ring-opening metathesis polymerization) process.13-19 

The first example of this type of catalyst was the aryl-
phosphine complex RuHCl(PPh3)3, reported 40 years ago by 
Wilkinson and co-workers.20-21 Since then, this framework 
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of a neutral Ru(II)-hydride with three two-electron donors 
has served as the basis for vast amounts of research in ho­
mogeneous hydrogenation. Variation of the two-electron do­
nor trans to the chloride found that a strongly bonding but 
compact CO ligand yields exceptionally good catalytic ac­
tivity.11-12 Another branch of optimization led to the substi­
tution of the aryl phosphines for alkyl phosphines.22-24 

H 

R3pUu^a 1;L = C 0 R = ,Pr 

Computational modeling has made increasingly signifi­
cant contributions in organometallic chemistry.25-26 In partic­
ular, density functional theory (DFT) modeling of catalytic 
cycles has contributed greatly to catalyst design, and in 
some recent examples, novel catalysts have been designed 
computationally in advance of their synthesis.27-30 In our 
own research, we have attempted to move beyond the tradi­
tional procedures for modeling organometallic reactions, 
which has led us to study the dynamic features of catalytic 
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reaction mechanisms,31-32 to evaluate novel catalysts prior to 
experiment,3334 and to pursue in-depth collaborations with 
experimentalists.35 

One exceptionally productive collaboration sparked our in­
terest in this class of olefin-hydrogenation catalysts. In that 
study, we modeled the catalytic cycle of hydridoruthenium 
complex 1 using DFT calculations. Kinetic studies had estab­
lished that the catalytic cycle begins with the dissociation of 
a phosphine from the metal, although the subsequent steps 
were more opaque. Some published catalytic cycles proposed 
that the olefin undergoes insertion into the Ru-H bond to 
form a four-coordinate alkyl-containing intermediate.36 In­
stead, we found that the putative four-coordinate ethyl inter­
mediate formed by this insertion is not a potential-energy 
minimum and H2 must be coordinated trans to the hydride 
prior to the insertion to stabilize this intermediate. As the 
coordination of H2 is initially weak due to the trans influence 
of the hydride, this association is endergonic and increases 
the activation free energy of the rate-limiting insertion step. 

This need for an external stabilizing donor led us to con­
sider how the catalyst could be modified so that it would not 
be necessary for H2 to coordinate before the insertion. In 
principle, another two-electron donor could be introduced to 
stabilize the metal in the insertion step, although a strong 
donor could inhibit the activity of the catalyst or induce the 
complex to isomerize to an inactive form. Conversely, a 
weak donor may not be able to coordinate trans to the hy­
dride ligand, which has a strong trans influence. 

Hemilabile ligands37^0 could provide an elegant solution 
to this problem. Hemilabile ligands are polydentate ligands 
with at least two different coordinating groups. Notably, 
these coordinating groups can be chosen to have dramati­
cally different interactions with the metal centre. Many 
highly active catalysts from groups 8-10 contain bidentate 
DZ-type hemilabile ligands with a strongly coordinating soft 
donor (D), such as a phosphine or carbene, and a weakly co­
ordinating hard N or O donor (Z). The weakly coordinating 
donor can stabilize the metal in some steps of the catalytic 
cycle, but can adjust to interact weakly in other steps. A 
hemilabile P,N,P ligand was recently used in a related 
Ru(II) hydride catalyst for the dehydrogenation of alcohols41 

and the hydrogenation of esters,42 providing precedence for 
this strategy. In this study, we have used DFT calculations 
to explore whether incorporating a DZ-type hemilabile li­
gand to ruthenium-hydrido catalysts similar to 1 could elim­
inate the need for H2 to serve as the trans-hydride two-
electron donor in the insertion step. 

This paper is divided into three sections. In the first sec­
tion, we present the calculated reaction profile of H2 hydroge­
nation of ethylene catalyzed by the benchmark monodentate 
phosphine complex 1. In the second section, we screen three 
potential catalysts containing DZ-type hemilabile ligands. In 
the last section, we model the catalytic cycle of a novel com­
plex featuring one of these ligands. 

Results and discussion 

Monodentate phosphine catalyst 
To provide a consistent point of comparison, we have in­

cluded the reaction profile for the catalytic cycle of 1, based 
on the mechanism we previously reported. The specific nu-
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Fig. 1. Catalytic cycle of ethylene hydrogenation by 1. 
H 

1a \ ,. S*1d 
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merical values differ from our earlier report as we have used 
a different computational procedure in this report; BP86/ 
def2-TZVP is used throughout this paper (see Computational 
methods for full details), while B3LYP/LACV3P+** was 
used in our first report. The relative energies and structures 
are generally consistent for both methods, although in our 
first report we found that a metastable nonclassical ethyl-
dihydrogen intermediate formed after the insertion step. 
This structure is not a potential-energy minimum with the 
methodology used in this paper and only the Ru(H)2 inter­
mediate is present in this revised reaction profile. 

The catalytic cycle of 1 (Fig. 1) begins with the dissocia­
tion of P'Pr3 to form a four-coordinate monophosphine com­
plex lb. The olefin can then coordinate to the site vacated 
by the phosphine to form an T)2 metal-olefin complex (lc). 
Coordination of H2 trans to the hydride forms Id, the imme­
diate precursor to the olefin insertion. This insertion forms a 
metastable Ru(IV) dihydride intermediate (le), which can 
facilely undergo reductive elimination to release the product 
alkane and regenerate lb. A path sampling study of this step 
demonstrated that this elimination generally occurs within 
1 ps of the insertion due to localization of vibrational energy 
into the H-Ru-H bending mode.33 

We have included the reaction profile of this catalytic 
cycle in Fig. 2. The dissociation of P'Pr3 to form lb is sig­
nificantly endergonic (11.8 kcal moH). The coordination of 
ethylene is considerably weaker than that of the phosphine, 
so lc is only marginally more stable (10.1 kcal moh1). The 
reaction profile shows that Id is an unstable complex, at 
14.6 kcal moh1 with respect to the reactants. This is due to 
the strong trans influence of the hydride ligand and the 
entropic cost the complexation. As a result, subsequent ole­
fin insertion into the ruthenium-hydride bond is the rate-
limiting step on the reaction profile. Although the coordina­
tion of H2 is weak in Id, our previous study35 showed that 
the H2 must be present to stabilize the metal during the in­
sertion. The transition state of the insertion step (TS1) has a 
relative energy of 20.1 kcal moH, the rate-limiting step of 
this profile. 

The coordinated H2 cleaves concurrently to the insertion, 
resulting in a Ru(IV) dihydride intermediate (le), which is 
1.4 kcal mol"1 less stable than Id. While Ru(IV) dihydrides 
had been thought to be generally less stable than the alterna­
tive non-classical Ru(H2) form,43 a growing number of 
Ru(IV) dihydrides have been identified.44"*9 Given appropri­
ate electron-donating auxiliary ligands and favourable trans 

Published by NRC Research Press 



1032 

Fig. 2. Gibbs tree-energy reaction profile of 1. Free energies are given below the labels in kcal mol 
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interactions, these dihydrides are viable reaction intermedi­
ates in some cases. 

Potential hemilabile ligands 
With the aim of identifying a ligand system that would al­

low the insertion to occur before the coordination of H2, we 
have considered a series of complexes containing D-Z hem­
ilabile ligands, where D is a strong donor and Z is a weak 
donor. In these complexes, the D donor occupies the coordi­
nate site trans to the phosphine, while the Z donor occupies 
the site trans to the hydride (Fig. 3, DZ-a). 

With the hemilabile ligand present, the catalytic cycle will 
be somewhat different than for 1 (Fig. 3). While the cata­
lytic cycle still begins with the dissociation of phosphine 
(DZ-b) and the coordination of ethylene to form an olefin 
adduct (DZ-c), the donation from Z should allow the olefin 
insertion to occur directly from DZ-c. The insertion gener­
ates an alkyl-containing intermediate (DZ-d), which is stabi­
lized by Z. As DZ-d is coordinately saturated, a ligand must 
dissociate to allow the coordination of H2. Dissociation of Z 
would cause the complex to immediately revert to DZ-c, so 
the P-agostic interaction in DZ-d must be broken instead. 
This forms a square-pyramidal intermediate, DZ-e. Coordi­
nation of H2 to this empty coordination site affords DZ-f, 
which can undergo reductive elimination to release the prod­
uct and regenerate DZ-b. 

We initially screened three catalysts containing estab­
lished hemilabile ligands, 2, 3, and 4 with P-N, P-O, and 
C-N atoms acting as the DZ donors, respectively. The hemi­
labile ligand in 2 is diphenylphosphanodihydrooxazole, 
which coordinates to the metal through both the phosphine 

and the sp2-hybridized N moiety. This type of ligand has 
been used extensively by Braunstein and co-workers in 
Pd-,50 Ru-,51-52 Cu-,53 and Co-based54 catalysts. 3 contains 
a benzamide-derived aryl phosphine, which was developed 
by Kwong et al. for Suzuki-Miyaura cross-coupling reac­
tions.55 We also evaluated 4, where the hemilabile ligand is 
an N-heterocyclic carbene with a pendant pyridine group. 
This carbene was considered because Dharmasena et al. 
demonstrated that adding an N-heterocyclic carbene in the 
place of the alkyl phosphine in 1, in conjunction with a 
more labile trans-phosphine, significantly improves hydroge-
nation activity.56 

Mes 

Ph2 H 
Pi,,,. I ,ACI 

^ * >PIPr. 

Ph2 H / — N 

( X... I 

For these ligands to function effectively, they must stabi­
lize DZ-d in the absence of H2 coordinating trans to the hy­
dride. To test this, we constructed 2d, 3d, and 4d, then 
constrained the C-H(ag) distance to 1.1 A to generate opti­
mized structures corresponding to these intermediates. We 
then reoptimized these structures without the C-H(ag) con­
straint to test whether these complexes are stable. 3d and 
4d are not potential-energy minima, as they reverted to their 
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Fig. 3. Catalytic cycle for H2 hydrogenation of ethylene catalyzed 
by a hydridoruthenium complex with a hemilabile ligand (DZ). 

ethylene adduct structures (3c and 4c, respectively), indicat­
ing that these hemilabile ligands are not sufficiently strong 
donors to stabilize this intermediate. The ethyl intermediate 
of 2 is a potential-energy minimum, indicating that the oxa-
zoline is a strong enough donor to stabilize this intermedi­
ate. The relatively high basicity of the oxazoline, as well as 
the comparatively large bite angle of this ligand, appears to 
be critical for stabilizing the ethyl intermediate. We have fo­
cused our efforts on catalyst 2 as a result. 

Evaluating the phosphaoxazoline-containing catalyst 
We have calculated the full catalytic cycle for 2, follow­

ing the mechanism in Fig. 3. The reaction profile is pre­
sented in Fig. 4. The hydride is trans to the oxazoline donor 
in the minimum-energy isomer of the precatalyst (2a), 
although the alternative isomer where the hydride is trans to 
the chloride is close in energy. As in the catalytic cycle of 1, 
the first step is the dissociation P'Pr3 ligand. This forms a 
square-pyramidal monophosphine complex (2b) with a va­
cant coordination site trans to the remaining phosphine. 
This occurs more readily for this catalyst, as this step is en-
dergonic by 6.6 kcal moH vs. 11.8 kcal mol-1 for 1. We at­
tribute this to steric repulsion between P'Pr3 and the 
oxazoline and more limited donation of the phosphine to 
the more electron-rich metal centre in 2. The oxazoline-

metal interaction is relatively weak in this step (the Ru-N 
bond order is 0.40), as the hydride has a strong trans influ­
ence (Table 1). 

This step is followed by the n2 coordination of ethylene to 
the vacant coordination site to form 2c. This coordination is 
relatively strong, and the calculations predict a small prefer­
ence to the coordination of ethylene (-0.9 kcal mol-1) over 
the phosphine. This coordination is considerably stronger 
than in l c due to stronger back-donation interactions (vide 
infra). 

As the oxazoline is able to stabilize the metal in this step, 
the insertion can proceed immediately after the coordination 
of ethylene (TS1). The catalytic cycle of 2 differs from 1 
beginning at this step, as this insertion occurs prior to the 
coordination of Hi. The barrier to insertion is modest, at 
6.2 kcal mol-1 with respect to the initial reactants, as op­
posed to 20.1 kcal mol-1 in the reaction profile of 1. This in­
dicates that this hemilabile ligand successfully lowers the 
activation free energy of the insertion step. The oxazoline 
begins to stabilize the metal significantly in this transition 
state, as the Ru-N distance decreases to 2.14 A, and the 
bond order increases to 0.5. 

This transition state leads to 2d, an intermediate contain­
ing the newly formed ethyl ligand. The ethyl group interacts 
with the metal through an extremely strong P-agostic interac­
tion (Ru-H(ag) = 1.75 A; C-H(ag) = 1.27 A). Further, this 
intermediate is very shallow, with a barrier of only 
0.3 kcal mol-1 for the P-hydride elimination of the ethyl 
ligand. The Ru-N bond order increases even further in this 
step, to 0.54, indicating that the oxazoline is donating to the 
metal to a greater degree to stabilize this intermediate. 

To coordinate Fh to the metal, the P-agostic interaction in 
2d must be broken. As this agostic interaction is exceptionally 
strong and the metal is electron poor, the square-pyramidal 
intermediate formed in this process is 18.1 kcal mol -1 on 
the reaction profile, making this step the rate-limiting proc­
ess in the catalytic cycle. With the agostic interaction bro­
ken, the oxazoline must donate strongly to the metal to 
stabilize this complex (2e); the Ru-N bond length is the 
shortest of any of the steps of the catalytic cycle (2.00 A), 
and the Ru-N bond order is 0.73, considerably larger than 
in any other step. As this is the rate-limiting step, we would 
expect that this reaction would be zero order in [H2], unlike 
related Ru-monohydride catalysts, which are first order in 
[Hi].6-8-10'57 

This intermediate is the highest point on the reaction co­
ordinate. The transition state preceding it would correspond 
to rotation of the Ru-ethyl segment to break the agostic in­
teraction. This transition state could not be located on the 
potential-energy surface as this barrier is extremely flat, so 
we have assumed that the height of this barrier can be ap­
proximated by the energy of this intermediate. 

With the P-agostic interaction broken, H2 can coordinate 
to metal trans to the oxazoline, forming 2f. This coordina­
tion is very strong, resulting in an elongation of the H-H 
bond to 0.92 A. This coordination significantly stabilizes 
the metal and is considerably lower on the reaction profile 
than 2e (7.0 kcal mol-1 vs. 18.1 kcal mol-1)-

The cleavage of dihydrogen and the elimination of the al-
kane occurs in a concerted fashion (TS2). This step is facile, 
with an energy barrier of only 11.2 kcal mol-1. The metal 
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Fig. 4. Gibbs free-energy reaction profile of the catalytic cycle of 2. Free energies are given below the labels in kcal moH. 
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Table 1. Ru-N(oxazoline) bond lengths and Mayer bond orders for the reac­
tion profile of 2. 

Reaction step 
(2a) Diphosphine 
(2b) Monophosphine 
(2c) Ethylene adduct 
TS1 
(2d) fi-Agostic ethyl intermediate 
(2e) SP ethyl intermediate 
(2f) H2 + ethyl intermediate 
TS2 

Ru-N bond 
length (A) 
2.35 
2.24 
2.24 
2.14 
2.10 
2.00 
2.12 
2.24 

Ru-N bond order 
0.37 
0.40 
0.41 
0.50 
0.54 
0.73 
0.53 
0.40 

Table 2. EDA of the coordination of ethylene to Ru(L) metal fragment in lc 
and 2c. 

Component 
Pauli repulsion 
Electrostatic interaction 
Orbital interactions 
Preparation energy 

Total 

Ru(L) 
Ethylene 

Energy 

1 
129.8 
-92.1 
-66.5 

6.7 
4.4 

17.7 

(kcal mol-1) 

2 
138.9 
-99.3 
-74.4 

6.2 
6.1 

22.5 

stabilizes the transition state via a partial hydridic bond with 
the transferred hydrogen. In contrast to 1, no transient dihy-
dride intermediate is formed in this elimination. Avoiding 
this unstable Ru(IV) dihydride intermediate is another ad­
vantage of the use of this hemilabile ligand. 

Ethylene coordination 
The free energy of coordination of ethylene to l b is exer-

gonic by 1.7 kcal mol-1, but the coordination to 2b is exer-
gonic by 7.7 kcal mol-1. This difference is predominately 
due to the bond energy of the Ru-ethylene bond, which is 
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Table 3. Donation, back-donation, and repulsion components of CDA 
for Ru(L)<->ethylene interactions for the ethylene adducts of 1 and 2. 

Complex Donation Back-donation Repulsion 

lc 
2c 

0.74 
0.75 

0.25 
0.33 

-0.41 
-0.45 

Fig. 5. MO scheme of back-donation interaction in the complex 
between the monophosphine complex and ethylene for lc and 2c. 
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approximately 5 kcal mol -1 higher in 2c than l c (Table 2).58 

The alternative conformation of 2c where the oxazoline is 
not coordinated to the metal is 6.7 kcal m o l 1 less stable 
with respect to the analogous reactants than structures where 
the oxazoline is coordinated, indicating that the coordination 
of the oxazoline causes this difference. This is surprising 
given that the oxazoline donor should make the metal centre 
more electron-rich and therefore have a lower Lewis acidity. 
Intrigued by this effect, we used fragment bonding analysis 
to investigate this further. 

In the first stage of our analysis, we applied Ziegler-
Morokuma energy decomposition analysis (EDA)59-61 to 
complexes l c and 2c (Table 2). EDA divides the bonding 
energy of two molecular fragments (in these cases, the 
ethylene ligand is one fragment, and the metal plus all the 
other ligands is the second fragment) into four components: 
the Pauli energy, the electrostatic interaction, the orbital in­
teractions, and the preparation energies. The Pauli energy 
originates from the repulsion of the electron density of the 
two fragments, the electrostatic term includes the Coulomb 
interactions between the two fragments, and the orbital inter­
actions term originates from covalent overlap between the 
fragment orbitals. The preparation energy results from the 
distortion of each fragment from their minimum-energy 
geometry to the geometry they adopt in the complex. 

2c has a 4.8 kcal moh1 stronger total bond energy than l c 
(Table 2). The Pauli repulsion term is larger for 2c, although 
this repulsion is approximately cancelled by greater electro­
static interactions. Metal-fragment preparation energies are 
roughly equivalent, although the ethylene in 2c has a higher 
preparation energy due to greater C=C bond elongation, typ­
ical of more strongly coordinated olefins. The crucial differ­
ence is that 2c experiences 7.9 kcal mol -1 stronger orbital 
interactions. As this difference in coordination energies 
stems from the orbital interaction component, we next inves­
tigated the donation and back-donation interactions in com­
plexes lc and 2c. 

Charge decomposition analysis (CDA) is a fragment anal­
ysis technique for investigating metal-ligand interactions62 

that is complimentary to EDA. This method calculates the 
relative weights of ligand-to-metal donation, metal-to-ligand 
back-donation, and an electron repulsion term resulting from 
the change in interelectron repulsion when the complex is 
formed. Within Dewar-Chatt-Duncanson theory,63'64 bond­
ing between transition-metal complexes and olefins results 
from two types of MO interactions: donation from the n 
bonding orbital of the olefin to the metal and back-donation 
from the metal to the JT* antibonding orbital of the olefin. 
CDA data for the interaction between the coordinated ethyl­
ene and the metal fragment are presented in Table 3. 2c has 
a distinctly higher proportion of back-donation than l c rela­
tive to the donation and repulsion terms. This indicates that 
the coordination of the oxazoline increases the interaction 
between the metal and the IT* orbital of the ethylene. 

We have identified the origin of this greater orbital inter­
action by examining the molecular orbitals corresponding to 
the metal-ethylene bonding. In each complex, the MO cor­
responding to back-donation is a predominantly combination 
of the d-character HOMO of the monophospine complex 
and the unoccupied ethylene TT* orbital. Fragment orbital 
analysis shows that the Ru d-orbitals involved in this back-
donation are destabilized by a repulsive interaction with the 
lone pair of the oxazoline (Fig. 5). This raises the energy of 
the back-donating Ru d-orbital, thereby reducing the energy 
difference between the interacting orbitals and making the 
interaction stronger. 

As strong coordination of the olefin substrate is essential 
in this catalytic cycle, the increase in olefin coordination en­
ergy when the oxazoline is coordinated provides an addi­
tional benefit for the hemilabile ligand catalyst. Generally, 
it may be possible to increase the partitioning between eth­
ylene and alkyl phosphines in Ru(II) complexes by introduc­
ing a hard, electron-donating ligand to destabilize filled d-
orbitals. This favours bonding to olefins, which have higher 
back-bonding abilities than phosphines. 

Conclusions 

We have designed and computationally tested RuHCl(-
CO)(PR3)(DZ) hydrogenation catalysts with hemilabile DZ-
type ligands and compared them with an established catalyst 
RuHCl(CO)(P'Pr3)2 (1). In a previous mechanistic study of 
1, it was determined that H2 must coordinate to the catalyst 
before ethylene can insert into the Ru-H bond of the cata­
lyst. In this work, we have proposed that a hemilabile ligand 
could act as a two-electron donor to stabilize the metal dur­
ing the insertion step such that it would not be necessary for 
H2 to coordinate before ethylene coordination. 

Three catalysts, 2, 3, and 4, with P,N, P,0, and C,N hemi­
labile ligands, respectively, were computationally screened. 
Of the three hemilabile ligands that we considered, we de­
termined that only a P,N coordinating phospha-oxazoline 
(2) could stabilize the metal sufficiently for the olefin inser-
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tion to occur prior to coordinating H2 to the metal. In princi­
ple, such a catalyst would be more active, as the entropic 
cost of weakly coordinating H2 to the metal during the rate-
limiting process is avoided. 

Somewhat surprisingly, the introduction of the hemilabile 
ligand was found to significantly increase the olefin com-
plexation energy relative to 1. The reason for this was found 
to be a stronger Ru-ethylene back-donating interaction that 
was enhanced by a destabilization of the d-orbitals on the 
metal by the lone pair on the oxazoline ligand. This was 
found to lower the energy barriers associated with the ethyl­
ene coordination steps of the catalytic cycle. 

On the other hand, the introduction of the hemilabile li­
gand has the detrimental consequence of producing a metal 
center that is coordinatively saturated after the insertion 
step. This results in an additional step where the P-agostic 
interaction between the newly formed alkyl ligand and the 
metal must be broken in to coordinate H2. This process is 
rate-limiting, and we predict that the reaction should be 
zero-order in [H2], whereas this reaction with the traditional 
catalysts is known to be first-order in [H2]. The formation of 
the intermediate with the strong p-agostic interaction there­
fore mitigates the rate enhancement induced by the hemila­
bile ligand. 

The calculations presented here suggest that the overall 
ethylene hydrogenation barrier for the proposed hemilabile 
phospha-oxazoline containing catalyst, 2, should be compa­
rable to the more established RuHCl(CO)PR3)2, 1, catalyst. 
Although simulating the reaction on the computer can never 
replace actually testing the catalyst in the lab, we have ra­
tionally designed a new catalyst motif based on our theoret­
ical analysis of the parent catalyst system (1). This proposed 
catalyst motif may provide experimentalists with additional 
avenues to tune and optimize an important class of catalysts. 
For example, we believe there are opportunities to further 
optimize the donor properties of the hemilabile ligands as 
to stabilize the formation of the rate-determining ethyl inter­
mediate (2e). 

In addition to any rate enhancement resulting from the 
hemilabile ligand, the presence of the N donor may improve 
the catalyst lifetime. Fogg and co-workers have recently 
concluded that catalyst stability is critical for high activity 
in these systems,11 which suggests that blocking decomposi­
tion pathways could be a fruitful approach to developing a 
more robust catalyst. Coordinately saturating the metal and 
inhibiting the dissociation of the hemilabile phosphine 
through the chelate effect could deter the degradation of the 
catalyst. 

Computational methods 
The calculations presented here were made with DFT,26 

as implemented in Turbomole 5.965 using the BP8666-67 

functional and the def2-TZVP basis set.68 Thermal correc­
tions were determined by reoptimizing these structures with 
the def2-SV(P) basis set, then running frequency analysis. 
We confirmed that the imaginary mode of the reported tran­
sition-state structures connects the adjacent steps in the reac­
tion profile. Our first report used the B3LYP functional; 
however, the larger systems we have studied here required 
that we adopt a "pure" DFT functional so that the resolu-
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tion-of-identity (RI)69 approximation could be used. The 
BP86 calculations were benchmarked against the alternative 
PBE functional70 and found to be consistent. Ziegler-Moro-
kuma EDA analysis was performed by reoptimizing the 
complexes in ADF 2007.1 with the BP86 functional and the 
TZP basis set. Fragment orbital analysis was performed us­
ing the AOmix package.71-72 
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CHAPTER 6 

Reaction Dynamics of /3-Hydrogen Transfer in the Zirconocene Olefin 

Polymerization Catalyst: A DFT Path Sampling Study 

This work has been published in part in Rowley, C. N.; Woo, T. K. Organometallics 

2008, 27, 6405. 

Abstract 

We have used ab initio molecular dynamics (AIMD) in conjugation with 

transition path sampling (TPS) to model the /3-hydrogen transfer reaction in 

Cp2Zr(C2H5)(C2H4)
+, a model for the zirconocene olefin polymerization catalyst. An 

equilibrium MD simulation of the reactant complex showed that there is a broad range of 

movement along the Zr-H(agostic) coordinate and that the Zr-n2(C2H4) coordination was 

unusually fluxional due to the relatively weak metal-olefin orbital interactions. In-place 

methyl group rotation was observed in the MD simulation and found to be a simple 

thermally-accessible fluctuation rather than an activated process. The reaction dynamics 

of /3-hydrogen transfer were modeled using transition path sampling (TPS). Trajectories 

were found to cross the reaction barrier at a broad range due to a flat barrier along the Zr-

H axis. We found that Zr-H bonding increases during the reaction due to dynamic 

effects. A Zr-n2(C2H4) fluctuation is critical to inducing the transfer. 
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6.1. Introduction 

Group IV metallocene olefin polymerization catalysts have been the subject of 

intensive research in recent decades, serving as framework for the development of 

alternatives to heterogeneous Ziegler-Natta catalysts. " While a great variety of catalysts 

within this motif have been proposed, with different metals and auxiliary ligands, the 

mechanism of polymerization is straightforward: repeated insertion of the substrate 

olefins into the M(IV)-alkyl bond generates a long polymer chain. 

The average chain length of a polymer has a major influence on its physical 

properties, with high molecular weight polymers being of particular interest.4 The length 

of the polymer chain produced by a catalyst is largely determined by the relative rates of 

chain propagation and chain termination processes.5 As a result, there is significant 

interest in better understanding the chain termination mechanisms so that new catalysts 

can be developed that minimize this activity. 

By analogy to other organometallic catalysts, it had been presumed that the chain 

termination mechanism for these catalysts was /3-hydride elimination, where a /3-

hydrogen of the growing alkyl chain is transferred to the metal to form a metal hydride, 

with the alkyl chain converted to a terminal olefin.6 /3-Hydrogen transfer is an chain 

termination mechanism that has been identified as an alternative to /3-hydride elimination 

in these catalysts, elucidated in large part through a series of computational studies by 

Ziegler and coworkers. " In this mechanism, a hydrogen (denoted here as HT) is 

transferred from the C# of the growing chain to a coordinated olefin monomer, 

terminating the growing chain as an olefin. As in /3-hydride elimination, the incoming 

monomer becomes the growing alkyl chain, restarting the chain propagation process. It 
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was predicted in these studies that the activation energy for /3-hydrogen transfer is lower 

than that of/3-hydride elimination for a broad range of metals and auxiliary ligands, often 

by a wide margin.7 A recent pair of computational studies by Talarico and Buzelaar 

identified unusual features on the /3-hydrogen transfer potential energy surface (PES),8'9 

implying that the dynamics of this reaction could have interesting characteristics (vide 

infra). This led us to study this reaction using AIMD. Based on our success in using TPS 

to model the Ru-H ethylene insertion in Chapter 4, we used TPS in this chapter to 

examine the reaction dynamics of /3-hydrogen transfer. 

6.2. Results and Discussion 

We have investigated the reaction dynamics of the /3-hydrogen transfer using 

three complimentary approaches: an examination of the PES of the /3-hydrogen transfer 

reaction, an equilibrium MD simulation of the reactant complex, and a TPS simulation of 

the /3-hydrogen transfer reaction. We have used the cationic complex 

Cp2Zr(C2H5)(C2H4)+ as our model for the degenerate transfer a /3-hydrogen from the ethyl 

ligand to the n2-coordinated ethylene ligand. This complex has been used in many 

instances to model chain transfer in the mainstay zirconocene olefin polymerization 

catalyst.8"14 
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6.2.7. Potential Energy Surface of the ^-Hydrogen Transfer 

Before beginning our MD simulations of the /3-hydrogen transfer reaction, we 

examined the PES of this reaction using static DFT calculations. The full details of our 

calculations are available in the Computational Details section (Section 6.4). 

Reactant 
Complex 

(0.0) 

(3-Hydrogen 
Transfer TS 

(9.7) 

Figure 6.1. Schematic structures of reactant complexes and the j8-
hydrogen transfer transition state. Key distances are shown adjacent 
to their coordinate. Relative energies in kcal mol-1 are given in 
parenthesis. Cp hydrogens are excluded for clarity. 

The reactant complex is a distorted tetrahedral structure with two ^-coordinating 

Cp ligands, an rf-coordinating ethylene ligand, and an ethyl ligand which has a /3-agostic 

interaction with the metal (Figure 6.1, left). The ethylene coordination is relatively weak, 

with a considerable Zr- n2(C2H4) distance of 2.80 A and only a small elongation of the 

ethylene C=C bond upon coordination to the metal (1.36 A in the complex compared to 

1.34 A in the minimum-energy structure of free ethylene). This is consistent with the long 
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Zr-olefin distances observed in the XRD structure of the analogous Zr(IV)-olefin 

complex Cp2Zr(OCMe2CH2CH2CH=CH2)+, reported by Wu et al. (Zr-C(terminal) = 2.68 

A and Zr-C(internal) = 2.89 A).15 

The agostic interaction formed between the ethyl C,S-HT bond and the metal is 

substantial, as the C^-HT bond is elongated to 1.17 A and the Zr-H distance is relatively 

short (Zr-H = 2.15 A). Wiberg bond order analysis16 also indicates that there is a 

significant /3-agostic interactions as the Zr-HT bond order and Zr-Cp-iiT 3-center bond 

order are 0.15 and 0.09, respectively. This interaction places the /3-hydrogen of the ethyl 

ligand and the ethylene in suitable geometry for /3-hydrogen transfer, as distance between 

the /3-hydrogen and the nearest carbon of the ethylene ligand is only 2.20 A. 

The /3-hydrogen transfer transition state is a symmetric structure where the /3-

hydrogen is equidistant (C^I-HT = C^-Hj = 1.50 A) from the /3-carbons (Figure 6.1, 

right). The Ca-C/3unit of the ethylene moves closer to the metal, with a distance between 

the metal and the Ca-Cp centroid of 2.49 A, compared to the Zr-n2(C2H4) distance of 

2.80 A in the reactant complex. This transition state is stabilized by a significant Zr-HT 

bonding interaction, evidenced by the shorter Zr-Hr distance of 1.99 A and an increased 

Zr-HT bond order of 0.22. As the geometry of the reactants is conducive for transfer and 

the transition state is stabilized by the Zr-HT interaction, the barrier height for this 

reaction is only 9.7 kcal mol"1. These structures and barriers heights are generally 

consistent with those reported in other DFT studies of this catalyst and those similar to 

•, 7-9,12,17 
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Figure 6.2. The PES of the /3-hydrogen transfer with respect to the Zr-
HT and C/3-HT coordinates. R and P indicate the reactant and product 
potential energy minima, respectively, and X indicates the TS. Energies 
areinkcalmor1 . 

To further characterize the /3-hydrogen transfer reaction, we calculated the 2D 

PES of this reaction with respect to two critical coordinates: the C/J-HT bond length and 

the Zr-HT distance. The reactant minimum is extremely flat along the Zr-Hx coordinate 

due to a competition between two effects: the C^-HT agostic interaction and Ca-Zr-Ca 

angle strain. The complex can adopt stable configurations with short Zr-HT distances 

(Zr-HT < 2.1 A) due to an increase in the Cp-Hj-^Zr agostic interaction, although the 

Ca-Zr-Ca angle strain becomes dominant at Zr-HT distances shorter than 1.9 A. 

Conversely, when the Zr-Hx distance is large (Zr-HT > 2.2 A), the C/r-Hj-^Zr agostic 

interaction is weakened, but the angle strain is eliminated. The resulting minimum is 

nearly flat in the range of Zr-HT = 1.9-2.4 A. The reactant minimum is also broadened 

along the C/j-Hx coordinate due to the C/3-Hx->Zr interaction, which extends the range of 
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low-energy C^-Hj bond lengths. At Zr-HT distances where the agostic interaction is 

largest (Zr-HT between 1.95 A to 2.1 A), the minimum is particularly broad along the x-

axis. 

The product minimum (indicated with a P on Figure 6.2) is similar to the reactant 

minimum, although the C/J-HT bond that is used as the C ^ H T coordinate is broken in this 

minimum and movement along the x-axis corresponds only to the facile movement of 

ethylene ligand with respect to the Hj atom that was transferred to the of the incoming 

ethylene ligand. As a result, this minimum is extremely flat along the x-axis, but 

otherwise shows similar features to the reactant minimum. 

The reactant and product minima are connected through the /3-hydrogen transfer 

transition state (indicated by an X on Figure 6.2). This transition state occurs at 1.5 A on 

the C/r-HT coordinate, consistent with the optimized transition state structure. The 

transition state is located at 2.0 A on the Zr-HT coordinate, where a strong Zr-Hx 

interaction stabilizes the TS. The PES is very broad along Zr-HT coordinate near the TS, 

with energies within 1 kcal moF1 of the 9.7 kcal mol1 barrier height in the range of Zr-

HT = 1.9-2.1 A. As in the broad reactant and product minima, this flat TS surface results 

from the competition of the Zr-HT bonding, which favours short Zr-Hx distances, and 

Ca-Zr-Ca angle strain, which favours large Zr-HT distances. This feature was first noted 

by Talarico and Budzelaar, who identified this broad transition state in a range of d° 

olefin polymerization catalysts. ' 
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6.2.2. Reactant Equilibrium Geometry 

Figure 6.3. Course of equilibrium MD simulation of the reactant complex at 
300 K plotted on the PES of the Zr-HT and C,3-HT coordinates. Energies are in 
kcalmol-1. 

Having examined the PES of the reaction, we used MD to study the equilibrium 

structure of the reactant complex. A 40 ps simulation was run with a thermostat to 

maintain the temperature of the complex at 300 K. The course of this simulation is 

plotted in Figure 6.3. The MD simulation passed through the full range of low-energy 

structures of the reactant minimum, confirming that a wide range of structures are 

thermally accessible. 

The average C/r-Hx bond length from the ensemble of structures sampled using 

MD is 1.16 A, approximately equal to its equilibrium distance. The average Zr-Hx 

distance is 2.28 A, which is substantially longer than the 2.14 A distance observed in the 
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minimum-energy structure. This increase in the Zr-Hr distance results from the 

anharmonicity of the elliptical reactant minimum, which increases in energy more rapidly 

when the Zr-Hj distance is shortened than it does when it is lengthened. As the PES is 

very flat along this coordinate, the distribution is broad (a = 0.22 A) and the full range of 

Zr-Hx distances within the reactant minimum were sampled in this MD simulation, 

including the highly anharmonic regions. This anharmonicity of the thermally accessible 

region of the Zr-HT coordinate results in an average Zr-HT distance that is larger than the 

minimum-energy distance. 

3.5r 

2.6 2.7 2.8 2.9 3.0 3.1 3.2 3.3 
Zr-if(C2H4) Distance (A) 

Figure 6.4. Probability distribution of the Zr-n2(C2H4) 
distance from the equilibrium MD simulation. 

The final structural property of the MD simulation that we have considered is the 

coordination of the ethylene ligand. The Zr-n (C2H4) distance is relatively long 

compared to other metal-olefin complexes, with an minimum-energy distance of 2.80 A. 

This distance is slightly longer in the MD simulation, with an average distance of 2.85 A. 

This is consistent with the probability distribution of this distance (Figure 6.4), which 

shows a maximum at 2.85 A, with a broad distribution (o = 0.12 A) and a small skew 
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towards larger distances. As for the Zr-HT distance, we attribute this difference between 

the finite-temperature and minimum-energy structures to the anharmonicity of the Zr-

r\ (C2H4) bonding. The largest values of the distribution are in the range near Zr-n (C2H4) 

= 3.2 A, representing a large deviation from the minimum-energy structure but still well 

short of ethylene dissociation. Conversely, the shortest distances present in the 

distribution occur near Zr-n2(C2H4) = 2.6 A. Integration of this region of the probability 

distribution indicates that these configurations occur with the small but significant 

probability of 2%. 

The second critical structural property of the coordination of the ethylene ligand is 

the rotation of this ligand around the Zr-n2(C2H4) axis. An experimental study by 

Stoebenau and Jordan, who found that olefin rotation in a related zirconocene complex 

1 k 

was rapid on the NMR timescale. We have defined this angle as the dihedral angle 

between the Zr-Ca axis and the C=C axis of the ethylene ligand. We have plotted the 

probability distribution of this angle in Figure 6.5. This distribution is centered at 0°, 

consistent with the minimum-energy structure where the ethylene ligand eclipses the 

ethyl CQT-C/3 bond. The distribution shows a significant degree of rotational freedom, as 

angles between -20° and 20° have significant occupation probabilities. Despite this 

significant degree of rotational freedom, no full rotations of this ligand were observed in 

the simulation, as the maximum rotational angle that occurs is only 60°, while the 

potential-energy TS occurs at 90°. The potential energy barrier to this rotation is 3.2 kcal 

mol-1, which equates to average waiting period of 34 ps between rotations. As our MD 

simulation was only 40 ps in length, our simulation simply was not long enough to ensure 

an observation of this event. 
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Figure 6.5. Probability distribution of the Zr-ri2(C2H4) 
rotational angle from the equilibrium MD simulation. 

The relatively free movement of the coordinated ethylene is in strong contrast 

with other metal-olefin complexes, where the degree of configurational freedom is 

strongly restricted due to olefin rotation barriers that are typically above 6 kcal mol-1.21"25 

We have investigated this difference by applying Energy Decomposition Analysis (EDA) 

to the Zr-n2(C2H4) interaction. This method can divide the interaction energy of two 

fragments into Pauli repulsion, electrostatic interactions, and orbital interactions.19 These 

data are collected in Table 6.1. 

Table 6.1. Energy Decomposition analysis of the 
Zr-rf^FLO interaction. 

Bond Energy Component ^ ^ 

Pauli repulsion 34.7 
electrostatic interactions -26.1 

orbital interactions -26.4 
total bonding energy -17.7 

The lack of back-bonding interactions between the d° metal and the 7T* orbital of 

ethylene causes the orbital interactions term to be relatively small and approximately 
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equal in magnitude to the metal-olefin electrostatic interactions, with bond energy 

components of-26.4 and -26.1 kcal mol-1 respectively. In comparison, EDA of the 

metal-ethylene bonding in late transition metal complexes Pt(PH3)2(C2H4) and 

Os(PH3)2(C2H4) by Li et al. found that orbital interactions components were -76 and -

104 kcal mol-1 respectively, by far the dominant contribution to the metal-olefin 

bonding. This weak, largely electrostatic coordination allows the coordinated olefin in 

this zirconocene complex to have a greater degree of conflgurational freedom than is seen 

in other metal-olefin complexes. 

6.2.3. (3-Methyl Rotation 

The methyl group of the ethyl ligand undergoes an in-place rotation 24.8 ps into 

the MD simulation, such that the initial Qg-Hxi-^Zr agostic interaction is broken and an 

C^-HT2"^Zr interaction replaces it. The key property of an in-place rotation is that the 

rotation occurs without isomerising to an n^alkyl intermediate. This type of rotation has 

frequently been invoked to explain relative hydrogen exchange rates in metal-alkyl 

complexes featuring /3-agostic interactions. " The activation energies for these process 

have most commonly been found in a range near 7-9 kcal mol-1. DFT calculations 

reported by Kogut et al. are consistent with this, with the calculated barrier of 7.5 kcal 

mol-1 for the in-place rotation of a /3-CH3 group in a Ni(II) /3-diketiminate alkyl complex. 
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Figure 6.6. Schematic structures of reactant complexes and the 
in-place methyl rotation transition state. Key distances are shown 
adjacent to their coordinate. Relative energies are given in 
parenthesis. Cp hydrogens are excluded for clarity. 

To allow us to compare the rotation observed in our MD simulation and 

predictions from static calculations, we located the potential energy TS of this rotation, 

which is presented in Figure 6.6. In this structure, the Zr-Cof-Cjr-HTi dihedral angle, 

which is 0° in the reactant complex, rotates to an eclipsed geometry of 62°. The most 

significant structural change is the decrease in the C^T-HTI from 1.17 A in the reactant 

complex to 1.12 A at the transition state, due to the weakening of the /3-agostic 

interaction. At the transition state, both the C^-H-n bond, which is rotating away from 

interaction with the metal, and the C/j-H-n bond, which is replacing it, form weak agostic 

interactions with the metal, with 3-center bond orders 0.075 and direct Zr-HTi,2 bond 

orders of 0.076. These interactions partially compensate for the loss of the /3-agostic 

interaction present in the reactant complex. There is a small decrease in the Zr-Ca bond 

length, from 2.34 A in the reactant complex to 2.31 A at the transition state. The barrier 

to this rotation is 2.7 kcal moF1, which is considerably smaller than those reported for 
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late transition metal complexes, most likely due to the comparatively weak agostic 

interaction in this complex. 

'T3 
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Figure 6.7. Key coordinates involved in the methyl group rotation during 
the methyl rotation event of the MD simulation. The Zr-Ca bond length 
(red), Zr-Hyi distance (green), and Zr-Hx2 distance (blue) are plotted on the 
primary axis. The Zr-Ca-C^Hxi dihedral angle is plotted on the secondary 
axis (purple). 

We have examined the rotation that occurs in our MD simulation by plotting 

several structural coordinates related to the rotation in the period where the event occurs 

(Figure 6.7). The Zr-Ca-C^r-Hxi dihedral, which is the obvious coordinate for this 

rotation, undergoes fluctuations within a range of ±20° around its 0° minimum prior to the 

point in the simulation where the rotation begins. Beginning at 24.8 ps in the simulation, 

this dihedral angle increases sharply to a range near 100°, corresponding to its non-

agostic geometry. The rotation ends at the 25.0 ps point in the trajectory, giving the 

process a sizable transition time of approximately 200 fs. 
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A second significant coordinate in this rotation is the distance between the metal 

and the hydrogen initially in interaction with it, designated Zr-Hxi. This distance 

undergoes fluctuations in the range of 2.0-2.3 A leading up to the rotation. This is 

consistent with the broad range of motion available along the Zr-HTi coordinate in the 

reactant complex (see Section 6.2.1). This distance increases sharply into the 3.5 A range 

concomitantly with the methyl rotation, reflecting the new structure where HTI does not 

have a direct interaction with the metal. The Zr-Hx2 coordinate follows the opposite 

course, as the Cp-H-n-^Zv agostic interaction is formed through the rotation. Although 

there is a small change in the Zr-Ca bond length in the static transition state, this 

coordinate undergoes regular fluctuations leading up to and during the rotation, 

suggesting that it is not strongly coupled to the methyl rotation, despite the change in the 

Zr-Ca observed in the static calculations. 

As the potential energy barrier to this rotation is only is 2.7 kcal mol-1, is it 

thermally accessible at 300 K. Neither the Zr-Ca-C^Hxi coordinate nor the other 

coordinates show exceptionally large fluctuations leading up to the transition, indicating 

that this event does not require a localization of vibrational energy prior to crossing the 

barrier. This rotation appears to be best described as a thermal fluctuation rather than an 

activated process where vibrational energy must be localized in a reactive mode or 

several modes must work in concert to cross the barrier. 

Although the barrier to /3-methyl rotation is only 0.5 kcal mol1 smaller than the 

barrier to ethylene rotation, this decreases the expected waiting period from 34 ps to 14 

ps, dramatically increasing the likelihood that the transition would be observed in our 40 

ps simulation. This illustrates the sensitivity of MD simulations to the size of the barriers 
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of rare events, as even a slightly higher barrier can increase the waiting period of an event 

outside the range where it is likely to be observed in a picosecond-scale MD simulation. 

6.2.4. ̂ -Hydrogen Transfer Reaction Dynamics 

The 40 ps trajectory generated by our MD simulation remains in the reactant 

complex where the trajectory began throughout the simulation (the course of this 

trajectory is plotted in Figure 6.3). The MD simulation predominantly remains near the 

low-energy structures of the reactant minimum (dark blue areas on the PES), with rare 

fluctuations to higher energy configurations (light blue areas on the PES). The C/T-HT 

distance never exceeds 1.34 A, well short of the C/r-Hx distance of 1.50 A for the TS of 

the /3-hydrogen transfer. Further, the Zr-HT distance is near 2.1 A during this fluctuation, 

outside the range where facile transfer can occur. A reactive event would require a much 

larger C/J-HT fluctuation to occur when the Zr-HT distance is in the appropriate range for 

transfer to occur. This is consistent with the waiting period predicted using classical 

transition state theory; at 300 K the lifetime of the reactant complex between /3-hydrogen 

transfer events is approximately 4 jas, making it extremely unlikely that this event would 

be observed in a 40 ps MD simulation. 
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Figure 6.8. All 350 reactive trajectories sampled using path sampling 
plotted on the jS-hydrogen transfer PES. 

As the estimated waiting period of the /S-hydrogen transfer reaction is far too long 

for the reaction dynamics to be studied using a straightforward MD simulation, we used 

transition path sampling to harvest 350 trajectories where this reaction occurs. The full 

transition path ensemble is plotted on the PES in Figure 6.8. None of the trajectories 

recrossed the barrier to revert to the reactant state during the length of the trajectories, 

consistent with low recrossing probabilities in reactions with stable products and high 

barriers. Due to the broad TS, trajectories in the path ensemble are able to cross the 

barrier throughout the range of Zr-Hj = 1.95-2.05 A. Although analysis of the path 

ensemble shows that the barrier crossing occurs quickly, with an average transition time 

of 38 ± 9 fs, the range is broad (20-63 fs) and the trajectories exhibit complicated 

reaction dynamics. 
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6.2.5. Reaction Dynamics of the Electronic Structure 

We have selected four trajectories to illustrate the variety of transitions in the path 

ensemble: (A) crosses the barrier near the potential energy TS, (B) crosses the barrier low 

on the Zr-Hx coordinate, (C) crosses the barrier high on the Zr-HT coordinate and (D) 

shows an interesting partial recrossing where the trajectory temporarily reverses course, 

performing a "figure-8" on the PES before relaxing to the product minimum. The course 

of these trajectories is plotted on the PES in Figure 6.9. 

1.2 1.4 1.6 1.8 2.0 
Cp-HT Distance (A) 

Figure 6.9. PES of the |3-hydrogen transfer reaction with the 
course of selected trajectories plotted. 

To examine dynamic effects on the electronic structure of the /3-hydrogen transfer 

reaction, we have calculated the C/j-HT and Zr-HT Wiberg bond orders in the four 

selected trajectories, as shown in Figure 6.10. B crosses the barrier closest to the metal 

and consequently experiences strong Zr-HT bonding, although D experiences even 

stronger bonding during its descent to the product minimum. Despite crossing 
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considerably further from the metal, C experiences Zr-HT bonding comparable to A, 

which crosses near the TS. Interestingly, all four trajectories show Zr-HT bond orders 

that are notably greater than the bond order value from the transition state, beyond the 

regular fluctuations seen in the Zr-Hx bond orders in the reactant and product minima. It 

should also be noted that the Zr-HT bond order has a maximum value at the potential 

energy transition state along the intrinsic reaction coordinate. This indicates that the 

dynamic effects increase the role of Zr-Hx bonding during the transfer. Another notable 

dynamic effect is observed with the sum of the two C^Hx bond orders (C/31-Hx + C ^ -

Hx). As shown in the lower part of Figure 6.10, this sum of bond orders for the dynamic 

trajectories is consistently below the value experienced at the potential energy TS. 

420 460 500 540 580 
Time (fs) 

Figure 6.10. The Zr-Hx bond order and sum of C/j-Hx bond 
orders during the transition event of trajectories A-D. Bond 
orders of potential energy TS and minimum are in grey. 
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These two effects can be quantified by comparing the bond orders of the static 

transition state to the bond orders of the step in the dynamic trajectories where Hj is 

equidistant from Q31 and C&.. The average Zr-Hj bond order at these "dynamic transition 

states" is 0.24 ± 0.01, indicating a systematically larger bond order than the static value 

of 0.21, with a significant range. Similarly, the average sum of C/J-HJ bond orders is 0.76 

± 0.02, a fairly broad range that is significantly lower than the static transition state value 

of 0.90. One possible explanation of this phenomenon is that the localization of 

vibrational energy in the reactive Ĉ g-Hx bond results in a distortion away from the 

optimal TS geometry, where C/r-Hx bonding is maximized. The Zr bonding adjusts to 

compensate for this via the Zr-Hx interaction, originating from persistent Zr(dz2)-Hx(ls) 

overlap. The tools available to study the bonding in this system are somewhat restricted, 

as the relevant components of the transition state cannot be decomposed into chemically 

meaningful fragments. Bonding analysis of reactive trajectories in other organometallic 

reactions could allow this phenomenon to be better described. 

H 2 C - ^ - C H 2 

H 3 C ^ M < 7 C H 3 

Cp^bp 

6.2.6. Structural Fluctuations Associated with fi-Hydrogen Transfer 

The large fluctuations in Zr-HT bond orders prior to the transfer led us to analyze 

the geometric parameters of the reactive trajectories in order to identify the important 

molecular fluctuations involved in this reaction. The Zr-HT, C^-HT, and Zr-ri2(C2H4) 

distances of A are plotted for the period in the trajectory immediately around the /3-

hydrogen transfer in Figure 6.11. The C^Hj bond broken in the reaction undergoes only 
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modest oscillations in the range between 1.05 A and 1.2 A prior to the reactive event. 

Similarly, although the Zr-HT distance undergoes a fluctuation into the 2.0 A range 

during the transfer, this fluctuation occurs a number of times in the simulation without 

inducing a reaction. 

300 400 500 600 700 
Time (fs) 

Figure 6.11. Structural fluctuations in A during the /3-hydrogen 
transfer. The red line represents the distance between the Zr and the 
centroid of the species which is originally the ethylene ligand, the 
green line represents the distance between the Zr and the hydrogen 
undergoing transfer, and the blue line represents the distance 
between HT and the /3-carbon it is originally bonded to. 

The distance between the incoming ethylene and the metal is more determinative; 

in each trajectory sampled, there is a sharp decrease in the Zr-n (C2H4) distance prior to 

the insertion. This fluctuation, beginning 120 ± 27 fs prior to the reactive event, 

corresponds to the orientation of the incoming ethylene close to the metal, where it can 

accept the /3-hydrogen from the ethyl ligand. During this fluctuation, the Zr-n2(C2H4) 

distance occupies the shortest range in the equilibrium distance probability distribution 

(Figure 6.4), which is occupied 2% of the time in the reactant complex. We can interpret 

from this that the /3-hydrogen transfer reaction is an activated process at 300 K, where 
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fluctuations in the Cp-Hj and Zr-Hj coordinates must coincide with a longer timescale 

fluctuation in the Zr-n (C2H4) distance for the reaction to occur. 

6.3. Conclusions 

We have used a combination of static calculations, equilibrium MD simulations, 

and TPS to examine the reaction dynamics of the /3-hydrogen transfer reaction in 

Cp2Zr(C2Hs)(C2H4)+. The reactant minimum was found to be very broad along the Zr-HT 

coordinate due to close competition between Zr-HT bonding and Zr-Ca-C^ angle strain. 

The full reactant minimum was thermally accessible in a 40 ps equilibrium MD 

simulation of this complex at 300 K. An in-place methyl rotation in the ethyl ligand 

occurred at one point in the MD simulation. As the barrier height of this rotation is low, 

this rotation could occur thermally, within a picosecond-scale MD simulation. The 

coordination of the ethylene ligand was shown to have significant configurational 

freedom due to the lack of metal-ethylene back-bonding. The Zr-r|2(C2H4) distance 

fluctuated in a range of 2.6-3.0 A and a 20° range of rotational movement, although 

neither complete dissociation nor rotation was observed. 

TPS was used to harvest an ensemble of 350 trajectories where the /3-hydrogen 

transfer occurs. The path ensemble shows that this reaction exhibits diverse and complex 

reaction dynamics due to the broad reaction barrier. In this instance, the potential energy 

minima and transition states do not give a complete description of the reaction 

mechanism, as a broad range of reactant and transition state structures were observed in 

the path sampling simulation. 
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Remarkably, in the dynamic trajectories, Zr-Hj bonding became stronger and Cp-

HT bonding became weaker during the transfer, suggesting that finite-temperature effects 

in organometallic reactions can significantly affect metal bonding interactions. While C&-

HT and Zr-Hj fluctuations are essential to the transfer, a decrease in the Zr-n2(C2H4) 

distance beginning on average 120 fs prior to the transfer appears to be the critical event 

to induce the reaction. 

These simulations provide an elegant illustration of the rare event problem. The 

entire range of low-energy structures in the potential energy minimum of the reactant 

complex were effectively sampled in the equilibrium MD simulation. In-place methyl 

rotation, which requires the system to cross a modest 2.7 kcal mol-1 barrier, was observed 

only once in the 40 ps equilibrium simulation. Ethylene rotation, which has a slightly 

higher barrier of 3.2 kcal moF1, was not observed at any point in the equilibrium MD 

simulation, nor was the /3-hydrogen transfer reaction, which has a sizable 9.7 kcal mol-1 

barrier. The transition path sampling simulation of the /3-hydrogen transfer reaction 

illustrated that crossing a barrier of this magnitude at 300 K requires that concerted 

motion occurs along several independent coordinates. 

6.4. Computational Methods 

Turbomole 5.9 with the TPSS28 meta-functional and the def2-SV(P) core potential 

and basis set29 was used for all the calculations we report here, except for the hydrogen 

undergoing transfer, where the larger def2-TZVPP basis set was used. All energies are 

calculated with respect to the minimum-energy structure of the reactants. No zero-point 

energy corrections are included in order to be consistent with the classical Born-
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Oppenheimer molecular dynamics used in the path sampling simulation. The reactant 

complex was equilibrated with a Lowe-Andersen thermostat30 at 300 K for 20 ps. The 

average total energy (34 kcal mol-1 with respect to the optimized reactants) for the last 5 

ps was used as the total energy of the path sampling simulation. The simulation of the 

reactant complex was generated by extending this equilibrated MD simulation by an 

additional 40 ps. 

The initial trajectory was generated from the static TS using the procedure 

described in Chapter 2. 500 fs trajectories were run forward and backward in time from 

this point, generating a reactive trajectory. The MD and TPS simulations were performed 

using our own code, interfaced with Turbomole. 

Within the path sampling simulation, the reactants were defined as all structures 

where the C^i-Hj distance was between 1.0 A and 1.2 A and the Zr-HT distance is 

between 1.9 A and 2.4 A. The product complex was defined symmetrically to the reactant 

complex, with the C^-HT distance used as the order parameter instead of the C^-Rj 

distance. All trajectories that crossed between the reactants and products were considered 

reactive and were added to the transition path ensemble. The path length of the 

trajectories was 1 ps, using 1 fs time steps. Shooting points were selected in a range 100 

fs before and after the transition event. 
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CHAPTER 7 

A QM/MM Ab Initio Molecular Dynamics Study of Solution Dynamics and 

Counteranion Effects in [CpjZr^HsXCjH^HCHsBCCeFsk] 

Abstract 

QM/MM MD simulations were used to study the structure and dynamics of 

Cp2Zr(C2Hs)(C2H4)+ (1), a model olefin complex of a mainstay polymerization catalyst, 

as well as the methyl tris(pentafluorophenyl) borate ion pair of this complex 

([Cp2Zr(C2H5)(C2H4)][CH3B(C6F5)3]) (1-IP) in an explicit pentane solvent. These 

calculations indicate that 1 preferentially exists in a /3-agostic configuration, consistent 

with its minimum-energy structure. In contrast, 1-IP isomerizes to an oagostic 

configuration to maximize the dipole-counteranion interaction through a facile, three-

stage mechanism. The free energy profile of /3-hydrogen transfer was calculated for 1 

and 1-IP using the Weighted Histogram Analysis Method (WHAM). The presence of the 

counteranion destabilized the product state where the counteranion is oriented adjacent to 

the anionic ethyl ligand, resulting in an asymmetric reaction profile. Vibrational entropy 

was found to have a large contribution to the free energy of activation, amounting to 

approximately 20% of the total barrier, six times larger than was predicted using the 

harmonic oscillator approximation. Parameters for an MM force field of the 

[CH3B(C6F5)3]~ counteranion were developed and are presented here. 
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7.1. Introduction 

Single-site group IV metallocene catalysts are of major importance in olefin 

polymerization chemistry. These catalysts have demonstrated excellent catalytic activity1" 

3 and have allowed exceptional control of polymer microstructure.4 While the 

metallocene is the species directly involved in the polymerization process, a cocatalyst 

(Scheme 7.1, A) plays an essential role in the catalytic cycle. For the specific zirconocene 

catalyst modeled in this chapter, the active, cationic form of the metallocene is formed by 

a reaction with a cocatalyst, such as methylaluminoxane (MAO) or 

tris(pentafluorophenyl)borane (B(C6F5)3), which abstracts a methyl ligand from the 

neutral precatalyst to activate the catalyst (Scheme 7.1a). 

,c„, A a.s»° 
Zr>^ ^ — • Z r—CH 3 

a. Activation ^ s > 

CH3AQ „ ^ 6 > ^ C H 3 A 0 ^ CH^G 

+ \\ &Z/^ & /-CH2R 
Zr—CH2R Zr. • Z r — ^ 
• - - /®^CH2R ^ f 9 

b. Coordination ^ 5 > c. Propagation 

d. Chain Transfer 

CH3AG 

CH2 

Scheme 7.1. Key reaction mechanisms of zirconocene-
catalyzed ethylene polymerization. 

After activation, the olefin substrate can coordinate to the metal to form a metal-

olefin complex (Scheme 7.1b). From this complex, the olefin can undergo insertion into 

the cr(Zr-Ca) bond, extending the length of the polymer chain by one unit (Scheme 7.1c). 
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Alternatively, the growing alkyl chain can be terminated through /3-hydrogen transfer to 

the coordinated olefin (Scheme 7.Id), which is discussed in detail in Chapter 6. 

It had originally been assumed that the cationic active catalyst and the anionic 

cocatalyst dissociate after initiation; however, more recently it has been demonstrated 

that these species remain in close proximity in the non-polar solvents that these catalysts 

are most commonly used in. " This ion-pairing has been demonstrated to affect 

polymerization kinetics ' and stereochemistry. " Understanding the structure and 

reactivity of these ion pairs has emerged as challenging objective for researchers 

attempting to develop new catalysts within this framework. Characterizing the olefin-

coordinated ion pairs is of particular interest, as they are central to the polymerization 

activity of these catalysts, but have not been observed directly. 

Single-crystal X-ray structures of metallocene-counteranion ion pairs provided the 

earliest data on the nature of the cation-anion orientation.14"16,17 The X-ray structures of 

several ion pairs where the anion is methyl tris(pentafluorophenyl)borate have been 

collected. These are generally inner-sphere ion pairs, where the methyl ligand of the 

counteranion bridges with the cation via donation from the methyl C-H bonds to the 

metal (Scheme 7.2). While these structures provide important data on the ion-pairing of 

unsaturated metallocenes, the structures of the critical olefm-bound intermediates are 

unknown. Further, these crystallographic structures are not necessarily representative of 

the solution structures, where the ion pair has greater configurational freedom. 
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Scheme 7.2. Schematic methyl-bridged 
inner sphere ion pair orientation of 
[MLn][CH3B(C6F5)3]. 

Brintzinger and coworkers recently published an NMR study of alkyl zirconocene 

- borate ion pairs. Although the unsaturated metallocene formed a methyl-bridged 

complex with the counteranion, Lewis bases, such as THF, displaced the counteranion 

from the metal so that the counteranion is in the outer coordination sphere. As the olefin 

substrates will also serve as coordinating Lewis bases, these experiments indicated that 

the metal-olefin complexes are likely outer-sphere ion pairs as well, where the 

counteranion has only non-covalent interactions with the cation when the olefin is 

coordinated. 

Although the ions of an outer-sphere ion pair have a significant freedom of 

movement, Brintzinger and coworkers concluded that there are preferred orientations of 

the ions within the ion pair. Subsequent solution NMR studies by Marks el al. on the ion 

pair [Me2SiCp2Zr(Me)THF][CH3B(C6F5)3] found that the interionic NOE between the B -

CH3 and THF protons were absent, suggesting an orientation where the B-CH3 bond axis 

is oriented away from the counteranion (Scheme 7.3).6'19 This arrangement allows closer 

interactions between the negatively charged fluorines on the counteranion 

pentafluorophenyl ligand and the cation, similar to the structures of ion pairs where 

B(C6F5)4 is the counteranion. This is in contrast to the orientation seen in inner-sphere 

ion pairs, where the methyl ligand of the counteranion bridges with the metal. 



133 

0 C6F5 

o 

L 6 F 5 

Scheme 7.3. Schematic outer-sphere ion 
pair orientation. 

This class of catalysts has been studied intensively using quantum chemistry, 

although most computational studies have represented this catalyst as the bare cation, 

without its counteranion. " This includes our TPS study of the /3-hydrogen transfer 

reaction presented in Chapter 6. More recently, there have been several computational 

studies that have included a counteranion in the model.38"45,46 These studies utilize 

optimizations of estimated preferential ion pair geometries, typically based on the inner-

sphere ion pair geometry observed in X-ray structures. This approach is well-suited for 

modelling catalyst initiation and inner-sphere ion pair bonding; however, some 

characteristics of ion pairs are not suitable for studying using optimizations on the 

potential energy surface (PES) alone. The NMR studies of ion pair structures in solution 

found that although there are preferred ion pair orientations, there is significant 

configurational freedom within these orientations and that the ion pair orientation can 

readily adjust to changes in the solvent or the coordination sphere of the metal.6'18'19 

Optimized structures of these ion pairs do not capture the configurational freedom of 

these complexes, which is exceptionally large in outer-sphere ion pairs as the pairing is 

due to relatively weak and largely isotropic cation-anion electrostatic interactions. 

Molecular dynamics (MD) simulations provide an obvious strategy for modelling 

ion pairs. With these simulations, the accessible ion pair orientations can be sampled to 
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generate a representative ensemble of structures. Cavallo and coworkers have performed 

nanosecond length MD simulations on metallocene ion pairs, although this necessitated 

the use of empirical force fields to represent the catalyst.47'48 The intricate metal-ligand 

bonding in these complexes is challenging to represent using force fields and is highly 

sensitive to the quality of the parameterization. Further, these simulations represent 

electrostatic interactions using constant atomic charges, so the charge distribution and 

bonding of the metallocene cannot adjust within this model. Alternatively, a quantum 

chemical (QC) model can be used to represent the catalyst, although the computational 

cost of these calculations is much greater; the length of the AIMD simulation of a 

metallocene ion pair by Ziegler and coworkers was limited to 2.8 ps due to the high 

computational cost of ab initio calculations on systems of this size. 

Improvements in scientific computing hardware and more efficient QC methods 

have made it possible to run longer simulations of these systems using AIMD. In 

particular, QM/MM methods49 can dramatically reduce the cost of simulations of these 

systems, as the entire counteranion of an outer-sphere ion pair can be accurately 

represented using an inexpensive molecular mechanical model, while only the cation is 

represented with a computationally demanding QC model. 

In this chapter, we present the results of AIMD simulations of the model 

metallocene polymerization catalyst olefin complex Cp2Zr(C2H5)(C2H4)
+ and its outer-

sphere ion pair analogue ([Cp2Zr(C2H5)(C2H4)][CH3B(C6F5)3]) in an explicit pentane 

solvent using QM/MM methods. To explore the effect of the counteranion on catalyst 

reactivity, we used MD simulations of these complexes in conjunction with the Weighted 
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Histogram Analysis Method (WHAM)50 to determine the free energy profile of the /3-

hydrogen chain termination reaction, with and without the counteranion present. 

7.2. Results and Discussion 

7.2.1. Preferred Ion Pair Orientations via Static Calculations 

We began our study by searching for the preferred configurations of 

Cp2Zr(CH2CH3)(C2H4)+ (1) and ([Cp2Zr(C2H5)(C2H4)][CH3B(C6F5)3]) (1-IP). The 

putative configurations we selected are based on the preferred outer-sphere zirconocene 

orientations proposed by Marks and coworkers6 and the computational literature. We 

evaluated these structures using potential energy optimizations with static DFT 

calculations on 1 and our QM/MM model for 1-IP. Within this QM/MM model, the 

entire zirconocene is calculated at the QM level, while the counteranion is represented 

with an MM force field. See the Computational Methods section (Section 7.4) for the full 

details of these calculations. 

H 2 C|5 -HT 

" A H!\\ HT\H,H!CW 
^ Z r ® C H 2 Zr© OM2 

Cp Cp Cp Cp 

1A 1B 

Scheme 7.4. Reported low-energy configurations of 1: an 
a?-agostic configuration (left) and /3-agostic configuration 
(right). C-H agostic interactions are indicated by the red 
arrow. 

DFT calculations by Ziegler and coworkers on the cation-only complex, 

Cp2Zr(CH2CH3)(C2H4)+ (1), concluded that the most stable form of this complex is a 

distorted tetrahedral structure where a C-H bond of the methyl group in the ethyl ligand 
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forms a /3-agostic interaction with the metal (Scheme 7.4, IB). This C-H bond 

(designated C/2-HT) coordinates to the face opposite to the Cp ligands. The ethylene 

ligand is coordinated to the metal in an approximately symmetric ri2-fashion, eclipsing 

the Ca-C/3 internuclear axis of the ethyl ligand. An alternative configuration has been 

identified where the ethyl ligand has an oagostic interaction with the Zr instead of the /3-

agostic interaction (Scheme 7.4, 1A) and the Cp and ethylene ligands are distorted 

towards planarity. This oagostic configuration has generally been found to be 2-3 kcal 

i fyy "yi c i 

mol~ higher in energy than IB. ' ' Our own calculations are consistent with this, with 

the 1A configuration determined to be 2.7 kcal mol-1 less stable than IB. 

Figure 7.1. Orientation of the [Cp2Zr(C2H5)(C2H4)][CH3B(C6F5)3] 
ion pair (IB-IP). 

To identify the preferred ion pair orientation, we made an exploratory search of 

ion pair orientations using our QM/MM model, assuming the cation remains in the IB 
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orientation. Through a series of optimizations of prospective ion pair orientations, we 

found that the counteranion is preferentially located adjacent to the neutral ethylene 

ligand (Figure 7.1). Other low-energy geometries were less stable than this structure by 

several kcal mol1 . This result is consistent with the NMR study by Marks and coworkers 

on the analogous [Me2SiCp2Zr(CH3)THF][CH3B(C6F5)3] ion pair, where the 

counteranion was found to be preferentially located adjacent to the THF ligand, away 

from the methyl ligand of the cation.6 
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Figure 7.2. Orbital energy level diagram of key molecular orbitals for the optimized 
structure of IB-IP. Orbital energy levels are shown for the cation only (left) and with 
the counteranion present (right). The orbital energy difference between the cation and 
ion pair is given in red. 

The origin of the preferential ion pair orientation can be interpreted from the 

orbital energy levels of IB-IP, determined with and without the effect of the 

counteranion charges (Figure 7.2). While the overall interaction between the cation and 

the anion is attractive, the electrons of the cation will experience a net electrostatic 

repulsion with the partial charges of the anion. This repulsion destabilizes the molecular 

orbitals of the metallocene in the ion pair relative to the orbitals of the unperturbed 

cation. As these orbitals correspond to specific bonding interactions, they are localized in 
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different areas of the cation and will be destabilized differentially depending on the 

position of the counteranion. 

In the preferential orientation of IB-IP, the counteranion is adjacent to the 

ethylene ligand and at maximal distance from the ethyl ligand. The molecular orbitals 

that are localized on the ethylene ligand experience destabilizations in the range of 2.0-

2.1 eV, such the ethylene 7rMO, which is destabilized by 2.08 eV. The molecular orbitals 

that are localized on the ethyl ligand experience smaller destabilizations, in the range of 

1.8-1.95 eV. For instance, the a(C-H) and the ff(Zr-Ca) orbitals localized on the ethyl 

ligand are destabilized by 1.86 eV and 1.94 eV, respectively. While the orbital energies 

do not fully describe the stability of the complex, they do indicate the sensitivity of the 

molecular orbitals to the position of the counteranion. As the ethyl ligand carries a formal 

charge of - 1 , the electronic structure of the cation experiences a greater degree of 

destabilization when the counteranion is adjacent to it, resulting in a preferred orientation 

where the counteranion is adjacent to the neutral ethylene ligand. 

Despite these changes in orbital energies, the bonding and charge distribution in 

the cation of the optimized ion pair do not change significantly when the counteranion is 

present. The Mulliken charges of the cationic zirconocene complex changed by only 

hundredths of electrons when the calculation was repeated with the counteranion partial 

charges present (Figure 7.3). The atoms experiencing the largest change are those 

immediately adjacent to the counteranion, while those relating to the catalytic activity of 

the complex, such as Zr and Ca, are only slightly changed by the presence of the 

counteranion. Similarly, the Wiberg bond orders within the zirconocene changed only 
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slightly when the counteranion was introduced, with most bond orders changing by less 

than 0.5%. 
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Figure 7.3. Mulliken charges of IB-IP with and without the 
counteranion present. 

The lack of a strong effect of the counteranion on the bonding and charge 

distribution in the cation can be attributed to the relatively large cation-anion separation. 

Among counteranions, [CH3B(CeF5)3] L is of moderate coordinating ability, as its bulky 

ligands prevent a close interaction with the cation. As the metal is formally d°, there are 

no occupied d-orbitals that can be polarized. Likewise, the ligand set is resistant to 

induced polarization by the counteranion. 
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1B 
M = 2.30 D 

Figure 7.4. Structure and dipole moment of IB. 
The dipole moment vector is indicated by the 
blue arrow. 

Given that the electronic structure of the cation is essentially unaffected by the 

presence of the counteranion, a simple electrostatic explanation can be invoked to explain 

the preferred ion pair orientation without directly examining molecular orbitals. In 

addition to its cationic charge, IB has a significant dipole moment, with a magnitude of 

2.30 D (Figure 7.4). This dipole moment is directed from the metal center towards the 

neutral ethylene ligand, as all other ligands are formally anionic. This leads to a 

minimum-energy orientation where the anion is adjacent to the ethylene ligand, as the 

dipole-anion interaction is stronger in this geometry. Like the orbital energy explanation 

presented earlier, this model reflects the greater electrostatic repulsion experienced 

between the counteranion and the anionic ligands vs the weaker repulsion experienced by 

the neutral ethylene ligand. 
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7.2.2. Equilibrium Molecular Dynamics 

To compare the solution structures and dynamics of the cation-only (IB) and ion 

pair complexes (IB-IP), we have run 50 ps MD simulations of these complexes at 300 K 

in a periodic solvent box of pentane, starting from the preferred orientations identified in 

Section 7.2.1. The full details of our MD simulations are provided in Section 7.4. 

The MD simulation of IB remains close to the minimum-energy structure 

throughout the simulation. Despite a significant degree of fluxional behaviour within the 

complex, the complex remains in a geometry consistent with an agostic interaction 

between the Zr and a C^-H bond of the ethyl ligand. The equilibrium dynamics of IB are 

discussed in detail in Chapter 6. 

In contrast to IB, IB-IP undergoes a significant rearrangement during the MD 

simulation. Within 1.4 ps of the beginning of the simulation, the complex undergoes an 

isomerization from the /3-agostic configuration (IB-IP) to the oagostic configuration 

(1A-IP). In this new geometry, the /3-agostic interaction is absent, as the ethyl ligand is 

extended away from the metal (Figure 7.5). Instead, transient oagostic interactions occur 

between the Ca-H bonds of the ethyl ligand and the metal, causing the average Zr-Ca-H 

angle to contract to 97°. Two other MD simulations initiated from other orientations of 

IB-IP also underwent the same isomerization, indicating that this rearrangement is a 

general phenomenon and not the result of a specific starting geometry. 
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Figure 7.5. Representative configuration of 1A-IP selected from the 
MD simulation. 

This spontaneous isomerization is surprising given that static calculations on the 

cation-only system show that the /3-agostic configuration (IB) is 2.7 kcal mol-1 more 

stable than the o-agostic configuration (Scheme 7.4, 1A) on the PES. As this 

isomerization only occurs in the simulation of 1-IP and not in 1, we can surmise that the 

presence of the counteranion stabilizes the 1A-IP configuration. As this isomerization 

occurs facilely and the complex remains in the 1A-IP configuration during the rest of the 

simulation, we can infer that the free energy of 1A-IP is lower than that of IB-IP by at 

least 1 kcal mol-1. We can rationalize this difference in two ways: the greater entropy of 

the 1A state and the electronic stabilization of the 1A configuration by the counteranion. 

While the 2.7 kcal mol"1 potential energy difference of 1A and IB does not 

include the effects of the entropy difference of the two states, the MD simulations will 

inherently sample higher entropy states to a greater degree. We can approximate the 

effect of entropy on the relative free energies of the two states using static statistical 
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mechanics calculations. When the free energies of these two configurations are calculated 

for the cation-only system using the classical harmonic oscillator approximation, 1A is 

only 1.6 kcal mol-1 less stable than IB (1.8 kcal mol"1 using the quantum harmonic 

oscillator approximation, the calculations of free energies using static calculations is 

discussion in Appendix D). This 1.1 kcal mol-1 difference between the relative energies 

and the relative free energies reflects the higher vibrational entropy of 1A compared to 

IB. The increase in vibrational entropy is due to the greater range of motion to the ethyl 

ligand in 1A compared to IB, where the /3-agostic interaction precludes free methyl group 

rotation within the ethyl ligand and rotation around the Zr-C(ethyl) axis. Nevertheless, 

the greater vibrational entropy in 1A alone is insufficient to compensate for the enthalpic 

preference of IB in the cation-only system, as it remains in the IB configuration. 

The second source of stabilization of 1A-IP is due to the electronic effect of the 

counteranion. These effects can are apparent in the relative potential energies of the 

optimized structures of IB-IP and 1A-IP. Within these calculations, 1A-IP is 1.7 kcal 

mol-1 higher in potential energy than IB-IP. As 1A is 2.7 kcal mol1 less stable than IB, 

we can infer that the a-agostic configuration is stabilized by 1.0 kcal mor1 relative to the 

/3-agostic configuration when the counteranion is present. 

To identify the origin of the electronic stabilization of 1A-IP by the counteranion, 

we have examined the electronic structure of the optimized structures of 1A-IP and IB-

IP with and without the counteranion present. One possible explanation of this effect is 

that the counteranion is destabilizing IB-IP by weakening the /3-agostic interaction; 

however, we found that the 3-center bond orders for this interaction were not affected by 

introduction of the counteranion and remained constant at 0.08. As we observed in the 
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static structures of IB-IP, the Mulliken charges and Wiberg bond orders in the 

zirconocene catalyst were only slightly perturbed by the presence of the counteranion 

(~1% difference), suggesting that the rearrangement to the a<-agostic configuration is not 

directly caused by a change in the zirconocene electronic structure. 

•J > 
1B 1A 

M = 2.30 D M = 2.54 D 

Figure 7.6. Structures and dipole moments of IB and 
1A. Dipole moment vectors are indicated by the blue 
arrows. 

As we found for the preferred ion pair orientation of IB-IP, the dipole moments 

of 1A and IB a simple explanation of their relative stabilities in the ion pairs (Figure 7.6). 

In both cases, there is a net attractive Columbic interaction between the cationic charge of 

the zirconocene and the counteranion, although their dipole moments result in differing 

stabilities. The dipole moment in IB is 2.30 D and the dipole moment vector extends 

from the Zr center towards the coordinated ethylene ligand. The dipole moment in 1A is 

2.54 D, a significant increase compared to IB. In this configuration, the dipole moment 

vector extends in the opposite direction from the extended anionic ethyl ligand. As the 

ion pair can have a stronger dipole-anion interaction in the 1A configuration than in the 

less polar /3-agostic form, the oagostic configuration becomes the thermodynamically 

favoured configuration in the presence of the counteranion. 
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When the effect of the increased vibrational entropy of 1A is combined with the 

electronic stabilization due to the counteranion, 1A-IP becomes approximately equally 

stable to IB-IP. These two terms alone do not fully capture the increased stability of 1A-

IP, as the a-agostic configuration is distinctly more stable than IB-IP within the MD 

simulation. This reaffirms the value of MD simulations, as the stabilizing effect of the 

counteranion is not fully realized by the static calculations. 

7.2.3. fi-Agostic to a-Agostic Isomerization Dynamics 

The transformation of the /3-agostic to the oagostic configuration is an intriguing 

example of a facile configurational isomerization of a coordination complex. Although 

these isomerizations are ubiquitous in organometallic chemistry, they are often difficult 

to model computationally, as they involve subtle, low-energy changes in many 

coordinates simultaneously. In this instance, we can gain insight into the /3-agostic to a-

agostic isomerization process by analysis of the critical coordinates in the MD simulation 

where the isomerization occurred spontaneously. 
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Figure 7.7. Structural parameters during the isomerization 
from IB-IP to 1A-IP. The Zr-HT distance is plotted on the 
primary axis, while all angles are plotted on the secondary 
axis. 

The most obvious coordinate for this isomerization is the Zr-Hx distance, which 

undergoes normal oscillations for the first 1000 fs of the simulation (Figure 7.7). At the 

1200 fs point in the trajectory the Zr-HT distance increases to a range near 2.5 A, 

corresponding a transient structure where the /3-agostic interaction is broken but the ethyl 

ligand has not extended into the a-agostic structure. The complex remains in this 

geometry for approximately 100 fs before the Zr-HT distance increases sharply into a 

range near 4.4 A, completing the isomerization to the extended ethyl geometry at 1400 fs. 

A second structural metric of this interaction is the Zr-Ca-C^ angle. This angle undergoes 

minor fluctuations near its minimum-energy angle of 84° until the 1300 fs point in the 

simulation, at which point this angle increases to a range near 120° that it holds in the 1A-
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IP configuration. The angle between the Ca of the ethyl ligand and the centroid of the 

ethylene ligand (Ca-Zr-ri (C2H4)) undergoes the opposite change, decreasing to 90° from 

120°, consistent with a change in the coordination mode of the metal. This change also 

occurs late in the isomerization, beginning only after the /3-agostic interaction is broken. 

An unintuitive coordinate for the isomerization is the rotation of the n2-

coordinated ethylene ligand (defined by the dihedral angle between the centroid of the Cp 

ligand, the metal, and the C-C axis of the ethylene). This dihedral angle begins in the 90-

100° range, corresponding to the minimum potential-energy structure of IB where the 

ethylene eclipses the ethyl Ca-C/3 bond. Over the course of the first 1 ps of the simulation, 

this dihedral undergoes a large fluctuation, rotating into a range between -10 to 20°, an 

orientation normal to the ethyl Ca-C^ bond. The /3-agostic interaction breaks at 1200 fs, 

which coincides with the ethylene ligand assuming this new orientation. 

Based on the analysis of this trajectory, it appears that this isomerization occurs in 

three distinct stages rather than in a single concerted process. In the first stage, the 

ethylene ligand rotates to be perpendicular to the ethyl Ca-C/3 axis. In the second stage, 

the /3-agostic interaction breaks, but the complex briefly retains the coordination mode of 

IB-IP. In the last stage, the Zr-Ca-C/3 and Ca-Zr-r|2(C2H4) angles change from the 

values they hold in the IB-IP coordination mode to their values in the coordination mode 

of 1A-IP. The other trajectories where this isomerization occurs show the same 

qualitative mechanism. 
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7.2.4. Ion Pair Dynamics 

To better understand the solution structure of 1A-IP, we analyzed the ensemble of 

ion pair structures generated from a 50 ps MD simulation of 1A-IP. Throughout the MD 

simulation, the complex maintained a general orientation where the ethyl group of the 

cation is positioned opposite to the counteranion. The cation remains located adjacent to 

the counteranion at the face opposite to the methyl ligand (Figure 7.5). 
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The first structural parameter we examined is the Zr-B distance, which is a metric 

for the interionic distance. The Zr-B distance has a broad distribution, with distances 

through the range 6.5-7.5 A all having significant probabilities (Figure 7.8). In 

comparison, the minimum-energy geometry of 1A-IP is 6.6 A, on the lower end of the 

distribution and significantly different than the most probable distance of 7.2 A. The Zr-

B distance remains below 8 A throughout the bulk of the simulation as the electrostatic 

attraction between the cation and anion prohibits further dissociation in a non-polar 

solution. The lower end of this range is 6.4 A, the point where steric repulsion between 
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the pentafluorophenyl substituents of the counteranion and the auxiliary Cp ligands of the 

cation begins to dominate. 

100 110 120 130 140 150 160 170 180 

Zr-Ca - B-Me Angle (°) 

Figure 7.9. Probability distribution of the angle 
formed between the Zr-Ca and B-CH3 bonds (red) in 
the MD simulation of 1A-IP. 

The second descriptor of the ion pair orientation we have considered is the angle 

formed between the Zr-Ca bond and the B-CH3 bond. This indicates the variability of the 

angular orientation of the cation and anion. This angle also has a broad distribution, 

although it is restricted to the range of 90-180° (Figure 7.9). The most probable angle 

within the distribution is 150°, compared to a minimum-energy angle of 163°. The 

distribution has a strong bias for angles ±20° of the 150° maximum. 

The breadth of these distributions and the large difference between the minimum-

energy geometry and the most probable geometries illustrates the difficulty of modelling 
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ion pairs using geometry optimizations alone. As these outer-sphere ion pairs interact 

predominantly through non-bonded electrostatic and van der Waals interactions, a broad 

range of orientations can be achieved at 300 K and individual minimum potential-energy 

orientations are not necessarily representative of this distribution. 

7.2.5. ^-Hydrogen Transfer 

In addition to our study of the preferred ion pair structure and dynamics, we also 

used QM/MM calculations to study the effect of the counteranion on the j8-hydrogen 

reaction. In the first stage of our study, we performed a static coordinate scan along the 

C/r-Hx coordinate of 1 and 1-IP, beginning in IB and 1B-IP geometries, respectively. 

The complex was optimized subject to a constraint of the C^-HT bond length at 0.025 A 

increments in the range of 1.0-2.5 A, corresponding to the /3-hydrogen transfer of HT. 

The potential energy profiles of these coordinate scans are plotted in Figure 7.10. 
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Figure 7.10. Potential-energy coordinate scan of the C ^ H T 
bond for /3-hydrogen transfer for IB and IB-IP. 

In the profile of 1, the reactant and product structures are equivalent. The 

transition state occurs at C^-HT = 1.5 A for IB, with a barrier height of 9.5 kcal mol1 . 

For the profile of 1-IP, the minimum located at C^-HT = 2.2 A is more stable than the 

minimum located at C ^ H T = 1.15 A by 2.2 kcal mol-1. This difference in stability is due 

to the orientation of the counteranion, as the more stable minimum corresponds to IB-IP, 

while the second minimum corresponds to an orientation where the counteranion is 

adjacent to the anionic ethyl ligand (Figure 7.10, 1B2-IP). This is in keeping with the 
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results of Section 7.2.1, where we found that there is an energetic preference for ion pair 

orientations where the counteranion is adjacent to the formally neutral ligands. With the 

counteranion present, the transition state occurs slightly later (C^-iij = 1.475 A) and the 

barrier height is marginally higher (10.7 kcal mol1 with respect to IB-IP). Both these 

effects reflect that the product state is less stable than the reactant state due to the 

orientation of the counteranion. In keeping with Hammond's postulate,51 the higher-

energy product results in a destabilization of the late portion of the reaction coordinate 

and a higher barrier. 

To determine the effect of the counteranion on the /3-hydrogen transfer reaction 

more rigorously, we have calculated the potential of mean force (PMF) for this reaction 

using 15 40 ps MD simulations in an explicit pentane solvent, restrained at 0.1 A 

increments between QS-HT = 1.0-2.5 A. These simulations used harmonic restraints with 

force constants of 150 kcal mol-1 A"2. Each simulation was equilibrated for 10 ps before 

the production run. The PMF was determined from these simulations using the Weighted 

Histogram Analysis Method (WHAM), which is widely used to calculate free energy 

profiles in conjunction with MM force fields, but has only recently been applied using 

AIMD (see Appendix B for a full derivation and discussion of WHAM).52"55 Error bars 

were determined based on an estimated correlation time of 50 fs. The PMF of the /3-

hydrogen transfer in 1 and 1-IP are presented in Figure 7.11. Although in principle the 

counteranion could move to an entirely distinct orientation during these simulations, in 

practice this does not occur, as the length of the simulation is shorter than the time scale 

for a large-scale repositioning of the counteranion. 
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Figure 7.11. PMF of the C r̂-Hx bond for /3-hydrogen transfer 
for 1 and 1-IP. 

The computed PMF gives the relative Helmholtz free energies along the reaction 

coordinate. The effects of entropy, the solvent, and in the case of 1-IP, the counteranion 

are inherently expressed in the free energy at that point of the coordinate, without relying 

on the harmonic approximation. Although the Helmholtz free energy strictly relates to the 

thermodynamic internal energy (AU) of the system (Eq. (7.1)), we can relate the PMF to 

our potential-energy coordinate scan by assuming that AU at a point on the coordinate 

can be approximated by the relative potential energy (AE) at that the same point in the 
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potential-energy coordinate scan. Within this approximation, the difference between 

energies on the two profiles is due entirely to entropy term in Eq. (7.1) (-TAS). 

AA = AU-TAS (7.1) 

One result of the inclusion of entropy in the reaction profile is that the minima on 

the energy profile of 1 are no longer symmetric. This is due to the presence of the C/r-Hx 

restraint, which prevents the Zr-n (C2H4) stretch and internal rotation in IB, as the 

C/3(ethylene)-HT distance is restrained in the IB minimum but not in the 1B2 minimum. 

This causes to a free energy difference of 2.1 kcal moi-1 between the two minima, 

reflecting the large degree of configurational freedom associated with the ethylene ligand 

in 1, which was discussed in detail in Chapter 6. 

We can determine the relative free energies of IB-IP and 1B2-IP despite the bias 

due to the restraint by noting the 1B2-IP minimum is 2.0 kcal moF1 higher in free energy 

than 1B2. As the IB and 1B2 are equivalent structures, their unbiased free energies are 

necessarily equal. Therefore, if we assume that the counteranion does not have large 

impact of the relative entropies of the two states, 1B2-IP must also be 2.0 kcal mol"1 

higher in free energy than IB-IP. This is in good agreement with the 2.1 kcal mof-1 

difference determined with the PES scan. 

The free energy barriers of /3-hydrogen transfer show a sizable influence of 

vibrational entropy. As the free energies of IB and IB-IP are affected by the restraint, 

these barriers are best discussed in terms of the barriers of the reverse reactions, from 

1B2 and 1B2-IP to IB and IB-IP, respectively. The activation energy for /3-hydrogen 

transfer from 1B2 to IB is 11.8 kcal moF1, compared to the potential energy barrier 

height for this reaction of 9.5 kcal mol1 . Similarly, the activation energy for /3-hydrogen 
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transfer from 1B2-IP to IB-IP is 10.5 kcal mol-1, compared to the potential energy 

barrier height for this reaction of 8.2 kcal mol-1. The activation free energy of 1B2-IP to 

IB-IP is 1.3 kcal mol-1 lower than the 1B2 to IB reaction, which is equal to the 

difference in potential energy barriers, indicating that the effect of the counteranion on 

this reaction can be successfully explained by potential energy effects alone and are 

effectively unchanged on the free energy surface. 

The absolute differences between the free energy barriers and the potential energy 

barriers show a notable trend. Applying the assumption that the relative internal energy 

can be approximated at the relative potential energy again, we can approximate the 

difference between the free energy barriers and the potential energy barriers as the 

vibrational entropy component of free energy of activation (-TAS+), as translational and 

rotational entropy changes are negligible. This difference is 2.3 kcal mol-1 for both the 

1B2 to IB and the 1B2-IP to IB-IP |S-hydrogen transfer, yielding an entropy of 

activation of -7.7 eu. The entropy of activation calculated using static QC calculations 

within the harmonic oscillator approximation is only -1.3 eu (both the classical and 

quantum harmonic oscillator approximations give the same result), a factor of 6 smaller 

than the activation entropy estimated from the PMF calculation. 

The general guidelines for the entropy of activation of an intramolecular reaction 

is that it should be small and negative (-1 to -4 eu). This reflects that the transition state 

is more ordered and vibrationally stiffer than the reactants, although this change in 

entropy is characteristically an order of magnitude smaller than those seen for associative 

or dissociative reactions.56 Several intramolecular organometallic reactions with larger 

entropies of activation have been recently been reported; such as AS* = -5.2 eu for a /3-
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hydride elimination of a Pd-ethyl ligand57 and AS* = -6.7 eu for the insertion of styrene 

into a Pd-Me bond.58 Large vibrational entropy changes in inorganic reactions have been 

investigated Marder et al., who ascribed the large vibrational entropy change of-30 eu in 

the oxidation of an iron tris(c^diimine) complex to the stiffening of metal-ligand 

vibrational modes when the metal is oxidized.59"61 This large contribution of the 

vibrational entropy to the activation free energy could be a common feature in inorganic 

chemical reactions. 

Dihedral Angle 
Figure 7.12. Probability distributions of Zr-Ca-C^Hx (inset, 
labelled red) dihedral angle for MD simulations of the free 
reactant complex and a restrained simulation at the transition 
state on the PMF. 

The decrease in vibrational entropy in the transition state of the /3-hydrogen 

transfer reaction can be attributed to several sources. The most obvious is the loss of Zr-

r|2(C2H4) stretching and hindered rotation at the TS. Less obvious is the loss of 

vibrational freedom of the ethyl ligand. The /3-agostic interaction in IB is relatively weak, 

so there is significant torsional flexibility in the Zr-Ca and CQ-C^ bonds in IB (Figure 

7.12, inset). For example, Figure 7.12 shows the distributions of the Zr-Ca-C/r-Hx 
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dihedral in the free MD simulation of IB and distribution sampled near the transition 

state (the restraint parameters were: ro = 1.5 A, k = 300 kcal mol-1 A~2). This corresponds 

to a decrease in the configurational freedom of the ethyl ligand when it assumes an 

appropriate geometry for the /3-hydrogen transfer, consistent with the large entropy of 

activation. In this case, the harmonic oscillator approximation underestimates the 

configurational freedom of the complex, which causes the entropy of activation 

calculated with this method to be much smaller. 

Both the PES and PMF profiles indicate that the effective barrier for the reaction 

of IB-IP to 1B2-IP is increased by approximately 1 kcal moF1 due to the presence of the 

counteranion. This can be attributed to the formation of 1B2-IP in the /3-hydrogen 

transfer, which has a less favourable counteranion orientation. These calculations indicate 

that the presence of the counteranion lowers the absolute rate of the /3-hydrogen transfer, 

as this reaction leads to a state where the ion pair is in a less stable orientation. 

Quantitatively modelling the effect of the counteranion on the polymerization 

activity of this catalyst would require simulations of all the steps in the catalytic cycle, 

including the coordination of the olefin to the metal, the isomerization between the a-

agostic to /3-agostic configurations, and the olefin insertion step. Nevertheless, we can 

draw some inferences on the influence of counteranion on the catalytic activity from 

these simulations. The stabilization of the oagostic configuration relative to the /3-agostic 

configuration should favour propagation over chain termination as the olefin complex is 

in an appropriate geometry for insertion in the a-agostic configuration, but would have to 

go through an endergonic isomerization from the a-agostic configuration to undergo /3-

hydrogen transfer. Furthermore, the effective increase in the /3-hydrogen transfer barrier 
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due to the destabilization of the 1B2-IP configuration lowers the rate of chain 

termination. This suggests that the presence of the counteranion should favour the 

production of high molecular weight polymers. 

7.3. Conclusions 

We have used AIMD simulations of the cation-only model zirconocene catalyst 

Cp2Zr(CH2CH3)(C2H4)+ (1) and its analogous ion pair 

[Cp2Zr(CH2CH3)(C2H4)][CH3B(C6F5)3] (1-IP) in an explicit MM pentane solvent to 

study the effect of a counteranion on the zirconocene-olefin complex. We found that the 

most stable configuration of 1 contains a (8-agostic interaction between the ethyl ligand 

and the metal (IB) and this structure is preserved throughout our MD simulation of this 

complex. In contrast, although there is an analogous minimum-energy of 1-IP with a /3-

agostic interaction (IB-IP), this complex underwent a facile isomerization to an o-agostic 

configuration (1A-IP) during the MD simulation. This a-agostic configuration is 

stabilized by the presence of the counteranion, as the dipole moment of 1A is larger than 

that of IB, giving 1A-IP a more favourable electrostatic interaction with the 

counteranion. The bonding and charge distribution in the cation was not strongly affected 

by the presence of the counteranion and the preferred orientations of these outer-sphere 

ion pairs is predominantly due to electrostatic effects alone. Synthesis of ion pairs 

analogous to those studied by Brintzinger and Marks that contain alkyl ligands that can 

bond in a?-agostic or /3-agostic modes could provide an experimental test for the 

preference for the a-agostic configuration seen in these simulations. 
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In the second stage of this study, the effect of the counteranion of the /3-hydrogen 

transfer chain termination reaction was determined using a coordinate scan on the PES 

and through calculating the PMF of the reaction using restrained MD simulations. The 

PMF determined using MD simulations was in good qualitative agreement with the PES 

scan of the C^-HT coordinate, consistent with the counteranion effects being primarily 

electrostatic in origin. The role of entropy was surprisingly large, with an estimated 

entropy of activation of -7.7 eu, much larger than that determined using the harmonic 

oscillator approximation. This large entropy of activation results from the torsional 

rotations in the ethyl ligand and Zr-n (C2H4) stretches and rotations, which have a high 

degree of configurational freedom in the reactants, but are diminished or lost at the 

transition state. In this reaction, the vibrational entropy of activation is fully 20% of the 

activation free energy. Although the vibrational entropy is typically thought to have a 

small contribution to activation and reaction energies, many reactions involving transition 

metal complexes could have large vibrational entropy effects due to their fluxional 

structures. 

7.4. Computational Methods 

The static DFT calculations we reported here were performed using Turbomole 

5.962 with the TPSS functional and def2-SV(P) basis set,63 with exception of HT, where 

a def2-TZVPP basis set was used to correctly represent the polarization of this atom 

during the /3-hydrogen transfer. Static QM/MM calculations were performed using our 

own QM/MM code interfaced with Turbomole 5.9. 
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This QM/MM code was also used to perform the MD simulations reported in this 

chapter. QM/MM MD simulations were performed by placing the 1 and 1-IP in a cubic 

periodic box of length 44.16 A. A non-bonded cut-off of 10 A was used, with a switching 

function engaged at 8 A. The pentane solvent was represented using the OPLS force 

field.64 The solutes were embedded into a simulation box of neat pentane, equilibrated to 

the experimental density of 0.626 g cm . All MD simulations reported here used the 

velocity-Verlet integration algorithm.65 The simulations were maintained a constant 

temperature of 300 K using a Langevin thermostat ' with a frictional coefficient of % = 

0.1 ps_1. The technical details of this thermostat are included in Appendix A. 

The QM region was coupled to the solvent through Lennard-Jones interactions 

only, as pentane has a very low dielectric constant (e=1.83) and the polarization of the 

solute by the solvent is likely to be very small. Electrostatic interactions between the 

cation and the anion partial charges were treated within the QM calculation. A 1 fs time 

step was used in all the simulations. A full description of our code is included in Section 

7.4.1. The details of our parameterization of the MM force field for the counteranion are 

included in Section 7.4.2. 

7.4.1. Description of the QM-MM/MD Code 

To perform the QM/MM MD simulations in this study, we implemented our own 

MM code interfaced to Turbomole. The code is compatible with PDB coordinate files, 

CHARMM topology (PSF), and CHARMM parameter (PRM) files. The code 

implements the CHARMM force field for MM calculations. Orthorhombic periodic 

boundary conditions with constant dimensions are supported. Non-bonded (electrostatic 
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and Lennard-Jones) interactions between MM atoms are calculated using a fixed distance 

cut-off, such that the non-bonded forces between two particles is zero outside the cut-off 

distance. The cut-off for the electrostatic interactions uses a polynomial scaling function, 
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where the switching function, SW (Eq. (7.4)), is activated between the distance Rcutoff and 

Rswitch- The switching function is a polynomial function that ranges continuously from 1 

to 0 between Rswitch and Rcutoff-

The QM region was coupled with the MM region using the Hamiltonian, 

H. QMIMM 

MM MM 
QM anion QM anion QM MM 

electrons atoms nuclei atoms ry nuclei atoms 

' m ri,m k m 'k,m k m 

(7.5) 

The counteranion atoms were coupled to the QM region through the electrostatic 

terms (the first and second terms on the r.h.s.), where qm is the charge of the MM atom m 
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and Zk is the nuclear charge of QM atom k. All the MM atoms (both counteranion and 

solvent) were coupled to the QM region through the Lennard-Jones term defined in Eq. 

(7.5) via the third term of the r.h.s. 

7.4.2. Development of Counteranion Force Field Parameters 

In order to represent the counteranion of this system using an MM force field a 

complete set of parameters was developed. We have used the CHARMM force field in 

this study to make use of existing parameters for organic solvents. CHARMM force field 

parameters have been developed for a range of solvents, amino acids, proteins, and lipids; 

however, few parameters have been developed for boron. In this section, we describe our 

process for assigning a complete set of parameters for the counteranion. 

The CHARMM force field is comprised of bonded and non-bonded potentials. 

The bonded potential is comprised of a series of summations that model the potentials 

due to bonds, bond angles, dihedral angles, improper dihedral angles, and Urey-Bradley 

bond angle terms. The bond potential term is a sum over all covalent bonds in the system, 

where each bond is represented by a harmonic potential with a spring constant of kb and 

an equilibrium bond length of ro. The bond angle potentials are also harmonic functions, 

where ke is the spring constant and the equilibrium angle is 9o. Dihedral potentials are 

represented by a series of cosine potentials dependent on the dihedral angle, <j>. k^ is the 

maximum potential energy of the dihedral term, n is the multiplicity, and <5 is the phase 

of the dihedral term. Improper torsional terms are represented by harmonic potentials of 

the improper torsional angle oo, where k^ is the spring constant and coo is the equilibrium 

value of the angle. Harmonic 1,3 Urey-Bradley potentials are also included to improve 
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the accuracy of bond angle deformations, where ku is the spring constant and ri^o is the 

equilibrium distance between the two atoms, 

Ubonded = JZk»(r-rof + Z ke{0-0,)2 + £ *,[l + cos ( i* -* ) ] 
bonds angles dihedrals 

+ E k<o(0)-°}o)2+ E ^/(ri,3-ri,3;o) 
impropers Urey- Bradley 

The non-bonded potential is the sum of an electrostatic term and Lennard-Jones 

term. This summation runs over all relevant atoms-pairs, calculating the electrostatic 

energy using Coulomb's law and a 6-12 potential for the van der Waals interactions, 

which are pairwise, isotropic functions of the distance between the two atoms, denoted ry. 

q; and qj represent the partial charges of atoms i and j , £y is the van der Waals well depth, 

and Rmin,ij is the Lennard-Jones distance of the pair, 

Mj 
nonbonded / * / - ij 

1' R ^ 
min,y 

r.. 
V v J 

12 An A6 

- 2 min,i/ 

r.. 
v y j 

(7.7) 

For bond stretches and bond angles where no literature value was available, a 

potential energy scan of the bond of interest using an analogous complex was made using 

B3LYP/6-31G(d). The force constant of the B4-CA bond was fit to the B-C bond in the 

phenyl trihydroborate anion. This complex was also used to generate the force constant 

for the B4-CA-CA angle term. Similarly, the B4-CTL3 (tetravalent boron to tetravalent 

carbon) force constant and the B4-CTL3-HAL3 angle stretch force constants were fit 

using the B-C bond in the methyl trihydroborate anion. The CA-B4-CA bond angle 

parameters were fit to the corresponding angle in the diphenyl dihydroborate anion. 

Finally, the CTL3-B4-CA bond angle force constant was fit to the angle in the phenyl 

methyl dihydroborate anion. 
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Table 7.1. Bond stretch terms in counteranion 
force field. 

Atom Types 

B4 CA 
B4 CTL3 
CA F 

kb 

(kcal moF1) 

198.5 
189.7 
363.8 

ro 

(A) 
1.60 
1.60 
1.344 

Table 7.2. Angle bending terms in counteranion force field. 

Atom Types , , 
(kcal mor1 rad-2) (°) 

B4 
B4 
HAL3 
CTL3 
CA 

CA 
CTL3 
CTL3 
B4 
B4 

CA 
HAL3 
B4 
CA 
CA 

48.8 
33.43 
33.43 
58.47 
64.94 

120.0 
109.1 
109.1 
109.1 
109.1 

Parameters for CA-F bond, bond angles, and dihedrals terms are not part of the 

standard CHARMM force field, so parameters from the Generalized Amber Force Field 

(GAFF)69 were used. Dihedral angles potentials were assigned by analogy to CHARMM 

potentials containing a tetravalent carbon in place of the tetravalent boron. 

We have used the Lennard-Jones coefficients of Rmin = 1.98 A and e = -0.0340 

kcal mol-1 for B4 proposed by Otkidach and Pletnev70 based on a range of boranes, 

borates, and boric acids. Partial charges were calculated using the CHELPG method71 

using the structure and electrostatic potential of the counteranion calculated with 

B3LYP/6-31G(d). The charges on chemically equivalent atoms were averaged to ensure 

consistent values. These charges are presented in Table 7.3. 
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Table 7.3. CH3B(C6F5)3 counteranion 
partial charges. 

Atom Charge 

~B +0.572 
C(methyl) +0.204 
H(methyl) -0.163 
C(ipso) -0.339 
C(ortho) +0.269 
C(meta) +0.167 
C(para) +0.236 
F(ortho) -0.268 
F(meta) -0.195 
F(para) -0.278 

The charges generated using this procedure result in a slightly cationic boron 

center. The methyl-bound hydrogens are slightly anionic, although this is to some degree 

an artifact of the ESP-based CHELPG method, as Mulliken and NPA analysis do not 

predict anionic hydrogens in this case. The pentafluorophenyl ligands have a net charge 

of-0.238. The ipso carbon is the most significantly anionic, while all other carbons in the 

phenyl rings are significantly cationic, as they are bonded to highly electron-withdrawing 

fluorines. Each fluorine carries a significant charge, ranging from -0.195 for the meta 

position to -0.278 in the para position. 

The energy-minimized structure of the counteranion using this force field was 

consistent with the B3LYP/6-31G(d) optimized structure, indicating that these parameters 

are sufficiently accurate to provide a good description of the counteranion geometry. An 

MD simulation of the counteranion in gas phase at 300 K using this force field revealed 

that the geometry of the counteranion is largely static in a tetrahedral geometry. Although 

the methyl group undergoes frequent rotations, the rotation of the pentafluorophenyl 
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groups is hindered by the steric repulsion between the ortho fluorines of the 

pentafluorophenyls and the other substituents of the boron. 
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CHAPTER 8 

New Shooting Algorithms for Transition Path Sampling: Centering Moves and 

Varied Perturbation Sizes for Improved Sampling 

This work has been submitted for publication in The Journal of Chemical Physics 

(A09.09.0559). 

Abstract 

Transition path sampling has been established as a powerful tool for studying the 

dynamics of rare events. The trajectory generation moves of this Monte Carlo procedure, 

shooting moves and shifting modes, were developed primarily for rate constant 

calculations, although this method has been more extensively used to study the 

dynamics of reactive processes. We have devised and implemented three alternative 

trajectory generation moves for use with transition path sampling. The centering-

shooting move incorporates a shifting move into a shooting move, which centers the 

transition period in the middle of the trajectory, eliminating the need for shifting moves 

and generating an ensemble where the transition event consistently occurs near the 

middle of the trajectory. We have also developed varied perturbation size shooting 

moves, wherein smaller perturbations are made if the shooting point is far from the 

transition event. The trajectories generated using these moves decorrelate significantly 

faster than with conventional, constant sized perturbations. This results in an increase in 

the statistical efficiency by a factor of 2.5-5 when compared to the conventional 

shooting algorithm. On the other hand, the new algorithm breaks detailed balance and 
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introduces a small bias in the transition time distribution. We have developed a 

modification of this varied perturbation size shooting algorithm that preserves detailed 

balance, albeit at the cost of decreased sampling efficiency. Both varied perturbation 

size shooting algorithms are found to have improved sampling efficiency when 

compared to the original constant perturbation size shooting algorithm. 

8.1. Introduction 

Many important phase transitions, protein conformational changes, and chemical 

reactions are rare events on the microscopic timescale.1 Atomistic computer simulations 

can offer valuable insights into these events; however, it is generally not possible to 

simulate rare events directly using molecular dynamics (MD) because the event will 

typically occur only after a long waiting period. In this waiting period, the simulation 

remains in the stable state where the simulation began, providing little information about 

the critical reaction event. Depending on the computer resources available and the 

system being studied, the waiting period for the simulation of a single rare event can 

exceed the length of the longest practical MD simulation by orders of magnitude. 

Transition path sampling (TPS) was developed by Chandler and coworkers2"5 as 

an alternative approach for modelling the dynamics of rare events. The fundamental 

process of TPS is to sample the transition path ensemble, an ensemble of MD 

trajectories of length L time steps that begin in reactant state A and end in product state 

B, capturing the reactive event that connects the two states. Path sampling requires that 

the user define two characteristic functions to identify whether a time step of a trajectory 

is in state A or B, but unlike other rare event simulation methods, it is not necessary to 
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define a reaction coordinate. These characteristic functions are generally a function of 

the positions of the constituent particles, x (Eq. (8.1)). 

. , fl, ifxeA,B 
A'BK ' [O, ifxeA,B 

Figure 8.1. Schematics of a shooting move (top) and a shifting 
move (bottom). Deleted time steps of the shifted trajectory are 
dashed, while new steps are grey. 

The transition path ensemble is generated through a Monte Carlo procedure, 

wherein a new trajectory is generated from an existing trajectory in the ensemble. 

Generation of the initial trajectory is discussed in detail in Chapter 2. All subsequent 

trajectories are generated by shooting moves and shifting moves, which we will briefly 

summarize here. 

In a shooting move (Figure 8.1, top), a time step from a trajectory in the 

ensemble is selected at random to serve as the shooting point (xr). The momenta of the 

particles at this time step are randomly perturbed and then MD simulations are run 

forward and backward in time from this new point in phase space. If the resultant 
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trajectory is reactive (hA(xo)=l and hB(xL)=l), it is added to the transition path ensemble. 

Otherwise, the trajectory is rejected and another shooting point is selected. The 

perturbation to the momenta causes the new trajectory to take a distinct course, so the 

trajectories sampled will be decorrelated from each other over a number of shooting 

moves. The size of the perturbation to the momenta can be adjusted so that the 

trajectories are accepted at an efficient rate. Based on efficiency analysis by Dellago et 

al.,8 an acceptance probability of 40% has been widely adopted. 

The second Monte Carlo move used in TPS simulations is the shifting move 

(Figure 8.1, bottom). In a shifting move, N time steps (N «0.01 L) are deleted from one 

end of a trajectory in the path ensemble and the other end of this trajectory is extended 

by N time steps (thus, the trajectory "shifts" by length N). The new trajectory is 

accepted or rejected by the same criteria as for a shooting move. As only N time steps 

are calculated in a shifting move, they are far less expensive than a shooting move, so it 

is common for 100 shifting moves to be run for every shooting move. Typically, the 

majority of the time steps in the trajectories generated by shifting moves will be 

identical to the trajectory they were generated from. Most significantly, the time steps 

where the transition occurs will be identical and will not contribute new data about the 

transition itself. The critical property that is distinct in a trajectory generated by a 

shifting move is the time step in the trajectory where the trajectory enters the product 

region (hB(xt)=l), which is a critical property for calculating a rate constant using TPS 

(vide infra). 

One challenge in the application of the TPS method is in sampling efficiency. As 

shifting moves only generate time-shifted trajectories, the sampling efficiency depends 
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on how quickly shooting moves can generate independent trajectories. A trajectory 

generated by the shooting algorithm will intersect with the trajectory it was initiated 

from in the coordinate space of the shooting point. While the perturbation applied at the 

shooting point will cause the new trajectory to deviate from the old one, successive 

trajectories in the transition path ensemble tend to be significantly correlated. As in other 

Monte Carlo simulations, this correlation reduces the statistical efficiency of the 

sampling.9 

Another limitation of shooting moves is that the acceptance probability can be 

extremely low for rare events where the free energy barrier is especially high or rough. 

Due to the high Lyapunov instability of these systems, even a shooting move made with 

the smallest possible perturbation size (of the order of machine precision) will 

overwhelmingly result in a trajectory that deviates from the reactive trajectory by a large 

enough degree that the generated trajectory will remain in the stable state where the 

shooting point lies, resulting in an unreactive trajectory. Several variations to original 

path sampling procedure have been proposed with the aim of resolving these issues. 

One proposal to address these correlation and acceptance issues is the "one-way 

shooting" technique proposed by Bolhuis.1 In this method, the equations of motion are 

weakly coupled to an Andersen thermostat,11 introducing a stochastic component to 

course of the trajectory. In this way, a distinct trajectory will be generated upon 

integration in one direction from a shooting point, even if no perturbation is applied. The 

sampling using this method was 3 times more efficient than the original path sampling 

method for a model diffusive process, although it has the disadvantage of generating 

stochastic trajectories rather than deterministic trajectories. 
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Another method to address this problem was recently proposed by Griinwald et 

al.12 The "precision shooting" method overcomes the low acceptance probabilities of 

shooting movies that occur in systems with long barriers or metastable intermediates. In 

this approach, it is possible to make a shooting move with an arbitrarily small 

perturbation through an iterative process. Initially, the system is propagated forward in 

time from the shooting point (xr) to a later time step, Xj+t, with a normal-sized 

perturbation. Using a linear approximation to the equations of motion, a series of trial 

trajectories can be constructed such that the magnitude of the deviation from the original 

trajectory at xt is within a fixed tolerance. In effect, this allows an arbitrarily small 

perturbation so that the trajectories will follow the same course to a sufficient degree to 

ensure a significant acceptance rate. In this way, trajectories can be generated with an 

acceptance probability that is sufficient for efficient sampling, even in difficult cases. 

This approach proved successful for the isomerization of a diatomic in a 389 particle 

purely repulsive fluid, where the diatomic interacts through a double-well potential with 

a long and rough barrier, although it was less successful for a system where a metastable 

intermediate exists between the two stable states of the diatomic potential. 

Another path sampling technique employing a modified shooting algorithm is the 

aimless shooting method, developed for the purpose of identifying optimal reaction 

coordinates.13'14 Here, a length, T, is defined with the criteria that is much shorter than 

the full length of the trajectory. One of three time steps is selected as the shooting point: 

L/2 - T, L/2, or L/2 + T. Rather than perturbing the momenta at this shooting point, 

entirely new momenta are generated from the Boltzmann distribution. Restricting the 

shooting points to this narrow range allows a significant acceptance rate without 
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memory of the momenta of the previous trajectory. Trajectories initiated from shooting 

points with high probabilities of being in a transition path are more likely to join the 

reactant and product regions and thus be accepted. As a result, the simulation tends to 

remain in regions where the shooting points have high acceptance probabilities. In 

another approach, Zahn employed an adaptive modification of the shooting algorithm to 

optimize the magnitude of the perturbation in a path sampling simulation of the pressure 

induced Bl to B2 phase transitions of RbBr.15 

These methods demonstrate that the efficiency of a TPS simulation can be 

significantly improved by modifying the shooting algorithm. Fundamentally, these 

methods adjust the way in which the perturbation of a trajectory is made. Shooting 

moves rely on a balance between two opposing features of the dynamics of the system; 

if the newly generated trajectory diverges too rapidly from the trajectory it was 

generated from, it will have a low probability undergoing the transition and being 

accepted, even for very small perturbations. Conversely, if a newly generated trajectory 

does not deviate from the old trajectory sufficiently, the two trajectories will be highly 

correlated and the sampling will be inefficient. 

In order to improve the efficiency of TPS simulations, it is important to consider 

how TPS is used in practice. An important feature of TPS is that it can be used to 

calculate the rate constant of a rare event without defining a reaction coordinate. Dellago 

et al. defined a two step procedure to calculate a rate constant using TPS.8 In the first 

stage, a large ensemble of transition paths are sampled so that the time derivative of 

<liB(xt)> can be calculated. In the second stage, a series of path sampling simulations are 

run with overlapping definitions of B to calculate the probability, P(A,,t), of a trajectory 
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of length L starting in state A and ending at a point along an order parameter X at time t. 

Ref. 8 describes how these quantities can be used to calculate a rate constant. Shifting 

moves are important for these quantities, as they generate converged distributions of 

<hB(xt)> and P(A,,t) far more efficiently than shooting moves alone. 

Although TPS is an elegant and radically different approach for calculating rate 

constants, a large number of trajectories must be sampled for both the transition path 

ensemble and to calculate of P(X,,t). Calculating a rate constant using this two stage 

method was first demonstrated by Dellago et al., studying the isomerization of a 

diatomic in a 2D fluid. To sample the transition path ensemble in the first stage, 3.6 x 

106 shooting moves were made. An additional 2.5 x 106 shooting moves were made in 

the second stage to calculate P(A,,t). Thus, excluding shifting moves, based on a path 

length of 2000 time steps, 5.1 x 109 MD time steps were needed to calculate the rate 

constant of this simple system using TPS. To date, only a handful of studies16"19 have 

calculated a rate constant using TPS because the prohibitive computational cost. 

Path sampling has been much more widely employed to study reaction 

mechanisms. Several important path sampling studies have been published on the 

reaction dynamics of conformational changes biological systems,6'12'16'20"33 phase 

changes,15'34"43 and chemical reactions.44"53 If the purpose of a path sampling simulation 

is to examine reaction dynamics rather than to calculate a rate constant, such as in 

Chapters 4 and 6 of this thesis, it is generally sufficient to sample a far smaller number 

of trajectories and it is not necessary to calculate P(M). Typically, this type of path 

sampling simulation has harvested hundreds or thousands of trajectories. Simulations 

involving a computationally expensive potential, such as an ab initio method, typically 
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sample fewer trajectories, ranging from dozens to a few hundred. For instance, in 

Chapters 4 and 6 of this thesis, only 150 and 350 distinct trajectories were sampled, 

respectively. This led us to consider how the path sampling algorithms can be optimized 

if the only objective of the simulation is to study the dynamics of the reaction 

mechanism. 

In this chapter, we introduce new methods to more efficiently sample the 

transition path ensemble within the framework of existing path sampling algorithms. 

This chapter is divided into three sections. In the first, we describe the model used to test 

our novel TPS algorithms. In the second, we discuss a modification to the path sampling 

procedure that avoids shifting moves. In the third section, we define a novel shooting 

algorithm where the size of the perturbation is varied as a function the position of the 

shooting point, as well as a variant of this method that preserves the detailed balance 

criterion. The sampling efficiency of these varied perturbation size shooting moves is 

compared to the traditional, constant perturbation shooting moves. 

8.2. Model 

A popular test system for path sampling is the isomerization of a diatomic in a 

2D Weeks-Chandler-Andersen (WCA) fluid, based on a model developed by Straub et 

al.54 Each particle interacts through a WCA potential, which is simply the repulsive 

component of the Lennard-Jones potential (Eq. (8.2), Figure 8.2, top).55 A unique pair of 

these particles are defined as a diatomic that interacts through a radial potential with two 

minima: a compressed state and an extended state (Eq. (8.3), Figure 8.2, bottom). This 

potential is defined by two constants, w and h, which correspond to width and height of 
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the barrier, respectively. Figure 8.3 shows the unit cell of the fluid with the diatomic in 

its compressed and extended states. The system is defined to be in state A (compressed) 

if 0.2 a <r <1.3 o and to be in state B (extended) if 1.97 o <r <2.3 a. 

UWCA{r) = 
As 

\r J 
+ e ifr<rW C A=21 / 6cr 

0 ifr>r, WCA 

(8.2) 

Udw(r) = h 1-i r rwCA •w) 

w 
(8.3) 
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Figure 8.2. WCA (top) and double-well potentials (bottom). 
Compressed (A) and extended (B) diatomic states are 
indicated on the double-well potential. 
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Figure 8.3. 2D WCA Fluid with double well diatomic in 
compressed (left) and extended (right) states. 

The isomerization of the diatomic from the compressed state to the extended 

state is a rare event for low energy simulations, as sufficient energy must be localized 

into the vibrational mode of the diatomic in order to cross the barrier. This process 

occurs through collisions between the diatomic and the other particles of the fluid which 

transfers energy into the vibrational mode of the diatomic. Once in the extended state, 

this vibrational energy must be dissipated by the solvent to prevent the diatomic from 

recrossing to the compressed state. This model incorporates many of the important 

features of chemical reactions in solution, such as the localization of kinetic energy into 

a transitional mode and frictional effects of the solvent. The parameters we have chosen 

for this model tend to result in trajectories that cross the barrier ballistically, although 

other studies have adjusted of these parameters and the functional form of the diatomic 

to favour diffusive trajectories.5 

We follow the system of reduced units used in Ref. 8, where masses are 

measured in units of single particles masses (m), lengths are measured in units of the 

Lennard-Jones radius (a), and energies are measured in units of the Lennard-Jones well 

depth (e). Units of time are defined as T = 4mo I s . The velocity-Verlet algorithm57 was 

used for the MD simulations, with a time step of At=0.002 T. The system was composed 
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of 100 particles in a box with a density of 0.7 ml a2. A barrier width parameter (w) of 0.5 

a and a barrier height (h) of 15 e were used for the diatomic potential. The path sampling 

simulations were microcanonical, with a total energy of 100 e. 
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Figure 8.4. Histograms of Vtop and Ttr distributions for a 
transition path ensemble of 10 trajectories. 

Dellago et al.8 defined two trajectory properties to monitor the sampling of the 

transition path ensemble of this system. The first, Vtop, is the total potential energy of the 

system at the time step where the trajectory is at the top of the barrier (r=rwca+w). The 

second, Ttr, is the transition time of the trajectory, which is the number of time steps 

between exiting the compressed state and entering the extended state. The distribution of 

Vtop for a 105 trajectory transition path ensemble follows a Gaussian distribution with a 
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mean of 35.7 e and a standard deviation of 3.2 e (Figure 8.4, top). The distribution 

shows a small positive skew. The distribution of Ttr (Figure 8.4, bottom) is broader and 

has a large positive skew. The mean is 126.5 time steps and the standard deviation is 

32.1 time steps. As these are largely independent properties with vastly different 

distributions, they serve as distinct indicators of the sampling efficiency, correlation, and 

convergence of the transition path ensemble. 

8.3. Centering-Shooting Moves 

Our first modification to the original path sampling process relates to shifting 

moves. Although shifting moves are essential for calculating a rate constant, they are of 

limited benefit if the purpose of the path sampling simulation is only to study the 

dynamics of the reactive event. In this context, the primary benefit of shifting moves is 

to reposition the step in which the reaction event occurs; if the position of the reactive 

event has progressed to either the very start or the very end of the trajectory, the 

generation of new trajectories through shooting moves can be hindered. Additionally, 

many trajectories will spend a disproportionate period of time in either state A or B, 

which can complicate the analysis of these trajectories. 

Shooting moves tend to generate trajectories where the reactive event occurs at 

roughly the same time step of the trajectory, so shooting moves alone cannot efficiently 

move the transition period away from the edge of the trajectory. It is possible to keep 

the reactive event in the middle of the trajectory and avoid shifting moves altogether 

with a minor variation on a shooting move, which we term a centering-shooting move. 

In these moves, the middle of the reaction event is estimated as middle time step of the 
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transition period (Eq. (8.4)). tLA is the last time step where the trajectory is in state A 

(tLA= max[t) e hA (x,) = 1) and tFB is the first time step where the trajectory is in state B 

(tFB = min (?) e hB (x,) = 1). As in a conventional shooting move, a shooting point, xr, is 

selected at random. A shifting move is then incorporated into the shooting move by 

shifting the shooting point, r, of the old trajectory by tmid steps to generate a new position 

for the shooting point, s (Eq. (8.5)). The rest of this process is identical to a 

conventional shooting move, where the momenta at the shooting point are perturbed and 

a new trajectory is propagated forward and backward in time from this point, except that 

the shooting point now holds a different index within the new trajectory than it did in the 

old trajectory. 

tmid ~*LA + 
*FB HA (8.4) 

s = r + tmid-- (8.5) 

This algorithm biases the path sampling to generate trajectories where the 

reactive event occurs at the middle of the trajectory. While this explicitly prevents 

correctly sampling the distribution of <hB(xt)>, which is required for a rate constant 

calculation from the transition path ensemble, these centering-shooting moves are 

suitable for applications of TPS where it is more important to generate a consistent 

ensemble of trajectories for analysis. A similar tactic has been employed by Peters et 

al.,13'14 where the trajectory is shifted such that the commitor probability is near Vi at t = 

L/2. 
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Centering-shooting moves break the detailed balance criterion because the 

generation probability of these moves is not symmetric. For example, the generation 

probability of a centering-shooting move that shifts the transition period from the edge 

of the trajectory to the center would not have an equal generation probability to the 

reverse move. Nonetheless, the distributions of Vtop and Ttr calculated from centering-

shooting moves are statistically equivalent to the distributions generated using a 

conventional shooting/shifting path sampling procedure (^OJ,=35.7 ± 3.2 e, 7̂ . =126.5 ± 

32.1 time steps), indicating that the dynamic properties of the trajectories sampled with 

this technique are not biased. 

Centering-shooting moves are advantageous for TPS simulations which focus on 

mechanistic aspects, as a consistent ensemble of trajectories where the transition event 

occurs near the center of the trajectory are generated. The additional computational cost 

of shifting moves is avoided altogether. Further, the centering-shooting algorithm 

ensures that the randomly chosen shooting points will be no more than half the path 

length from the transition event, which leads to a slight improvement in the efficiency of 

shooting moves, as shooting points far from the transition event have a very low 

probability of being accepted {vide infra). 

While our definition of tmjd given in Eq. (8.4) was found to be effective in this 

system, this definition is somewhat arbitrary and many other definitions could be used. 

An advantage of this definition is that it is not necessary to define a reaction coordinate 

or order parameter, as Eq. (8.4) determines Wd based only on the characteristic 

functions. This definition is particularly appropriate for ballistic transitions, although a 
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more sophisticated definition may be appropriate if frictional effects are dominant in the 

transition. 

8.4. Varied Perturbation Size Shooting Algorithm 

In the original definition of TPS, a shooting move is performed by selecting a 

random time step of a trajectory, referred to as the shooting point. The momenta of the 

particles at this point are then perturbed, typically by adding a component from a 

Boltzmann distribution to the momenta of each atom. In microcanonical TPS 

simulations, these momenta are then rescaled to conserve the total kinetic energy. A 

simulation is then run forward and backwards in time from the shooting point using the 

perturbed momenta. The magnitude of the perturbation is constant for all the shooting 

moves in a path sampling simulation. A calibration simulation is typically performed to 

determine the magnitude of the perturbation that results in an appropriate acceptance 

probability (PaCc)- Correlation analysis by Dellago et al. found that an acceptance 

probability of 40% was most efficient, which has been widely adopted in subsequent 

path sampling studies. 

While Bolhuis10 and Grunwald et al.12 have proposed alternative methods of 

perturbing the trajectories, less attention has been devoted to the selection of the 

shooting point. Due to the Lyapunov instability, the new trajectory will deviate to an 

exponentially greater degree as the trajectories extend from the shooting point. As a 

result, shooting points that are close to the transition period are more likely to cross the 

reaction barrier as well and will therefore be accepted, whereas shooting points far from 
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the transition period will result in trajectories that diverge to such a degree that they will 

not cross the reaction barrier. 
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Figure 8.5. Acceptance probability of trajectories as a function 
of the number of time steps the shooting point (tsp) is from the 
middle of the transition period (Vd). The solid line depicts a 
routine 105 trajectory path sampling simulation with a constant 
perturbation size. The dotted line depicts a simulation where 
the varied perturbation size method is applied. 

To quantify this trend, we have plotted in Figure 8.5 the acceptance probability 

from a simulation with 105 centering-shooting moves as a function of the number of 

time steps between the tmid (Eq. (8.4)) and the shooting point. The probability that a 

trajectory will be accepted declines sharply as the distance between tmid and the shooting 

point increases. For time steps close to the middle of the transition, the acceptance 

probability is nearly 100%, as the new trajectory is initiated from a point where the 

transition is occurring, with little opportunity to deviate from this path. Outside the 

region immediately adjacent to the transition period, the acceptance probability decays 

in a roughly exponential fashion, with extremely low acceptance probabilities for 

shooting points more than 600 time steps from the middle. 
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Figure 8.6. Schematic of varied perturbation size shooting 
move. The magnitude of the perturbation for the shooting 
point near the Vd (5pi) is large, while the shooting point 
further from Vd experiences a smaller perturbation (5p2). 

This behaviour suggests a degree of inefficiency in the conventional TPS scheme 

due to the use of a constant-sized perturbation. To address this issue, larger perturbations 

could be applied to shooting points near the transition period, resulting in a greater 

degree of decorrelation, while smaller perturbations could be applied to shooting points 

far from the transition period so that they are accepted with an appropriate likelihood 

(Figure 8.6). A similar strategy has been proposed for use in transition interface 

sampling. 

From examination of Figure 8.5, we considered Eq. (8.6) as an appropriate form 

for the calculation of the size of perturbation. The appropriate magnitude of the 

perturbation is treated as an exponential decay function with its maximum at the middle 

step of the trajectory. In these moves, a perturbation is generated from a Boltzmann 

distribution then scaled such that its norm is equal to \8p\ , calculated using Eq. (8.6). 

This perturbation is added to the momenta at the shooting point, which is then rescaled 

to conserve the total energy, as in the normal path sampling procedure. 

IM^-M-H^-U) (8-6) 
For our model system, constants A = 0.55 and b = 0.061 resulted in a nearly 

constant acceptance probability of 40% for shooting points up to 1000 time steps from 
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the tmid (Figure 8.5). In general, these parameters can be determined using two 

calibration path sampling simulations where the shooting points are selected from 

narrow ranges of time steps from the transition region and the appropriate perturbation 

size for an acceptance probability of 40% is determined for each window. Constants A 

and b can then be fit to match the appropriate perturbation size for both of these 

windows. 

As in the centering-shooting algorithm, the shooting moves are now dependent 

on the identification of the 'middle' time step (Wd). As such, this varied perturbation 

size shooting algorithm can be combined with the centering-shooting algorithm trivially. 

Nevertheless, the varied perturbation size shooting moves can also be applied in 

conjunction with the shifting moves of a traditional path sampling simulation without 

using centering-shooting moves. 

To test this method, we sampled 105 trajectories using varied perturbation size 

shooting moves with the traditional shifting moves. The distribution of Vtop is 

statistically equivalent the distribution sampled with the constant perturbation shooting 

moves, (f̂  =35.6 ± 3.2 e); however, the distribution of Ttr was slightly biased towards 

shorter transition times and a more narrow distribution (Ttr =125.9 ± 30.9 time steps for 

the varied perturbation size method vs 7̂ . =126.5 ± 32.1 time steps for the constant 

perturbation method). This bias is apparent in the histogram of this distribution, 

presented in Figure 8.7. 
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Figure 8.7. Histogram of the distribution of Tto for a transition 
path ensemble of 105 trajectories sampled using shooting moves 
with a constant perturbation size (red) and varied perturbation 
sizes (blue). 

We attribute the bias in the Ttr distribution to a small violation of detailed 

balance in the varied perturbation size shooting moves. In the original formulation, 

shooting moves were shown to satisfy microscopic reversibility because the generation 

probability of the forward and reverse generation of a trajectory was symmetric. Simply, 

the probability of generating a new trajectory by randomly selecting a time step and the 

perturbation to the momenta is equal to the probability of making a shooting move from 

the new trajectory that generates the old trajectory by selecting the same time step and 

opposite perturbation. The varied perturbation size shooting move we propose here 

violates this symmetry in generation probabilities because the tmid varies between 

shooting moves; even if the same shooting point is selected, the magnitude of the 

perturbation will vary. 

The correlation function <hB(xt)> is essential for calculating rate constants using 

TPS and is closely related to the distribution of Ttr. To test whether the bias in Ttr 
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strongly affects this function, we have calculated <hB(xt)> vs t for this system with the 

traditional, constant sized perturbation shooting moves and the varied perturbation size 

shooting moves we present here. For this purpose, we used the acceptance criteria 

o 

defined by Dellago et al., whereby a trajectory is accepted if hA(xo)=l and if the 

trajectory crosses into B at any point between 0 <t <L, defined as HB(XO,L) = 1 (Eq. 

(8.7)). To generate <hB(xt)>, 105 trajectories were sampled through shooting moves, 

where each shooting iteration was followed by 200 attempted shifting moves, following 

the procedure in Ref. 8. The agreement between the constant perturbation size method 

and the varied perturbation size method is good (Figure 8.8), with only a minor 

deviation between the two methods, indicating this method could be used in TPS rate 

constant calculations despite the bias. 
HB(x0,L) = mzKhB(xt) (8.7) 
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Figure 8.8. Comparison of a traditional, constant perturbation 
TPS simulation and a varied perturbation size simulation for 
the correlation function <hB(xt)>AB-

8.5. Microscopically Reversible Varied Perturbation Size Shooting Algorithm 

To correct the bias in the varied perturbation size shooting algorithm we 

proposed in Section 8.4, we have also developed an alternative varied perturbation size 

method which satisfies microscopic reversibility. Instead of using the optimal 

perturbation size calculated using Eq. (8.6), we draw the perturbation size, \Sp\, from a 

normal distribution with a maximum at this optimal perturbation size, \dp\ , 

determined using Eq. (8.8). 
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Figure 8.9. Schematic of the perturbation size calculation for the 
microscopically-reversible varied perturbation shooting move. 
The solid line shows the optimal perturbation size, |5p|opt, as a 
function of the number of time steps between the shooting point 
and the middle step, jtsp-tmidU (bottom axis) with optimal 
perturbations size calculated for a hypothetical old and new 
trajectory (superscripts o and n, respectively). The probability 
distributions (top axis) of the perturbation size for these optimal 
perturbations are plotted as dashed lines. 

^(M)=—ir«p 
(JSITI 

-(M-NJ 
2a2 (8.8) 

A schematic of this method is presented in Figure 8.9. To maintain detailed 

balance with the varied perturbation shooting algorithm, the acceptance probability must 

be modified according to: 

P.r"=min l,hA(x"0)HB(xn
0)exTp 

2a2 (8.9) 
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where \Sp\° and \Sp\" are the optimal perturbation sizes for the shooting point in the 

old and new trajectories, respectively. (Details of the derivation of the acceptance 

probability are given in Supplementary Section 8.8) We have run a 105 trajectory path 

sampling simulation using this method using a perturbation-size standard deviation of a 

= 0.005. The method generates distributions of Vtop and Ttr that are in close agreement 

with the standard path sampling method ( ^ = 3 5 . 6 ± 3.2 e, Ttr= 126.3 ±31.5 time 

steps). Significantly, the bias in the distribution of Ttr is eliminated and the distribution 

now matches that of a traditional, constant perturbation path sampling simulation within 

statistical error, as depicted in Figure 8.10. 
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Figure 8.10. Histograms of transition time (Ttt) distribution for a 
transition path ensemble of 105 trajectories sampled using 
constant perturbation shooting moves and microscopically 
reversible varied perturbation size shooting moves. 

8.6. Sampling Efficiency 

To determine whether the varied perturbation size methods sample the transition 

path ensemble more efficiently than the traditional constant-perturbation shooting 
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moves, we calculated the autocorrelation functions of Vtop and Ttr as a function of the 

number of shooting iterations, including rejected attempts. The simulation perturbation 

sizes were adjusted so that the acceptance rate of the shooting moves was approximately 

35% in each instance for an ensemble of 105 trajectories. For a quantity A, these 

autocorrelation functions are defined as, 

/ x (SA(0)SA(n)) cM \L>\ (8-10) 
where 5A{n) = A{n^-(A{nj) . The correlation functions we present are calculated 

form all possible starting points in the ensemble, such that the origin is shifted across the 

ensemble. The autocorrelation functions of both Vtop and Ttr shows a significantly faster 

decay when varied perturbation size shooting moves are used in comparison to the 

traditional path sampling simulation (Figure 8.11). The autocorrelation function of Vtop 

reaches a value of 10 * after 200 iterations of the constant perturbation size shooting 

moves but drops to 10 after the same number of iterations when the varied perturbation 

size shooting moves are used. The autocorrelation function of T̂ - shows a similar trend, 

with distinctively faster decorrelation when the varied perturbation size algorithm is used. 

This improved decorrelation can be attributed to the larger perturbations made at shooting 

points close to the transition period and a greater acceptance of trajectories generated 

from shooting points far from the transition period. As the additional computational cost 

of the calculation of the perturbation size is negligible, the computational cost of each 

varied perturbation size shooting move is essentially the same as a regular shooting 

move. 
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Figure 8.11. Logarithm of correlation functions as a function of 
the shooting move iteration, n, for properties Vtop (top and Ttr 

(bottom) for 105 trajectory simulations with constant perturbation 
size shooting moves (solid), varied perturbation size shooting 
moves (dashed), and microscopically reversible varied 
perturbation size shooting moves (dotted). 

The microscopically reversible variant of the varied perturbation size shooting 

move shows slower decorrelation that our original varied perturbation algorithm. We 

attribute this decrease in efficiency compared to the original varied perturbation size 

algorithm to several causes. Firstly, although we use a fairly narrow distribution, the 

perturbation size chosen from the distribution may be smaller or larger than the optimal 
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perturbation size, eliminating some of the efficiency gained by the variable perturbation 

size. Secondly, not all reactive trajectories are now accepted due to the modified 

acceptance probability of Eq. (8.9) that is dependent on the difference in the optimal 

perturbation size, \Sp\ , between the new and old trajectories. Due to the rejections 

resulting from this term, the optimal varied perturbation size parameter was adjusted to A 

= 0.25 from A = 0.55 to maintain an overall acceptance rate of 35%. With these 

parameters, approximately 29% of reactive trajectories are rejected by the perturbation 

size factor. This significant rejection rate due to the perturbation size is particularly 

problematic because the trajectories are more likely to be rejected if \Sp\° and \dp\" 

are substantially different, indicative of highly decorrelated trajectories where the tmjd 

point has moved significantly between the old and new trajectories. 

To further quantify the improvement in sampling that occurs when a varied 

perturbation size is used, we have calculated the statistical inefficiency of path sampling 

simulations with constant and varied perturbation sizes for the distributions of Vtop and 

Ttr. The statistical inefficiency was calculated using block averaging,59 where the 

ensemble is divided into blocks of n successive steps. As the block size becomes larger, 

their averages become statistically independent estimates of full ensemble average. 

Freudberg and Cameron define the statistical inefficiency (r) as the limiting ratio of the 

variance of the block means calculated using a block of size n and the variance of the 

entire ensemble (Eq. (8.II)).60 This inefficiency can be interpreted as the factor by 

which the sampling should be increased to compensate for the correlation between 

successive values in the ensemble. 
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Figure 8.12. Statistical inefficiency of path sampling simulations 
for Vtop and Ttr distributions using the constant perturbation size 
method, the varied perturbation size method, and the 
microscopically reversible varied perturbation size method. 

For the path sampling simulation with a constant perturbation size, the statistical 

inefficiency of Vtop converges to a value of approximately 90 (Figure 8.12). When a 

varied perturbation size is used, r converges to 35, indicating that the varied perturbation 

size increases the efficiency by a factor of 2.5. Similarly, the statistical inefficiency of 

the sampling of Ttr converges to value of approximately 40 for constant perturbation size 

shooting moves, but drops to 8 when a varied perturbation size is used, indicating that 

the efficiency is improved by factor of 5. This is consistent with the results of the 

autocorrelation function, which showed significantly improved efficiency for the varied 

perturbation size shooting moves. 
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The microscopically reversible variant of the varied perturbation size shooting 

algorithm we describe in Section 8.5 has a significantly different statistical inefficiency 

than our original varied perturbation size shooting algorithm. The plot of the statistical 

inefficiency of both Vtop and Ttr in Figure 8.12 shows that the microscopically reversible 

algorithm is significantly more statistically inefficient than the original varied 

perturbation size method, but is still less inefficient than the constant perturbation size 

algorithm. Specifically, the statistical inefficiency of the microscopically reversible 

method was found to be r = 60 and r = 30 for Vtop and Ttt, respectively, which compares 

to r = 35 (Vtop) and r = 8 (Ttr) for our original varied perturbation size method and r = 90 

(Vtop) and r = 40 (Ttr) for the constant perturbation size method. 

This analysis demonstrates that the use of a varied perturbation size can 

significantly improve the efficiency of a transition path sampling simulation. As the 

varied perturbation size method we propose in Section 8.4 is significantly more efficient 

and generates only slightly biased distributions, we recommend the use of that method 

over the microscopically reversible method. It is possible that judicious variation of the 

simulation parameters or the type of distribution used to generate the perturbation sizes 

could improve the efficiency of the microscopically reversible method. 

8.7. Conclusions 

We have devised and evaluated three novel TPS trajectory generation moves. 

The centering-shooting move incorporates a shifting move into a shooting move such 

that the transition period occurs near the middle time step of the trajectory. While this 

biases the location of the transition period, the distributions of ensemble properties Vtop 



201 

and Ttr match those generated with a conventional TPS simulation. This sampling 

procedure eliminates the need for shifting moves, which simplifies both the path 

sampling procedure and analysis of the trajectory ensemble if one is only interested in 

characterizing the transition paths. However, if one is interested in rate constant 

calculations, the centering-shooting moves cannot be used as the <hs(t)> correlation 

function will not be sampled properly. 

The second move we have proposed is varied perturbation size shooting moves. 

In the original definition of shooting moves, the size of the perturbation made at a 

shooting point is constant, although shooting moves made further from the transition 

period have a much lower acceptance probability. We have found that it is possible to 

vary the perturbation size so that the acceptance probability is approximately constant 

for all shooting points by defining the perturbation size as an exponential decay with 

respect to the number of steps between the shooting point and the transition period. 

Correlation function and block average analysis of Vtop and T^ show that the sampling is 

2.5-5 times more efficient when a varied perturbation size is used. This method can be 

easily implemented into existing path sampling codes and the additional computational 

cost is negligible. 

A small bias was introduced into the distribution of the transition times sampled 

using the varied perturbation size shooting moves due to the violation of detailed 

balance in generating perturbations. We have developed an alternative varied 

perturbation size method where the perturbation is drawn from a Gaussian distribution 

centered at the optimal perturbation size for that shooting point. This introduces an 

additional acceptance criterion which restores detailed balance. Although this corrects 
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the small bias in the transition times, the statistical efficiency is significantly poorer than 

for our original varied perturbation size method. Nevertheless, the microscopically 

reversible varied perturbation shooting algorithm remains more statistically efficient 

than the constant perturbation size method, suggesting that further development this 

method could be worthwhile. 

8.8. Supplementary Section: Derivation of the Acceptance Probability of the 

Microscopically Reversible Varied Perturbation Size Shooting Algorithm 

The derivation of the acceptance probability of the microscopically reversible 

varied perturbation size shooting algorithm (Eq. (8.9)) described in Section 8.5 follows 

the derivation of the acceptance probability of deterministic microcanonical TPS by 

Bolhuis et al.61 The distribution function, pMC (x0), for the microcanonical ensemble is 

a delta function of the Hamiltonian, H at the phase space coordinate, x, and the total 

energy, E, normalized by the partition function, QMC-

PMC(*) = ^ T 1 i (8-12) 

The distribution function for the trajectories connecting states A and B with time 

T for this ensemble can be simplified to depend only on the phase space coordinates of 

the first step the trajectory, xo. 

JAB[XO)= r . x , v , , (o-l J) 

)P{Xo)hA{x0)HB{x0)dx0 

As such, the detailed balance criterion for the generation of a new trajectory is, 
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f ( y°\ P°^n p 0 _ > " — f ( yn\ p»-+° pn 

J AB \ A 0 ) rgen 1 ace J AB {^0 J rgen rac ace (8.14) 

where P is the probability of generating a new trajectory and Pacc is the probability of 

accepting a trajectory. Acceptance of trajectories is now done according to the Metropolis 

criterion, 

P£n = min 
acc 

gen 
(8.15) 

As shooting moves are performed in such a way that total energy is conserved, 

the microcanonical distribution function simplifies to a test of whether or not the new 

trajectory is reactive via the characteristic functions, 

C="̂  l,hA(x"0)HB(x"0) 
pn-+o 

gen 

gen 

(8.16) 

The shooting point is selected at random and the trajectory generation is 

symmetric aside from the magnitude of the perturbation, so the generation probability is 

equivalent to the distribution we defined for the perturbation size distribution of the 

trajectory (Eq. (8.9)). 

^ r = m i n 
. l } { } P°pert(\8p\) 

(8.17) 

Expansion and simplification of .Ppert(|<?>p|) yields an acceptance probability 

dependent on the perturbation size chosen, \8p\, and the optimal perturbation size for that 

shooting point in the old and new trajectories, 
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P"n = min l,hA(xn
0)HB(xn

0)exp 
MM, -I^I;)+(I^I;)2-(IH;) 

2a2 (8.18) 
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CHAPTER 9 

Summary and Outlook 

Throughout this thesis, we have attempted to go beyond the standard techniques 

for modelling organometallic chemistry using QC methods. In Chapters 3 and 5, we 

demonstrated the ability of static QC calculations to explore complex organometallic 

catalytic cycles by elucidating the mechanism of the Ru-hydride catalyzed H2-

hydrogenation of olefins and then designing a new catalyst based on our results. These 

studies also serve to highlight the limitations of these methods, as only optimized 

structures were examined and it was necessary to employ the harmonic oscillator 

approximation to calculate the reaction free energy profiles. This illustrates the potential 

benefits of using MD to characterize organometallic reaction mechanisms more 

thoroughly. 

Straightforward MD simulations cannot be used to study most chemical reactions, 

as the system will only cross the reaction barrier after an unpractically long simulation. 

This is a fundamental problem in molecular simulation known as the rare event problem. 

TPS is an exciting new tool for overcoming this problem; however, it was necessary to 

develop methods to generate the initial trajectory for these simulations, which is 

particularly challenging for AIMD simulations. In Chapter 2, we proposed several 

methods for generating these initial trajectories, including orbital-biased dynamics and 

high temperature simulations, although initiating an MD simulation from the potential-

energy TS is a simple and effective solution. We used this technique successfully in both 

of our TPS simulations of organometallic reactions (Chapters 4 and 6). This issue is not 
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completely resolved, as it may not be practical to identify a potential-energy TS in some 

complex organometallic reactions. In these instances, it may be necessary to use a more 

sophisticated technique, such the bias annealing method of Hu and Dinner1 or 

metadynamics.2 

TPS allowed us to study the unbiased dynamics of two important organometallic 

reactions: the Ru-hydride catalyzed H2-hydrogenation of ethylene and /3-hydrogen 

transfer in a model zirconocene olefin polymerization catalyst. These simulations 

revealed surprising features about the structures, bonding, intermediate lifetime, and 

fluctuations associated with these reactions. MD was essential for identifying these 

features, as they could not be determined directly from the reaction PES. 

The TPS simulations on the Ru-hydride olefin insertion reported in Chapter 4 

represent an interesting new method to study apparent non-RRKM effects in 

unimolecular reactions. The Ru(IV)-dihydride formed from the ethylene insertion step of 

this reaction had a much shorter lifetime than was predicted using classical RRKM theory 

due to a localization of vibrational energy in the Ru(H)2 bending modes. By performing a 

TPS simulation on the step immediately preceding unimolecular decay, we generated 

more realistic vibrational energy distributions, where vibrational energy was localized in 

reactive vibrational modes, as opposed to the random distributions assumed in RRKM 

theory. Based on its success in this example, TPS has excellent potential for studying 

non-RRKM effects chemical reactions, as well as other dynamic rate effects, such as 

barrier recrossing. 

Our AIMD simulations of the /3-hydrogen transfer reaction, presented in Chapter 

6, focused on the structures and dynamics of this reaction. Although equilibrium MD was 
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effective for modelling the configurational freedom of the reactant complex and the facile 

in-place methyl rotation, TPS was needed to model the /3-hydrogen transfer reaction. In 

this instance, the analysis of the transition path ensemble showed that trajectories could 

cross the barrier at a wide range of structures. This highlights a second deficiency of 

static calculations, in that only minimum-energy structures are considered, despite the 

large degree of configurational freedom found in some organometallic complexes. 

Bonding analysis of selected TPE trajectories also showed a surprising deviation from the 

static results. The Zr-H bonding at the transition state was found to be systematically 

greater in the dynamic simulations than in the static structures. The use of bonding 

analysis in conjunction with AIMD is an exciting avenue for research in the future. 

Chapter 7 represents the most sophisticated modelling of this thesis. Using a 

QM/MM model, we incorporated the effects a borate counteranion on the olefin-complex 

of a zirconocene polymerization catalyst. The bare-cation and borate ion pair were 

simulated using MD in an explicit pentane solvent using periodic boundary conditions. 

Even in this complex, where the electronic structure is surprisingly impervious to the 

effect of the counteranion, there was a sizeable energetic preference for an ion pair 

orientation with the most favourable interaction between the dipole of zirconocene and 

the counteranion. This dipole-counteranion interaction induces an isomerization of the 

zirconocene alkyl ligand to an oagostic configuration instead of the /3-agostic 

configuration that is preferred in the cation-only complex. AIMD is well-suited for 

modelling the solution dynamics of organometallic ion pairs, as these structures have a 

significant freedom of movement and are difficult to represent using MM force fields. 

Inorganic complexes with a more polar ligand structure or occupied polarizable d-orbitals 
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could show a more pronounced counteranion influence and are exciting subjects for 

AIMD simulations in the future. 

While the equilibrium dynamics simulations of Chapter 7 and the reaction 

dynamics of the /3-transfer reaction that were modelled using TPS in Chapter 6 are 

descriptively useful, we also wanted to demonstrate the ability of AIMD as a means to 

quantitatively determine activation free energies. In the second part of Chapter 7, we 

used Weighted Histogram Analysis Method (WHAM) in conjunction with AIMD to 

calculate the PMF of the /3-hydrogen transfer reaction. Although computationally 

demanding, this method provides a rigorous alternative to the use of the harmonic 

approximation to calculate free energies. The vibrational entropy of activation calculated 

using the harmonic oscillator approximation was much smaller than the vibrational 

entropy of activation estimated from the PMF, suggesting that static calculations of 

absolute free energies of activation could be significantly in error in some organometallic 

reactions. 

Despite the success of these simulations, there are significant issues to be resolved 

in further research. The TPS simulations of Ru-catalyzed hydrogenation and the /3-

hydrogen transfer each took several months to generate a sufficient number of distinct 

trajectories (150 and 350, respectively) to perform a quantitative analysis of this 

ensemble. The statistical inefficiency of transition path sampling is also a major problem, 

as conventional shooting moves generate strongly correlated trajectories. The varied 

perturbation shooting algorithm we propose in Chapter 8 provides a significant 

improvement to the sampling efficiency and further development of trajectory generation 

algorithms could make it more practical to generate a representative ensemble. 
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More broadly, the inherent computational cost of AIMD simulations remains a 

major obstacle to their more widespread use. Both the AIMD TPS simulations and PMF 

calculations we presented in this thesis required months of computation to yield 

quantitative results. In contrast, static modelling of a reaction mechanism can be 

completed within weeks. Although the time and computational cost of these AIMD 

simulations is justifiable if the static calculations fail to provide a complete model of the 

reaction mechanism, these simulations are currently too expensive to be used for routine 

modelling. Furthermore, our AIMD simulations were restricted to moderate-sized 

catalysts (17 and 34 atoms for the Ru hydrogenation catalyst and Zr polymerization 

catalysts, respectively); larger catalysts that cannot be approximated with QM/MM 

methods will be even more computationally demanding. Continued improvements in 

computer hardware will make it possible to run these simulations within shorter time 

frames; however, the full DFT energy and gradient evaluation at each time step is 

intrinsically computationally demanding. Tight-binding DFT could help resolve this 

issue, as these recently-developed methods have a much lower computational cost than 

traditional DFT and have been moderately successful in modelling some transition metal 

containing complexes.4 

A final aspect of organometallic reaction dynamics that would benefit from 

further research is nuclear-quantum effects, such as zero-point energy and the 

quantization of vibrational energy. Throughout this thesis, these effects were neglected 

due to our use of Born-Oppenheimer MD. This approximation is especially significant 

for reactions where bonds involving hydrogen are broken or formed, which is common in 

homogenous catalysis. Path-integral methods5 can be used to correct for these nuclear-
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quantum effects within the framework of MD and could be particularly useful in 

modelling organometallic complexes where nuclear quantum effects are known to be 

significant, such as /3-agostic and nonclassical dihydrogen complexes.6'7 

Computer modelling is already an integral component of research in 

organometallic catalysis, a role that is likely to grow further in the coming years. 

Realistic models of increasingly sophisticated catalysts will require the computational 

organometallic research community to move beyond the standard approximations used in 

static QC studies. The TPS simulations and PMF calculations presented in this thesis 

provide powerful tools to model the reaction dynamics and free energy profiles of 

organometallic reactions in a rigorous but practical manner. 
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APPENDIX A 

Molecular Simulation Algorithms 

A.l. Equations of Motion for Molecular Dynamics 

The molecular dynamics (MD) simulations are one of the most powerful tools 

used in molecular modelling, they allows the microscopic motion of a chemical system to 

be modeled. To perform an MD simulation, the classical equations of motion must be 

solved for the set of N particles subject to the forces acting on these particles (f). 

»£-/ (A.D 

Newton's second law (Eq. (A.l)) provides the basic relation that can be used to 

derive a solution to these equations of motion. In this equation, r is a vector of all the 

positions of the particles, m is the particle masses, and f is the forces on the particles. 

The force on a particle is equal to the negative of the gradient of the potential with 

respect to the position of the particle (Eq. (A.2)). 

f = -VrU (A.2) 

For some simple two-body systems such as the harmonic oscillator or a particle 

moving in a field, the equations of motion can be solved analytically, yielding an 

expression which gives the positions and velocities of the particles at any point in time. 

MD simulations of more complex, many-body systems require the application of a finite-

difference method, where the positions of the particles are propagated through time 

through a sequence of time steps with a length denoted 5t. 
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One of the most popular MD propagation methods is the Verlet algorithm.1 This 

algorithm is derived by expressing the position of a particle one time step later in time 

using a Taylor series expansion of the position of the particles, r, about time t. In this 

instance, the Taylor series expansion is terminated at the second derivatives of the 

positions and time, 

r(t + St) = r(t) + v(t)St + -a(t)(Stf+®((St)i) (A.3) 

Likewise, an expression can be written for the positions one time step earlier in 

time, 

r(t-St) = r(t)-v(t)5t + -a(t)(Stf+@((Stf) (A.4) 

By neglecting higher order terms in Eq. (A.4) we can create expression for the 

velocities in terms of the positions at the current and previous time steps, as well as the 

accelerations at the current time step, 

r(t)-r(t-Sty\a(t)(St)7 

v ( 0 - ^ (A.5) 

Substitution of the Eq. (A.5) for the velocity term in Eq. (A.3) yields the Verlet 

equation for the positions of the particles, 

r(t + St) = 2r(t)-r(t-St) + a(t)(St)2 (A.6) 

Note that this expression for the positions at the next time step depends only on 

the positions at the current and immediately previous time step, as well as the 

accelerations at the current time step. It is not necessary to compute the particle velocities 
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in this algorithm, although these can be calculated after the fact using the mean value 

theory, 

, , r(t + St)-r(t-St) 

An alternative, velocity-dependent implementation of the Verlet equations has 

been proposed by Swope et al. The velocity-Verlet algorithm is derived by defining a 

new function, 

, x r(t + St)-r(t) 

ot 

Eqs. (A.3) and (A.4) can be rewritten in terms of z, 

r(t + 8t) = r(t-5t) + z(t-St)5t (A.9) 

z(t) = z{t-8t) + f(t)8t (A.10) 

Similarly, the velocities can be expressed as, 

, , z(t)-z(t-5t) 
v{t) = ^ J - ~ ~ (A.H) 

Now expressions for the positions and velocities can be derived, 

/ „ \ / \ / \ a(t)(St) 
r(t + St) = r(t) + v(t)St+ V A ' (A.12) 

. . \a{t + 8t) + a(t)\5t 
(A.13) 

Algorithmically, the calculation of the next MD time step occurs in three stages. 

In the first stage, Eq. (A.12) is used to calculate the positions at the next time step. Using 

these positions, the forces at this time step are calculated to determine the acceleration of 
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the particles at this step. Now Eq. (A. 13) is used to calculate the velocities at the next 

step, completing the integration of equations of motion for this time step. 

This form of the Verlet equations has several advantages; the next point in phase 

space is now expressed only in terms of the positions and velocities at the current step, 

which simplifies the derivation of some algorithms and theorems. The algorithm also 

intrinsically generates velocities, which are needed to calculate some properties of a 

simulation, such as temperature or the velocity auto-correlation function. In some cases, 

the velocity-Verlet algorithm is also more numerically stable than the conventional Verlet 

algorithm. 

A.2. Periodic Boundary Conditions 

Many systems of interest to the simulation community have extremely long 

spatial length scales. These include periodic solids, liquids, and biological membranes, 

which are too large to represent in their full scales computationally. Instead, these 

systems are typically modeled using periodic boundary conditions, where a small but 

representative cell of the system is simulated and this cell is repeated infinitely in all 

spatial dimensions. 
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Figure A.l. A periodic system with length L in 
two dimensions. The central cell (grey) is 
repeated infinitely in both dimensions. Adapted 
from Ref. 3. 

An MD simulation with periodic boundaries system can be performed using the 

same algorithms that are described in Section A.l with a small modification due to the 

boundary conditions. The force between two atoms is calculated using the minimum 

distance between the pair for all the images of the particles in the neighbouring cells. As 

a particle in the central box and the images of this particle in neighbouring boxes move in 

an identical manner, a particle that crosses the boundary of the central box will re-enter 

the simulation on the opposite side of the box, resulting in periodic behaviour. Periodic 

boundary conditions eliminate so-called surface effects of non-periodic, in vacuo 

simulations, where contact between the edge of the system and the vacuum surrounding it 

introduces nonphysical effects. 
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A.3. Thermostats 

As the equations of motion satisfy the law of conservation of energy, the sum of 

the potential (U) and kinetic (P) energies at each time step of the MD simulation will 

have a constant total energy (E), expressed in Eq. (A. 14). These simulations will sample 

the microcanonical ensemble (NVE); a system of N particles, in a volume V, and a 

constant total energy of E. 

U(r) + T(p) = E (A.14) 

The canonical ensemble (NVT), where the number of particles (N), the volume 

(V) and the temperature (T) are constant is often more relevant to chemical applications. 

To sample this ensemble using MD, it is necessary to employ a thermostat to maintain a 

constant temperature in the simulation. Although a great variety of thermostats have been 

developed, we will focus on the two used in this thesis. 

A.S.I. The Andersen Thermostat 

The Andersen thermostat maintains a constant temperature in a molecular 

dynamics simulation by coupling the simulation to a heat bath at the target temperature, 

T.4 This is accomplished through stochastic collisions, where a velocity of a randomly 

selected particle in the MD simulation is replaced with a velocity drawn from a Maxwell-

Boltzmann distribution corresponding to that temperature. This technique requires the 

researcher to choose the strength of the coupling between the heat bath and the system. 

This is defined by the coupling frequency (u), which relates to the likelihood that a 

particle will undergo a collision with the heat bath. 
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A3.2. Lowe-Andersen Thermostat 

A minor variation to the Andersen thermostat that conserves linear and angular 

momentum has been proposed by Lowe.5 This thermostat is advantageous for constant-

temperature simulations of isolated molecules. These simulations are generally performed 

with zero translational and angular momentum; however, the stochastic collisions of an 

Andersen thermostat can induce translation or rotation of the molecule. The Lowe-

Andersen thermostat avoids this by performing the stochastic collisions simultaneously 

on pairs of particles and only modifying the component of the velocity parallel to the line 

of centers. This has the effect of conserving the linear and angular momentum. The new 

velocities for a pair of particles (i and j) after a stochastic collision is given by, 

f 

v, =v, 
M„ 

\ m t 
P-(v,--V,H)<7, 

V , = V , + 

r (A. 15) 

*'(Mv f-v,K)*, 
KmU 

where <r.. is the unit separation vector, nij and my are the masses of particles i and j , 

respectively, and \i^ is the reduced mass of the pair. A. is a stochastic variable defined as, 

X = $H- (A-16) 

where C, is a random variable drawn from a Gaussian distribution of unit variance. 

A. 3.3. The Langevin Thermostat 

The Langevin thermostat is another type of stochastic thermostat.6 This 

thermostat functions by coupling each particle to a heat bath and a frictional force at 
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every time step. As each particle is constantly under the effect of the heat bath and 

frictional force, particles that are moving faster or slower than the ensemble dictates will 

be rapidly adjusted. The equations of motion are modified to include the effect of the heat 

bath and the frictional force, 

dv. ~VrU R. 
-^- = —^ + -^-Xv, (A.17) 
at mi mi 

The first term on the r.h.s. the typical gradient-dependent term from Newton's 

second law. The second term on the r.h.s. is the random force (R;) exerted by the heat 

bath. The third term on the r.h.s. is the frictional force, proportional to the velocity of the 

system, where x is a positive frictional constant. The random force is generated such that 

is uncorrelated by particle and time, 

(R, (t)-Rj (0) = 6XkBTS9S(t-f) (A.18) 
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APPENDIX B 

Calculation of the Potential of Mean Force 

B.l. The Potential of Mean Force 

The calculation of relative free energies is a longstanding and fundamental 

objective of computer simulations. A key concept used in these calculations is the 

potential of mean force (PMF), was introduced by Kirkwood to define the free energy of 

the system when one of its spatial coordinates holds a given value.1 The PMF (W) is 

defined from the distribution function (p) of the system in the coordinate, denoted £, 

W(i) = W(?)-ksnn 
p(f) 

(B.l) 

where w(E,* j and £* are arbitrary constants. In turn, these distribution functions can be 

defined from the configurational integrals over the spatial dimensions of the system, 

/>(*) = -

Jexp 
-U{r) 
kBT j 

5(?-Z)dr 
(B.2) 

where U is the potential energy of the system at a given set of coordinates, r. Z is the 

configurational integral over all the spatial variables, 

H exp 
-u(ry 

V ksT . 
(B.3) 
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B.2. Umbrella Sampling 

In principle, the PMF could be calculated by directly determining the probability 

distribution along the coordinate from a sufficiently long MD simulation of the system 

then using Eq. (B.l) to determine the PMF. In practice this is generally not feasible, as 

the simulation must sample the full range of interest of the coordinate. A conventional 

MD simulation will predominantly sample the low energy sections of the coordinate, 

leaving the higher energy states insufficiently sampled. 

Umbrella sampling was proposed by Valleau and Torrie as a general means to 

calculate free energy differences in systems where a conventional simulation will not 

sample all the states sufficiently to determine a the free energy differences between them 

with a high statistical accuracy. Umbrella sampling introduces a weighting function that 

causes the simulation to sample the regions of phase space which have a low statistical 

weight within a Boltzmann distribution but are nevertheless important sections of the 

PMF. The resultant distributions are then corrected to eliminate the effect of this bias. For 

the purpose of calculating the PMF of a coordinate, umbrella sampling is typically 

performed by adding a bias potential (w) to the original potential of the system (U0) (Eq. 

(B.4)). 

Ubias=U0+w({) (B.4) 

The bias potential is selected by the researcher to sample the configurational 

space of a section of the PMF coordinate more heavily. Although a broad range of bias 

potentials could be used, harmonic potentials are most common (Eq. (B.5)). In order to 

sample the PMF on the full range of interest, an umbrella sampling simulation typically 
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consists of many simulations with different bias potentials (wi (£))• Each of these biased 

simulations samples the region near the minimum of the harmonic bias potential (S,' {i)). 

*!(«)=k(*-rM)2 
(B.5) 

The distribution function of a simulation with a bias potential w;(£) takes the 

form, 

Pbias(Z) = -

ls(z-?) exp 
-U. bias 

v kBT 

T \-Ubias 
exp kBT 

(B.6) 

W 

For a given bias potential, wi (£) , the distribution function can be expressed as, 

A(fl = " 
J*(£-£')«P kBT w 

J exp - ( ^ o + w i W ) 
kBT 

(B.7) 

Wr 

As the bias potential is added to the unbiased potential and only depends on the 

coordinate £,, it can be separated from the integral in the numerator entirely and factored 

from the unbiased potential term in the configurational integral in the denominator, 

exp 

PiM = -
kBT j \

5^-?) exp - ^ dr 

J exp | 
. kBT 

;exp \kBT 

(B.8) 

This form allows the biased distribution to be related to the unbiased distribution, 

Po, 
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exp '-MtY 
PM)=-

kBT Mt) 

exp 
-w. (*) ' 

v V 

(B.9) 

>7o 

where (• • •) is the ensemble average of an unbiased simulation. Substitution of Eq. 

(B.9) into (B.l) gives a new expression for the PMF using biased simulations, 

f .... \ 
Wi{x0) = w(?)-kBTln 

Po(r) 
Wi(Z)-kBT(exp 

( 

V kBT J 
(B.10) 

The fourth term on the r.h.s. of Eq. (B.10) is not immediately available from the 

simulation, although for the purposes of calculating the PMF, it is not necessary to 

determine its value directly (vide infra). This term is defined as a constant corresponding 

to the free energy of introducing the biasing potential to the simulation, 

Ft=-kBT[exp 
V kBT J 

(B.ll) 

The presence of these F; terms introduces a significant issue into the calculation of 

the PMF via an umbrella sampling simulation; as the PMF of each simulation will have a 

different, unknown constant Fj, the full PMF from all the biased simulations can not be 

combined immediately. This is resolved by selecting the biases such that adjacent 

distributions overlap. In this way, relative values of the Fj terms are selected so that the 

overlapping region of each section of the PMF can be aligned with the neighbouring 

biases to generate a continuous, complete PMF. 

One drawback of umbrella sampling is that selecting the biases of the simulations 

to generate a complete PMF is an involved process. The biased simulations that are 
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adjacent to each other must overlap significantly and be determined with high accuracy in 

the overlapping region in order for them to be aligned. This introduces a significant 

inefficiency into the simulation and requires the user to select bias potentials that satisfy 

these requirements and still sample the balance of the coordinate sufficiently. 

B.3. The Weighted Histogram Analysis Method 

The Weighted Histogram Analysis Method (WHAM) makes use of the concepts 

of umbrella sampling but is modified to be more efficient and robust.3 The derivation of 

the WHAM equations we present here follows Ref. 4. The key advantage WHAM over 

traditional umbrella sampling is the automatic generation for the distribution function (p0) 

from the unbiased distributions found from the biased simulations. The distribution 

function is expressed as a linear combination of the unbiased distribution functions, 

P^) = CY.PM)py(Z) (B.12) 

Nwst is the number of the biased simulations, C is a normalization constant, and P; 

is the weight of the ith biased simulation. The distribution functions are represented as 

histograms and the term "weighted histogram analysis" refers to the determination of 

appropriate weights of these histograms to generate the final distribution, p0. These 

weights are required to be normalized, 

Nhtst 

E ^ = 1 (B-13) 
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The weights are determined so that they minimize the standard error of the final 

distribution function under the constraint imposed by Eq. (B.13). The standard error on p0 

is a linear combination of the standard errors on the unbiased histograms, <J2 \p\u) (4)~\, 

°2[Mt)l = ci^2[rtu)({)~] (B.14) 

The method of Lagrange multipliers is used to determine the optimal values of Pi, 

where the function to minimize is, 

A(/J,A) = c 2 ^ [ p / " } ( f l ] + A 
' J hist 

V '" J 
- 1 (B.15) 

The setting the derivative with respect to the weights (Pi) to zero yields the first 

equation used in this minimization, 

M5^)=2C.^»[pr(«] + A-0 
dp, 

A second equation results from the normalization of weights constraint, 

dh(Pi,X)_ 

(B.16) 

dX 
1^-1 = 0 (B.17) 

Eqs. (B.16) and (B.17) can be used to derive an expression for the probability 

weights, 

m- A 

2Co>[Py(z)] 

NU„I 2 Nl"" r- - , 1 

(B.18) 

(B.19) 

Eqs. (B.18) and (B.19) can be combined to give an expression for the probability 

weights, 
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£-2 [«""«] 

Eq. (B.9) can be used to derive the standard error on the unbiased distributions 

from the standard error on the biased distributions they were generated from, 

^[P^\^y^v(2p(^)-F)y[^^)\ (B.21) 

The statistical error on the biased distribution can be estimated from 

1 + ̂  

^ 2 [ / ^ ) ] = -^M f t )(£) (B-22) 

where p.b) (£) is the biased distribution function of an infinitely long simulation, nj is the 

number of samples in the simulation with that bias potential, T is the correlation time of 

the sampling, and 5t is the time step used in the simulation. p\b) (£) is unknown, 

however we can approximate that the infinitely long simulation will yield the same result 

as the distribution function p0 modified by the bias potential. 

p?)(%) = exp(-/3(wi(4)-Fi))p0(t) (B.23) 

Substitution of Eqs. (B.21), (B.22), and (B.23) into (B.20), then cancelation of 

terms dependent on x, St, and A^ provides a simple expression for the probability weights, 

n.expf-ytffw.^)-^)) 

2>,exp(-/»(w,(4f)-F,)) 
j 

Using Eq. (B.24), the weight of a given histogram at a point L, can be determined 

from the number of samples in the simulations, the value of the bias potentials at the 
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point £, and the constants F;. While the other terms are immediately available, the values 

of F; cannot be determined immediately from the simulations. Using Eq. (B.ll), the 

optimal values of Fi can be determined by integrating the weighting function over the 

distribution function of the PMF coordinate, 

Fs=-kBTIn ' ' - , ( « ' W;' 
Jexp ^ p,(S)dZ 

\ KEF J 
(B.25) 

Eq. (B.25) provides a means to estimate optimal values of Fj based on the 

distribution function. Although the values of F; and po are interdependent, an iterative 

process can be used to generate self-consistent values of these terms. An initial guess the 

{ Fi } constants are generated and used to determine an initial distribution function. This 

distribution can be used to generate improved values of {F;}, which are in turn used to 

generate a new p0 distribution. This process is continued until self-consistency is 

achieved. 

The key advantage of WHAM over umbrella sampling is that many simulations 

can be combined trivially, with minimal involvement by the researcher. The PMF can be 

refined by incorporating additional biased simulations if sampling of one section of the 

PMF is insufficient. As in conventional umbrella sampling techniques, the histograms 

must overlap in order to determine the appropriate values of F;; however, in practice 

WHAM is less sensitive to the overlap between distributions. This approach makes 

efficient use of the sampling, with each configuration contributing to the final PMF. 
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APPENDIX C 

Unimolecular Reaction Rates 

C.l. RRKM Theory 

Predicting the rates of unimolecular reactions has been an objective of physical 

chemists since the earliest development of chemical kinetics.1"3 Decomposition of a 

reaction intermediate is a preeminent example of a unimolecular reaction and statistical 

rate theories have been used extensively to predict the lifetimes of these species. 

Unimolecular rate theories are based on the Lindemann mechanism, where a 

complex must have sufficient energy in its internal modes to surmount the reaction 

barrier. Through an intermolecular collision with another molecule (M), an activated 

complex (A ) will form which has sufficient energy present to undergo the unimolecular 

reaction, 

A + My *' M*+M (C.l) 

Having formed this activated complex, the second step is the rearrangement of 

this species into the products (C.2). 

A* —^-Products (C.2) 

The calculation of the rate, k.2, of this step has been the subject of a variety of rate 

theories. The theory of Rice, Ramsperger,4 Kassel,5 and Marcus6 (RRKM) is a 

straightforward but remarkably successful model, which has led to its extensive 

application in unimolecular reaction kinetics. The basis of RRKM theory is a simple 

model of the PES of the reactant species (Figure C.l). For the basic, microcanonical 
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model, the complex has a total energy, E, which is the sum of the potential and kinetic 

energies of the system. Decomposition of A* into the products occurs through 

intramolecular vibrational-energy redistribution (IVR) into one of the vibrational modes 

designated as the reaction coordinate. A transition state exists on this reaction coordinate 

with a barrier height of E*. Complexes which cross this point on the reaction coordinate 

are assumed to proceed irreversibly towards decomposition into the products. Based on 

this model, a rate equation can be derived that calculates the rate of decomposition from 

the probability of localizing sufficient vibrational energy into the reactive mode for the 

complex to cross the TS. 

reactants TS products 

JE-E* 

E* 

Reaction Coordinate 

Figure C.l. Illustration of the RRKM model 
of a unimolecular reaction, showing the 
potential energy surface of the reaction 
coordinate in a system with a total energy of E 
and a barrier height of E*. 

The derivation of RRKM theory requires three definitions relating to phase space. 

The first is the phase space volume, 

v™=L=<>'' i dPi'''dPmdq'"' ̂ "" (c-3) 
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which is the volume of phase space available to the system with a total energy in the 

range of energies from 0 to a maximum of E. This allows the number of states to be 

defined using a phase space integral, 

The sum of states (N) is the number of quantum states available to the system 

when the maximum energy is E. The number of states is simply the phase space volume 

divided by hm, where m is the number of internal degrees of freedom in the complex. 

The equation for the phase space volume also allows the definition of the density 

of states, p(E), which is the number of quantum states available in the system per unit 

energy. This density of states is simply the derivative of the number of states with respect 

to the energy, 

/ x dN(E) 

Substitution of Eq. (C.4) into Eq. (C.5) yields an expression for the density of 

states as a phase space integral with a prefactor exponent of h, 

/>(£) = 7 ^ j •••\dPx-~dPj<lx~-d<lm (C6) 
n H=E 

The RRKM rate equation is derived using phase space integrals for the coordinate 

and momentum space of the complex. The position and momenta of the system along the 

reaction coordinate are referred to using the variables q* and p* respectively. For a system 

of N molecules, the fraction of molecules at the transition state can now be expressed as 

the ratio of two phase space integrals, 
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, . dptdqt^-j--j--dp1
tdql

t--dpm_l
idqm_{ 

l\P '1 ) _ H=E-tf-e, dm 
N " \-\-\-dPxdqx-dpmdqm 

H=E 

The term in the denominator represents the complete phase space integral over the 

m = 3N - 6 vibrational degrees of freedom of the complex subject to the restriction of a 

total energy of H. The term in the numerator integrates over all phase space in the 

transition state region, representing the volume of phase space in the range from q* to q* + 

dq* and p* to p* + dp*. The integral covers this region of phase space under the restriction 

that the total energy of the system, H, is equal to E - E* - et, where et is the translational 

energy of the momentum, p*, along the reaction coordinate. The total energy is reduced 

by E* + etin this integral because this amount of energy is not available to the remaining n 

- 1 coordinates of p* and q\ 

This expression of the number of molecules at the transition state can be used to 

derive an expression for the flux across the barrier, which is the reaction rate of 

unimolecular decay. This rate is simply the time derivative of N(/?*,#*), 

awyp ,q j i H=E-E^-S, 

X 
m-\ 

rate = * '- = . ". . ' (C.8) 
dt dt ]--)-)--dpldq1-dpmdqm 

H=E 

The reaction coordinate is assumed to be separable from all other degrees of 

freedom, so the only the dp* and dq* are functions of time. The derivative of these two 

terms can be simplified using the definition of momentum from classical mechanics, 
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dpldql 

dt y dt j 

I p*_ ^ 

dql 

dq% 

(C.9) 

where u+ is the reduced mass of the complex at the transition state. This can be further 

simplified by noting that the translational momentum in the p+ coordinate can be 

expressed as its translation kinetic energy, et- Implicit differentiation of Eq. (C.9) yields 

Eq. (CIO). 

(CIO) 
s, = 

ds. = 
pxdpl 

The result of these substitutions is a straightforward expression for the reactive flux. 

rate-
dt \--j--j---dp,dq]---dpmdqm 

H=E 

This equation can be rewritten as, 

rate = k(E,et)-N 

where k, the rate constant, is defined as, 

det I" "J"" J' - - dPxd(i\ • • • dPm-fdq, m-\ 

k(E,et) = -
H=E-Ei-s, 

\---\---\---dpxdqx---dpmdqn 

H=E 

Using Eq. (C.6) to replace the phase space integrals in (CI3) gives, 

p{E-El-st) 
k{E,st) = 

hp(E) 

(CM) 

(CI 2) 

(CI 3) 

(C.14) 
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This rate constant is an expression for the reaction rate for a given value of 

translational energy, et- The total rate is determined by integration over all possible values 

of €t, ranging from 0 to the entirety of the available energy, E - E*, 

k(E) = f/1k(E,et)del 

Jo hp(E) 

The integration of the density of states in the numerator results in the number of 

states in the range 0 to E - E* at the transition state. Thus, the RRKM expression for rate 

constant of a unimolecular reaction is, 

NHE-E1) 
k(E) = V , . ; (C.16) 

V ^ hp(E) 

Significantly, the expression for the microcanonical rate constant is now simply a 

ratio of the sum of states available at the transition state with the number of states in the 

reactant state. The number and density of states can be calculated by direct enumeration 

using the harmonic oscillator approximation, where the vibrational modes of the complex 

are represented by a set of m separable harmonic oscillators with vibrational frequencies, 

Vi. This can be achieved computationally using normal-mode analysis to compute the 

vibrational frequencies in the reactant and TS. See Appendix D for further details on the 

calculation of vibrational frequencies. 
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C.2. Classical RRKM Theory 

The classical limit of RRKM theory can be derived by from Eq. (C.16) by using 

the harmonic oscillator expression for the density of states, where Vj is the set of 

vibrational frequencies of the transition state. 

Within the harmonic oscillator approximation, the Hamiltonian of the complex is, 

in rpL+ktf^ 
2-Mt 

(C.17) 
J 

Where p is the momentum along coordinate i, \i is the reduced mass of this 

coordinate, k is the force constant of the vibrational mode, and q is the displacement from 

the equilibrium value along this coordinate. 

Figure C.2. Phase space volume of pi and qi variables of a 
harmonic oscillator with axis a; and b;. 

A harmonic oscillator with constant energy E will follow a trajectory described by 

an ellipse in the coordinates q; and pi (Figure C.2), with axis a, and bi, 

«,=>/2tt (C18) 

b,= (C.19) 

* = I 
f 2 2\ 

(C.20) 
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The phase space volume element corresponding to this oscillator is the volume of 

this ellipse. The volume of the full integral can be determined by transforming to a new 

set of coordinates (pt - pt I at and g\ = g( I at). 

m 

H = Z(Pi2+^) (C21) 

This casts the Hamiltonian in the form of an m dimensional hypersphere, which 

has a volume of, 

7TmFm 

V = ̂ - (C.22) 
ml 

The transformation from coordinates {pi,gi)^>(p\,g'i\ introduces an additional 

m 

factor of ]^[ «,-&,., so the final form of the phase space integral is, 
1=1 

TTmEm -AT 
F«=-rrr i f lA (c.23) 

1=1 
m\ 

Substitution of Eq. (C.18) and Eq. (C.19) into Eq. (C.23) results in a simple 

expression for the phase space integral, 

Ps .m. 
rFs=-rUvi (c-24> 

where Vi is the il normal-mode vibrational frequency of the complex. 

From this phase space volume, we can deduce expressions for the number of 

states and density of states of the forms, 

*(E) = — (C25) 
ml 

1=1 
n^ 
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7m-\ F" 
P(E) = = (C26) 

(m-l)\Y\hvi 
1=1 

The sum of states at the transition state can be expressed using an analogous 

expression, where v] represents the vibrational frequencies of the complex at the 

transition state. 

(E-EX)""X 

N^E-E1)^^ ^ — (C.27) 
(m-l)lY[hvi 

1=1 

When these expressions are substituted into the RRKM rate coefficient equation, 

factorial terms and of h cancel and a purely classical expression results, 

k(E) = 
f z r r f T - ' f h E-E 

V E j 

1=1 

m-\ 
(C.28) 

FK 
i=i 

Using this equation, the rate of unimolecular decomposition in the microcanonical 

ensemble can be calculated given the total energy, E, the barrier height, E*, and the 

vibrational frequencies of the complex in the reactant state (v,) and at the transition state 

(vi). 

C.3. Assumptions of RRKM Theory 

There are several assumptions inherent to this implementation of the RRKM 

model. The first is the use of the harmonic oscillator approximation to represent the 

vibrational modes of the complex. Anharmonicity in these vibrational modes can cause 

the calculation of the number and density of states to be inaccurate;7 however, because 
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the rate coefficient is a ratio of the number of states at the transition state and the density 

of states of the reactants, these errors will partially cancel. Significantly, truly 

independent harmonic oscillators would be unable to accomplish the redistribution of 

kinetic energy required to undergo dissociation, so the presence of a small degree of 

anharmonicity is necessary for IVR to occur within this model. 

The second critical assumption stems from the use of phase space integrals to 

derive the number and density of states of the transition state and reactant complex. This 

makes the implicit assumption that each volume element of phase space is populated 

statistically and all regions of phase space are correctly sampled. In practice, this means 

that the initial distribution of kinetic energy in the reactant complex is assumed to be 

random and IVR of energy occurs rapidly between all vibrational modes. Early 

experiments on the reaction of methylene with olefins provided strong support for rapid 

IVR;8 however, this approximation can fail if kinetic energy is initially localized in 

specific vibrational modes and redistribution into other vibrational modes is slow. This 

behaviour is common in reaction intermediates, where excess kinetic energy is located in 

modes related in the initial reaction step. If the subsequent unimolecular reaction requires 

localization of kinetic energy in a reaction mode that is poorly coupled to these modes, 

RRKM theory may overestimate the rate of reaction. Conversely, if the unimolecular 

reaction coordinate is strongly coupled to modes that are vibrationally excited in the 

previous reaction step, RRKM theory can underestimate the reaction rate, as the reactive 

mode will have sufficient energy to cross the barrier almost immediately. 

The last major assumption is that after crossing the transition state the system will 

irreversibly proceed to the product state without recrossing into the reactant form. This 
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approximation causes RRKM theory to overestimate the reaction rate because trajectories 

that recross are counted as reactive within this theory. Situations where the total energy 

of the complex greatly exceeds the barrier height tend to have a greater degree of 

recrossing, as well some reactions where the topology of the potential energy surface 

favours reflection reactive trajectories back across the transition state after crossing the 

barrier. Generally, reactions with a large reverse barrier height have small probabilities of 

recrossing9 and complexes with a large number of degrees of freedom tend not to recross, 

as the number of states at the transition state is small relative to the number of states in 

the products in large complexes. 

Despite these assumptions, RRKM has been demonstrated to be a remarkably 

robust and reliable theory for modelling the kinetics of unimolecular reactions. Its 

success in calculating rate constants from very limited data about the reactant complex 

and the transition state has made it an ideal tool for computer modelling of unimolecular 

reactions and for comparison to experimental rate constants and lifetimes. 
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APPENDIX D 

Free Energy Calculations with Static Calculations 

D.l. Partition Functions 

The calculation of free energies using static PES calculations is based definition 

of partition functions for the translational, rotational, the vibrational degrees of freedom 

of a molecule in the gas phase. We will briefly summarize these functions here. The full 

development of these equations is given in Ref. 1. 

The translational partition function is, 

(r ,r)=p^J'V (D.l) 

This partition function depends on the mass of the complex (m) but is 

independent of the molecular structure. 

The rotational partition function is, 

u*o=-.1/2 r i \ i /2 / i \ l / 2 

<S7r2IBkBT^ 

h2 

/ , \ l /2 
(%n2IckBT^ (D.l) 

The rotational partition function depends on the three moments of inertia of the 

molecule (U, IB, and Ic) and the symmetry factor, a. 

The vibrational partition function, based on the quantum harmonic oscillator 

approximation is, 

3JV-6 . ___ exp(-/n>, /2kRT) 

%t\-Gx^{rhvilkBT) 



247 

where v represents the normal-mode vibrational frequencies of the molecule. For a 

system of N indistinguishable particles, the partition function of the system is equal to, 

For a given ensemble, the thermodynamic functions can now be derived from the 

partition functions. For instance, in the canonical ensemble (NVT), the Helmholtz free 

energy has simple logarithmic relationship to the partition function, 

A(N,V,T) = -kBT\nQ(N,V,T) (D.4) 

D.2. Calculation of Vibrational Frequencies 

The translational and rotational partition functions can be determined trivially 

based on the molecular structure; however, the vibrational frequencies of a molecule 

must be determined to calculate the vibrational partition function. This can be 

accomplished computationally through normal-mode analysis. Although this is an 

involved procedure, the basic process involves the calculation of the second derivations 

of the potential with respect to the displacements of the Cartesian coordinates (£) at a 

stationary point to generate the Hessian matrix for this molecule.2 

d2V 
f« = 'V (D.5) 

This Hessian matrix is mass-weighted, transformed into internal coordinates, and 

diagonalized to yield a set of eigenvalues (A,;) that can be related to the vibrational 

frequencies of the molecule (vj) using Eq. (D.6). 
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D.3. Classical Free Energies 

To make direct comparisons between free energies calculated using classical MD 

simulations and those calculated using static calculations, it is necessary to use 

expressions based on classical statistical mechanics rather than quantum statistical 

mechanics. This is accomplished by representing the vibrational modes of the complex as 

classical harmonic oscillators rather than quantum harmonic oscillators in the derivation 

of the vibrational partition function. The Hamiltonian of a system of 3N-6 independent 

classical harmonic oscillators is, 

H(p1,p2,...,p3N_6,ql,q2,...q3N_6) = X ^ + ̂ i (D.7) 
t 2//,. 2 

where pi and qi are the momenta and displacements of the vibrational modes, 

respectively. Using this Hamiltonian, a classical partition function can be derived, 

• | G O 0 O / 2 \ 00 CO / 7 2 ^ 

lei™ =T^e \ ••• j e xP 0
 P!T dPi---dp3N-6 J - J exp — & - dql---dq3N_6 (D.8) 

" -OO - 0 0 V A^iKBl ) -00 -00 V ZKB1 J 

after integration, this function becomes, 

\2nknT 
V class L 3 N -

1 3N~6 111 

— Yl2*kBTx B-

(D.9) 

The vibrational frequency of a harmonic oscillator can be expressed in terms of its 

spring constant and reduced mass, 
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v; =-L\bL (D.10) 

Substitution of Eq. (D.10) into (D.9) gives, 

1 
a, class ,3N-6 

3ff2xkBT 
(D.ll) 

Using Eq. (D.l 1) with Eqs. (D.3) and (D.4) gives an expression for the change in 

Helmholtz free energy from state A to B that depends only of the vibrational frequencies 

of these molecules, 

AA = -RT\n 

f 3N-6 \̂ 

Eh* 
i 

3tf-6 

v t 

(D.l 2) 

where V;;A and V;;B are the vibrational frequencies of the system in states A and B, 

respectively. Classical activation energies can also be calculated using this method, 

although in this instance, the vibrational mode in the reactants that corresponds to the 

reaction coordinate is excluded from the product over the vibrational modes (Eq. (D.l3)). 

AAl=-RTln 

( 1N-5 \ 

3tf-5 

V i J 

(D.13) 
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