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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. 4b
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 H,-
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 (-
hydrogen transfer chain termination reaction of a zirconocene polymerization catalyst.
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The reaction dynamics showed that the barrier of the 8-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 B-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.' Historically,
heterogeneous catalysts, such as metal surfaces and microporous solids, have played the
greatest role in chemical industry.2 More recently, homogeneous catalys’cs3 have
experienced rapid development and are now used in a wide range of important chemical
transformations, such as the hydrogenation of unsaturated bonds,*’ olefin metathesis,”'
and olefin polymerization.“’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

14,15 :
> and pharmaceuticals.'

integral part of the production of polymelrs,]3 fine chemicals,
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.'” 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.'**
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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 .

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.”* 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.



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.” Beginning in the late
1980s and early 1990s, new gradient-corrected exchange-correlation functionals were

d<evelope:d,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,*3% 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.>**!
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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™' and match experimental barrier heights within 5-10 kcal
mol'.*** 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-
functionals* and dispersion corrections.***® 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.*’

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



7
years; a reaction mechanism is characterized by identifying the minima and transition
states on the PES. As some organometallic complexes are highly fluxional,”® 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.** 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
approximaﬁon.50

MD simulations have been used for decades to model complex systems, such as
materials, liquids, and biomolecules.’’ 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



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

152-54

have made significant contributions to our understanding of both fundamenta and

55-58

complex chemical systems, including many notable examples in organometallic

chemistry.”®® Nevertheless, there are significant challenges in the application of AIMD

for modelling organometallic reactions, which has precluded its more extensive use.

Millisecond j=10°  Macroscopic Time Scale

= NANNINAANANANNANSN
) ™ AG*=15 kcal mol!
Microsecond = 106

- Waiting
Nanosecond f= 109 | Period

L AG#*=3 kcal mol™
Picosecond j=1(0-12 AIMD
» Reactive |Time Scale
- Events
Femtosecond =105 I
Molecular
Vibrations

Time Scale

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 mol™), but can be higher
than a microsecond for reactive events with larger barriers (AG* =10 kcal mol‘l). For
example, even the most efficient olefin polymerization catalysts have turnover
frequencies of roughly 65000 s ' atm ', which corresponds to a waiting period of 1.5 us
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™
(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,”® but also more
recent refinements, such as metadynamics,”’72 adaptively biased molecular dynamics,73
and the finite-temperature string method.”* Recently, a second class of rare event
simulation methods has emerged that do not require these artificial forces. Instead,
transition path sampling,” transition interface sampling,’® and milestoning’’ 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

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 solution®®’

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.”” In recent years, path sampling has been used

96-98

in several landmark studies of chemical reaction dynamics and is emerging as a

promising tool to study organometallic reaction mechanisms.>>!®

Reactants Products

op
old

new

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 (6p) at the shooting point (Xgsp).

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 (6p), 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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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 @/y 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 demanding'®" and TPS has only been used for
this purpose in a handful of instances.'%*'% TPS has been more frequently used to study

the dynamics of important rare events, such as protein conformational changes,!°*''°

DNA base-pair binding,'"! lipid bilayer flip-flop transitions,''? and phase changes.'!*1%
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,”®'* the

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

acid solutions,'”* and hydride transfer in the enzyme lactate dehydrogenase.”®'*® The

ability of TPS to circumvent the rare event problem is of particular value in these studies,
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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 H,-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 H; 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
CpZZr(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 8-hydrogen
transfer reaction.

In Chapter 7, we expand on our study of Cp,Zr(CH,CH,)(CH,CH3)" to examine
the effect of a counteranion ([CH3;B(CsFs)3]7) 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 8-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 4b 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
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 " 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. This process generates an ensemble of reactive trajectories that can be

analyzed to determine reaction mechanisms,5 activation energies,6 and rate constants.’ 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,’ ' notably a landmark investigation of the autoionization of water."

Reactants Products

(@)

>

(b)

] —p

(©)
1
T

Figure 2.1. An illustration of the shooting algorithm. (a) A
point 7 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.'® 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
{r,p}
Reactants Products

(a) 0Wo {
(i) ©

(b) o

(c)

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 Dynamics' 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

6

generating intermediate structures in solid-to-solid phase transitions'® as well as a more

5

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

geometry has been effective in a variety of studies,'”"*

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 tempering®® and hyperdynamics.?'  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

2224 A notable

been used to generate initial trajectories for a variety of simulations.
example of this is Zahn’s path sampling study of water boiling.”> 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 B1 to B2 phase transition

of RbBr.%¢

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.*'® 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 al.'” 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.”® 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.” 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.’!
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.

H
H
Ho S = H H
~g e N
(a) } — | ] — | + H
H\‘VN\ H\\“lN A /N\
H H H H

I—0

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 ™ 3234

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 7 system, with a barrier

of roughly 28 kcal mol ™ >3

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.%
The PBE functional®® 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 Bom-

Oppenheimer surface and assigning initial orbital velocities of zero.



34

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 MNDO97 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 ** interfaced with MNDQ97.

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 ¢ = 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-O

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—O 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 H,; 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.



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.

Acceptance
Scale Factor Probability (%)
100 74
90 80
80 82
70 86
60 100
40 100
20 100
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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
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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 al®

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<a<1) 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.

vt > ot 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.

E* = EF _(1_a2)E]1;n’i (2.2)

tot tot

The scaling factor (&) 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.’

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
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the simulations of the BH;NH; 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 (0=0.95) for reaction (b). The
initial trajectory (1), the 5™ jteration (2), and the 10%
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
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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.

Acceptance
Scale Factor Probability (%)
0.80 100
0.60 48
0.40 30
0.20 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 mol !, while the calculated barrier heights for the
1,2-hydrogen elimination and the Claisen rearrangement are much higher (34.1 and 22.7
kcal mol ™, 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.”’ Similarly,
Rothlisberger has used single-electron orbital energies as biases in the isomerization of

1,3 -butadiene.*®

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.>’

Epiasea = Eppr + ﬂ(gLUMO - gHOMO) (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 (8<0.4) run on the
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BH3NH; adduct and the tautomerization system were not reactive. When an MD
simulation with a bias of $=0.5 was run on the BH;NH; 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 mol ™" to 12.4 kcal mol™" 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 $=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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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 (8=0.2). Distances are in A.
Energies are in kcal mol ' 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-O 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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