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Resumo

Este trabalho apresenta o desenvolvimento de protocolos computacionais para investigar os
efeitos cataliticos de campos elétricos externos orientados e da solvatacdo no rearranjo de
Hurd-Claisen. O estudo integra célculos de teoria do funcional da densidade com simula-
¢coes de Mecanica Quantica / Mecanica Molecular Sequencial, incorporando a aproximagao
da configuracdo eletrostatica média do solvente juntamente com a aproximagao do gradi-
ente de energia livre. Esses protocolos computacionais permitem modelar com precisao as
interacdes com o solvente e as perturbagdes induzidas por campos elétricos, fornecendo elu-
cidagdes sobre a cinética da reacdo e a estereosseletividade. Uma inovacao fundamental
desta pesquisa € o médulo Python MoleKing, desenvolvido para automatizar fluxos de traba-
lho computacionais, incluindo manipula¢do de geometria molecular, rotacao e alinhamento
com campos elétricos. Escrito em C++, 0 MoleKing simplifica a preparacdo de cdlculos de
quimica quantica ao reorientar automaticamente as moléculas ao longo dos eixos da reac¢do
ou moleculares, facilitando a aplica¢do eficiente dos campos elétricos. Além disso, o médulo
lida com a leitura e a geracdo de arquivos de entrada/saida para softwares como Gaussian e
PSI4, reduzindo significativamente a intervencdo manual e a ocorréncia de erros computaci-
onais. A metodologia desenvolvida foi aplicada a uma série de rearranjos de Hurd-Claisen
com diferentes substituintes, dada a conhecida sensibilidade desse rearranjo a interacdes de
cardter eletrostatico, avaliando-se sistematicamente a influéncia de campos elétricos exter-
nos orientados ao longo do eixo da reacdo e do eixo molecular. Os efeitos da solvatacdo
foram modelados utilizando etil-vinil eter dentro da Mecanica Quantica / Mecanica Mole-
cular Sequencial, revelando a interacdo entre o solvente e os campos externos na modulacio
dos momentos de dipolo e das propriedades geométricas do estado de transi¢do. As simu-
lagdes computacionais demonstram que campos externos podem alterar significativamente a
estereosseletividade ao estabilizar seletivamente estados de transi¢do especificos, enquanto a
solvatagdo introduz efeitos de polariza¢do nao negligencidveis que influenciam as barreiras
de ativacdo. Esses achados destacam o potencial da catdlise invisivel como uma ferramenta
precisa para o controle estereoquimico.

Palavras-chave: Campo Elétrico Orientado, Hurd-Claisen, S-QM/MM, Estado de Transi-

¢ao, Estereosseletividade, MoleKing
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Abstract

This work presents the development of computational protocols to investigate the catalytic
effects of oriented external electric fields and solvation on the Hurd-Claisen rearrangement.
The study integrates density functional theory calculations with sequential Quantum Me-
chanics / Molecular Mechanics simulations, incorporating the average electrostatic config-
uration approximation of the solvent together with the free energy gradient approximation.
These computational protocols allow for accurate modeling of solvent interactions and field-
induced perturbations, providing insights into reaction kinetics and stereoselectivity. A key
innovation of this research is the Python module MoleKing, developed to automate computa-
tional workflows, including molecular geometry manipulation, rotation, and alignment with
electric fields. Written in C++, MoleKing streamlines the preparation of quantum chemical
calculations by automatically reorienting molecules along the reaction or molecular axes,
facilitating the efficient application of electric fields. Furthermore, the module handles in-
put/output file processing for software such as Gaussian and PSI4, significantly reducing
manual intervention and computational errors. The developed methodology was applied to a
series of Hurd-Claisen rearrangements with different substituents, given the well-known sen-
sitivity of this reaction to electrostatic interactions, systematically evaluating the influence
of oriented external electric fields along the reaction and molecular axes. Solvation effects
were modeled using ethyl vinyl ether within the Quantum Mechanics / Molecular Mechan-
ics Sequential framework, revealing the interaction between the solvent and external fields
in modulating dipole moments and transition state geometries. Computational simulations
demonstrate that external fields can significantly alter stereoselectivity by selectively stabi-
lizing specific transition states, while solvation introduces non-negligible polarization effects
that influence activation barriers. These findings highlight the potential of invisible catalysis
as a precise tool for stereochemical control.

Keywords: Oriented Electric Field, Hurd-Claisen, Transition State, S-QM/MM, Stereose-
lectivity, MoleKing
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Chapter 1
Introduction

The development or improvement of catalysts is of recognized importance in chemical
reactivity, since these systems are capable of binding to reactive molecular units, thereby
reducing the energetic activation barrier that triggers chemical transformations. A direct
consequence of this is the acceleration of chemical processes, without being consumed in
the process of these the resulting transformation. Currently, this effect can be achieved in
a myriad of distinct ways, the most widely disseminated being the use of catalysts with
different levels of molecular complexity, having chemical elements as catalytic centers, such
as transition metals of high abundance, 1-3 precious metals,* rare earth elements,® or even
alkali metals.”

A relatively old idea in physics and theoretical chemistry, inspired by fundamental con-
cepts from classical electrodynamics, is the use of external electric fields to rationally ma-
nipulate the synthesis of chemical compounds. ! Many reagents employed in organic and
inorganic synthesis exhibit a permanent dipole moment at different stages of the reaction
pathway—reactants, transition states, and products—whose relative energies can be altered
in the presence of an external electric field. Depending on the orientation of the field, this
interaction can generate stabilizing or destabilizing forces, enabling controlled formation of
reactive species throughout the reaction.

In recent years, experimental advances have successfully translated these theoretical
ideas into practice.!! For instance, Aragonés and collaborators'? utilized scanning tunnel-
ing microscopy (STM) to catalyze the classical Diels—Alder reaction between a norbornene
derivative immobilized on a gold surface and a furan molecule attached to the STM probe
tip. Their experimental results aligned with quantum mechanical predictions regarding the
influence of external electric fields on the reaction.

However, a major limitation arises when scaling this approach to bulk synthesis. !° One
proposed strategy to address this challenge involves controlling electric fields using parallel
charged plates covered with an insulating film.!>!* When combined with flow chemistry
techniques, this method can effectively scale the catalytic process. ' These findings have
reinforced the potential of electric fields to modulate activation energy barriers, solidifying

their role in “invisible catalysis” as a promising alternative to metal-centered catalysis. This
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approach is sometimes referred to as “electrocatalysis” due to the role of electric fields in
modulating reactivity. '%!1> However, this differs from the conventional electrochemical
use of the term, which typically involves redox processes at electrodes.

Another point to highlight is the use of “invisible catalysis” as a means of controlling
stereoselectivity. For example, the investigation by Wang and collaborators, '® studied the
enantio- and stereoselectivity of a series of Diels-Alder reactions between cyclopentadiene
and a variety of dienophiles under the influence of an external electric field (see Figure 1.1).
In Figure 1.1, one of the results obtained is presented, where the application of an electric
field with a magnitude of 5.00 x 10~ 3a.u. (atomic units) in appropriate orientations gener-
ates differentiation in the degenerate kinetic profile of the reaction. Even more important
is that if the electric field is reversed, this is sufficient for the R pathway (blue in Figure
1.1) to be preferred over the S pathway (red in Figure 1.1); that is, enantioselectivity can be

manipulated relatively easily using external electric fields. '©
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Figure 1.1: Effect of the application of an external electric field on the energy
barriers of Diels-Alder cycloadditions calculated by Wang and collaborators. '°
The Field was perpendicularly aligned with the reaction axis, with a magnitude
of 5.00 x 107 a.u. The blue and red lines represent the R and S pathways,
respectively.

Competitive chemical reactions, particularly those involving stereoselective differentia-
tion between reaction products, can greatly benefit from control via externally oriented elec-
tric fields. Such fields not only alter conversion rates but also direct the preferential formation
of specific stereoisomers. A notable example of a reaction fitting this scope is the work by
Silva and collaborators, who recently investigated a transvinylation reaction catalyzed by

mercury(Il) acetate, followed by a Hurd-Claisen rearrangement of Morita-Baylis-Hillman
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(MBH) adducts derived from alkyl acrylates.!” Their experimental results indicated an in-
version of stereoselectivity compared to models established in the literature.

The most widely accepted model for stereoisomeric control in this class of reactions is
based on the transition state (TS) proposal by Basavaiah and collaborators (see Figure 1.2). 18
According to Basavaiah’s model, the favored product is the one in which steric repulsions are
minimized in the TS step. Specifically, steric interactions between the substituent R and the
methoxycarbonyl fragment (R10,C— in Figure 1.2) dictate the diastereoselectivity of this
rearrangement.

For example, between an alkyl substituent (metil, CH3) and an aryl substituent (phenyl,
Ph), the trend follows Basavaiah’s model, with the E isomer being predominantly favored
when R = CH3. However, in the presence of bulkier aryl groups such as pNO,Ph, the two
isomers become more competitive, leading to a prominent decrease in the E/Z ratio. This
deviation cannot be fully explained by Basavaiah’s steric model alone. To address this un-
expected behavior, Silva and collaborators conducted a detailed investigation using first-

principles theoretical calculations to elucidate the underlying mechanistic factors.
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Figure 1.2: Proposed transition state for the Hurd-Claisen rearrangement stud-
ied by Silva and collaborators '?, and proportions of the E and Z diastereoiso-
mers as a function of the substituent. Extracted from!”. Substituent R = CHj,
Ph, and pNO,Ph, with experimental E /Z ratios of 3:1, 24:1, and 6:1, respec-
tively.

Oliveira and collaborators further extended this study by applying the Shubin energy de-
composition method to a series of Hurd-Claisen rearrangements, focusing on the influence
of two electron-withdrawing groups and eight diverse substituents (CH3, Et, s-Prop, t-Bu,
i-Bu, NHyPh, NO»Ph, Ph)." By applying Principal Component Analysis (PCA) to the en-
ergy decomposition results, the authors were able to identify that steric and quantum effects
exhibit a strong inverse relationship, making electrostatic forces the main factor behind the
differentiation of the stereoisomers. The studies also highlighted additional influential fac-
tors within the central structure of the transition state, mainly the difference in the dipole
moments of the central group in both stereoisomers. %20, These electrostatic effects indicate
that this class of reactions can be carried out with the assistance of external electric fields to

achieve full control over the possible diastereoisomers of this reaction.



Chapter 1. Introduction 5

Considering that chemical reactions are often carried out in the presence of solvents, they
can act as a medium that assists the activation complexes, possibly creating a solvation effect
that stabilizes the dipole in the transition state geometry, which is intrinsically connected
to the stabilization achieved by the interaction with oriented electric fields?!, potentially
further reducing the activation energy barrier of the reaction. Zhang and collaborators??
demonstrated in a theoretical study that this is exactly the case in hydroboration reactions
of aldehydes and ketones, where not only the external electric field is capable of lowering
the activation energy of the reactions, but the presence of solvation effects also plays a non-
negligible role in such reactions. However, the solvent treatment generally employed in the-
oretical studies on catalysis via oriented electric fields uses Polarizable Continuum Models
(PCM), 1622 which, although intrinsically valuable as a preliminary low-cost computational
estimate, are not capable of including atomistic effects that play an important role in the
solution.

This effect, originating from the chemical environment—specifically solvatochromic ef-
fects—modifies the interaction between the molecule and the electric field. The dielectric
medium can either attenuate or amplify the polarization induced by the external field while
also promoting the solvent screening effect. In this phenomenon, the external electric field
induces the alignment of solvent molecules, thereby reducing the total oriented external elec-
tric field (OEEF) magnitude experienced by the central molecule.?® The presence of multiple
dipole moments from solvent molecules leads to variations in the partial charges of the solute
atoms and, consequently, alters its electrical properties.

The sequential QM/MM solvation methodology proposed by Kaline Coutinho and col-

laborators in 1997,24’25

26,27

along with the ASEC (Average Solvent Electrostatic Configuration)
approximation, provides low-cost computational alternatives for studying the effects
arising from such dipole moments while incorporating some atomistic interactions, primarily
those stemming from Coulombic forces.

By applying the Free Energy Gradient approximation, 28-2°

this study aims to develop a
computational protocol for investigating solvation effects on the activation complex structure
of organic reactions. The perturbation of the one-electron integrals in the Hamiltonian can be
used to emulate solvent effects in the presence of oriented electric fields, ultimately aiding in
the understanding of solvent influence on catalytic processes mediated by OEEFs (oriented
external electric fields).

Given that electric-field-based catalysis at preparative scales may be enabled by flow
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Figure 1.3: Proposed model for the simultaneous treatment of oriented exter-
nal electric fields and solvation effects in the study of organic reactions.

chemistry—where solvent choice plays a crucial role—we developed a model that simulta-
neously accounts for oriented external electric fields and solvation effects under these condi-
tions, as shown in Figure 1.3.

Since applying electric fields in large-scale synthesis may rely on solvent-dependent flow
chemistry techniques, this work developed a systematic model that includes both OEEF and
solvent effects to capture the full influence of external conditions on reaction stereochemistry,
as shown in Figure 1.3. With the S-QM/MM treatment of the solvent, quantum mechanical
calculations in the presence of electric fields in various orientations are able to capture the
anisotropic orientational effects of the field in the liquid phase, as this model accounts for
the rotational mobility of the solute. In this way, the external electric field will act as a filter
along the reaction pathway, favoring either the E or Z product by increasing or decreasing
the energy of these stereoisomers.

As stated by Shaik, the experimental study of oriented external electric fields in mecha-

15 in order to

nistic interpretation should be accompanied by quantum chemical calculations,
avoid potential pitfalls. Moreover, the experimental application of OEEFs presents signifi-
cant challenges, particularly in achieving precise field orientation, as evidenced by previous

10,12,15 23 This raises two

studies , especially when coupled with the solvent perturbation
key questions: Given the pronounced electrostatic sensitivity of the Hurd-Claisen rearrange-
ment, could a non-oriented external electric field effectively influence the stereoselectivity
of reactions, thereby circumventing the need for strict field alignment? And, can the well

established gold thiolate model '>3° be adapted to the Hurd-Claisen rearrangement, allowing
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for the application of oriented external electric fields in a more practical manner?



Chapter 2

Objectives

* Investigate the influence of solvent effects (included through the S-QM/MM - ASEC-

FEG

methodology) and the presence of an oriented external electric field acting as an

"invisible catalyst" on organic reactions. As a case study, and based on the known

sensitivity of the Hurd-Claisen rearrangement to electrostatic interactions '°, the pro-

tocol

1. 17

was implemented for the rearrangement described by Silva et al. '/, aiming to

understand changes in stereoselectivity resulting from geometric and electronic modi-

fications in the transition state structure induced by interactions with solvent molecules

and the external electric field.

. Determine the reaction axis, following the reaction axis rule, as well as the tran-

sition state structures of various Hurd-Claisen rearrangements under an OEEF

with varying field strengths.

Apply principal component analysis to identify the molecular axis and evaluate
the influence of the OEEF when applied parallel and perpendicular to this axis.

Develop a Python version of DicePlayer, originally created by Georg and collab-

31

orators,”" aiming to port all functionalities of the original program to Python 3,

including support for electric field simulations and transition state analysis.

Study the influence of ethyl vinyl ether on the geometric and electronic properties
of the transition state structure of the Hurd-Claisen rearrangement proposed by
Silva and collaborators, using the S-QM/MM - ASEC-FEG methodology.

. Investigate the combined effect of the OEEF and the presence of ethyl vinyl ether

on the geometric and electronic properties of the transition state structure of the
Hurd-Claisen rearrangement proposed by Silva and collaborators, using a com-

bination of the aforementioned methodologies.

* Develop a module for the Python 3 programming language, written in C++, capable

of performing rotation, translation, and modification operations on the geometric pa-

rameters of a new computational variable type called Molecule, designed to represent

molecular structures in a Cartesian coordinate system.
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1. Implement this module in the Python-based version of the DicePlayer software.

2. Add parsing and writing functions to the module, enabling integration with the

Gaussian software used to perform quantum mechanical calculations.

3. Extend the module to include full support for point charges and external electric
fields, allowing it to handle external perturbations in the context of molecular

simulations.

* Building upon the preceding objectives, carry out systematic studies with the aim of
formulating experimentally accessible protocols for probing the influence of electric
fields on organic reaction mechanisms, thereby contributing to the development of

more practical and reproducible approaches for electric field-assisted catalysis.
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Chapter 3
Theoretical Fundamentals

This section presents an overview of the main theories addressed in this study. Initially,
the focus will be on Transition State Theory, which forms the fundamental basis for the
chemical kinetics calculations. This will be followed by a discussion on Density Functional
Theory, as it underpins the theoretical calculations performed in this work. To evaluate
the effect of the chemical environment on transition state geometries, as well as its impact
on stereoselectivity, the two subsequent sections will address S-QM/MM and the role of
oriented electric fields in chemistry. The latter is the central focus of this dissertation, as it
serves as the primary tool for assessing the application of ’invisible catalysis’ in the Hurd-

Claisen rearrangement.
3.1 Transition State Theory

In chemistry, one of the most sought-after questions is how a reaction takes place.> The
goal of studying reaction mechanisms is to provide a detailed description of the process that
leads from reactants to products. This includes a comprehensive characterization of the com-
position, structure, and energy changes involved, consistent with the reaction stoichiometry,
electronic motions, and reaction rates>>. The study of reaction mechanisms is a fundamen-
tal part of chemistry and is essential for understanding the chemical processes that occur in
nature.

Computational studies play a key role in understanding reaction mechanisms by enabling
the characterization of energy profiles and electronic motions that are often inaccessible
through experimental methods!”-!%34. The analysis of reaction kinetics provides the most
informative insights for delineating a reaction mechanism. However, knowledge of the sta-
bility of the initial and final stages of a chemical transformation, as provided by thermody-
namics, should not be overlooked. In this light, a complete study of a reaction mechanism
should include both the thermodynamics and the kinetics of the process3>3¢. The transition
State Theory (TST) is a powerful tool for studying the kinetics of chemical reactions, pro-
viding a theoretical framework for understanding the rates reactions from a thermodynamic

perspective 3.
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TST was first introduced by Eyring, in the characterization of the saddle points of the
potential energy surface (PES) of the H, + H reaction. The theory was later developed by
Wigner37, Polanyi, and Evans38, and has since become a cornerstone of chemical kinetics.
TST is based on the concept of a transition state (TS), which is a hypothetical structure that
represents the highest energy point along the reaction coordinate®. The TS is a saddle point
on the PES, where the reaction is neither in the reactant nor in the product state, but in a state
of transition between the two. The rate of a reaction is determined by the energy barrier that
must be overcome to reach the transition state, which is known as the activation energy.

Assuming a generic chemical reaction, AB+C = A 4+ BC, in which an A — B bond is
broken in favor of a B— C bond. From an energetic standpoint, both the initial and final stages
of this reaction are stable molecular organizations, represented as valleys in a PES. Figure
3.1, adapted from?, presents a representation of the PES containing this reaction. From a
quantum standpoint, the breaking of the A — B bond represents the gradual increase in the
distance between the two groups, while the B — C bond is formed, meaning that the B group
gradually approaches the C group. For this to happen, the system’s overall conformation

needs to pass through a higher energy state.

Saddle paint

AG®
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2 \
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\\ / \
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\\\‘-/' ‘,\‘//
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o

Reaction coordinate

Figure 3.1: Representation of the potential energy surface of the hypotetical
reaction AB+C = A+ BC.%

Among all the higher energy points that conect the reactants and products, the saddle
point corresponds to the one with the lowest increase in energy, hance the most probable path
for the reaction to take place. This saddle point connecting both sides of the trasformation is
the transition state.3> The TS is a structure that is not stable, as it is a point of inflection in
the PES, where the forces acting on the system are null. Thus, according to TST, the generic

reaction previously mentioned can be described as a sequence of steps in which the reactants,
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AB+C, reach the TS, and then the products, A 4+ BC, are formed.
AB+C = ABC* - A+ BC (3.1

The i therm represents the saddle point structure. A good note on the workings of TST
is that an average reaction in a system containing N atoms will have 3N — 6 vibrational
modes for non-linear molecules. In order to describe this system’s PES, we would need
one axis for the energy and 3N axes for the degrees of freedom of each atom. This kind of
surface is called a hypersurface. Additionally, the increase in vibrational modes in complex
systems leads to an exponential increase in the number of possible states, not all of which
are minimum energy states. Therefore, the properties evaluated by TST need to be weighted
by the partition function of the system.3® From here on, the discussion will focus on the
minimum energy path, which is the path that connects the reactants and products through the
TS—the reaction coordinate.

The rate at which a reaction takes place is proportional to the concentration of its reac-
tants. Therefore, in TST, the rate of product formation for our hypothetical reaction is given
by the equation:

L [ABC*] = k*K*|AB][C] = k[AB][C] (3.2)

dt ’
Thus, the rate constant k is given by the product of the rate constant k* of the transition state
(TS) and the equilibrium constant K*. Knowing that, in TST, the reaction is driven by vibra-

tions 35-36

, we can state that the rate constant of a TS-mediated reaction is proportional to the
vibrational frequency that facilitates the conversion of the activated complex into products,
expressed as:

= xv. (3.3)

Where x measures the frequency in which such vibrations happen. This propose the fact that
the lifetime of a activation complex is in the order of a vibration period. To better describe
such a short live phenomena we applied a statistical mechanics analisys, defining a new way

top describe the rate constant, as:
k=KL ¢ kT 3.4
P 3.4)

where kp is the Boltzmann constant, 7' is the temperature, & is the Planck constant, R is
the ideal gas constant, and AG* is the Gibbs free energy of activation, figure 3.2.3>3¢ By
applying the definition of AG it is possible the rearranged equation 3.4 as:
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kT st it
k= KBTe“Te—%. (3.5)

Free Energy

Reaction Coordinate

Figure 3.2: Reaction path for the hypotetical reaction AB+ C = A + BC.%

3.1.1 TST in Stereocontrol

The stereoselectivity of chemical reactions refers to the tendency of a reactive process to
produce stereisomeric products in a preferential manner, such as the (E)— or (Z)—alkenes?°.
In chemistry the mechanisms behind the stereocontrol of a reaction are of great importance,
as they can be used to predict the outcome of a reaction, and even to design new reactions.
Stereoisomers are characterized by the spatial arrangement of their atoms, and can be divided
into two main groups: enantiomers and diastereomers. Enantiomers are non-superimposable
mirror images of each other, while diastereomers are stereoisomers that are not mirror images
of each other. TST can used in studies of stereocontrol to predict the stereochemistry of a
reaction, by analyzing the energy barrier that must be overcome to reach the desired TS.

On a energetic stand point, the stereoselectivity of a reaction can be determined by ther-
modinamic control, the overall stability of the final produc, and kinetic control, the over-
all stability of the transition state geometry2". In the case of a reaction that produces two
stereoisomers, the stereoselectivity can be determined by the energy difference between the
two TSs or by the energetic gain in product stability. Figure 3.3 represents the reaction path
a hypothetical reaction that produces two stereoisomers, A and B.

In general, the faster-formed product will be the preferred one, especially in reactions
with a high energy barrier. This is due to the fact that the TS leading to the faster product is

more stable and, therefore, more likely to be formed %2939 The Curtin-Hammett principle
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Free Energy

P(eq)

P(ax)

Reaction Coordinate

Figure 3.3: Energy difference between two TSs for a reaction that produces
two stereoisomers, A and B.2°

states that under kinetic control conditions, the conformational isomer with the lower acti-
vation barrier will determine the product ratio, even if the thermodynamic product is more
stable 0.

Therefore, we can calculate the reaction rate constants by applying Equation 3.4 to each
TS:

knT — AGY

ky = K4 BTe*TrA (3.6)
keT  AGE

kg = KBBTe*TTB (3.7)

Assuming that the interconversion between reactants A and B is rapid and that the trans-
mission coefficients are equal, the product ratio can be calculated by dividing the rate con-

stants of both reactions. Since the faster reaction will lead to more product, we obtain:

kT 2 £t
Ky K8l w adyadh
—_——= — = RT (38)
kg AGH
kgT ——.B
Kg-Ble™ R

Thus, under these conditions, the difference in activation free (AG*) will determine which
stereoisomer is preferred. In this work, we will mainly use TST to study the solvent effect

and the electric field effect on the stereocontrol of a Hurd—Claisen rearrangement, following

19

the work of Silva!” and Oliveira The barrier heights will be calculated using density
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functional theory (DFT) with the Berny optimization protocol, while the independent and

coupled effects of solvation and electric fields will be considered.
3.2 Methods on Electronic Structure

Considering that the electronic structure of a system with N electrons and M nuclei,
depends on the spatial coordinates of the electrons and the orientations of the nuclei, it is
possible to define a complex-valued wave function (y/(7, @)) that contains all the information
about the electronic state of the system. This wave function is a solution of the Schrodinger

equation, which can be written as:

Ay(F,0) =Ey(F,0), (3.9)

where o represents the coordinates of all N electrons and the orientations of all M nuclei,
H is the Hamiltonian operator of the system, and E is the energy eigenvalue associated with
the wave function y(7, @). The Hamiltonian operator contains information about the kinetic
energy of the electrons, the potential energy due to their interactions with each other and with
the nuclei, and the potential energy of the nuclei themselves, and can be explicitly written

as41:

here the two first terms represent the kinetic energy of the electrons and nuclei, respectively,
the third term represents the interaction between the electrons and the nuclei, the fourth term
the electron-electron interaction, and the last term the interaction between the nuclei.
However, while the solution of such an equation is possible in principle, it is not feasible
due to the complexity of a system with moving nuclei and electrons. Knowing that any
nuclei is a lot heavier than a electron, it is sensible to assume that such nuclei is stationary in
relation to the electrons, this is known as the Born-Oppenheimer approximation*!'. Under the
Born-Oppenheimer approximation, the electronic Hamiltonian of such a system, in atomic

units (e = m, = 1/4mey = 1), is given by:

N NNl

Ao lyw_yy s 3.11
SR P A I YR 3 g g

i=1 i=1A=1"Tij i=1j>i"ij
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as the kinetic energy of a given nuclei can be neglected. The action of the above operator on
a wave function (quantum state) allows for the calculation of the energy of a system with N
electrons and M nuclei. While this formulation of the hamiltonian operator is more manage-
able, it still presents a challenge due to the presence of the electron-electron interaction term,
which makes the problem non-linear and non-separable. This means that the wave function
cannot be expressed as a product of single-electron wave functions, and thus the Schrodinger
equation cannot be solved analytically for systems with more than one electron.

One of the first approaches widely adopted in the scientific community to solve the above
limitation was the Hartree-Fock*>*3 (HF) approximation. Here the electron-electron poten-
tial is assumed to be a mean potential, and the wave function is approximated by a single
Slater determinant**, effectively reducing the problem of a Schrédinger equation for N elec-
trons to N Schrodinger equations for a single electron systems. The HF method is a varia-
tional method, and so the energy obtained is an upper bound to the exact ground state energy
of the system, thus:

EHF > E,. (3.12)

While the HF approximation successfully describes many systems, it fails to describe
the correlation energy, which represents the energy associated with electron-electron inter-
actions, being defined as the difference between the exact ground state energy and the HF

ground state energy

Ecorr = Eo — E'T, (3.13)

as such, numerous studies have been conducted in search of new approaches to solving
equation 3.11 or ways to improve the HF method. Among these works, Mgller-Plesset per-
turbation theory (MP) has stood out.

Being a perturbative approach, MP assumes that the total electronic Hamiltonian can
be partitioned into a zeroth-order term, I:IO, and a perturbation, I, defined as the difference

between the full Hamiltonian and the reference operator, as shown in Equation 3.14:

H=Hy+AT, (3.14)

where A is a formal perturbation parameter introduced to facilitate the expansion. In princi-
ple, the exact energy of the system can be obtained by expanding the total energy in a power
series in A, according to the Rayleigh-Schrédinger perturbation theory*1:#+.

Christian Mgller and Milton S. Plesset*® proposed using the HF solution as the zeroth-

order reference. In this formulation, the perturbation operator is defined as the difference
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between the full electronic Hamiltonian and the HF Fock operator:

N N
A on 1
Ir=H-Hyx=Y —- Y o (1), (3.15)
i;j Tij zZT l
where vHF(r;) is the mean-field HF potential acting on electron i. The MP method then
defines the total energy as the sum of the HF energy and a series of correlation energy cor-

rections at increasing orders.

3.2.1 Density Functional Theory

The high computational cost of post-HF methods, resulting from the excess of infor-
mation and the lack of physical interpretation of the wave function, led to a search for al-
ternative approaches for obtaining energy and other electronic properties. The electronic
density, given by equation 3.16, was used by Thomas*’ and Fermi*® in 1927 in the model

149

that became known as the Thomas-Fermi model™. However, this model was unsuccessful

in electronic structure calculations and fell into obscurity until the mid-1960s.

p() =N [+ [1¥ (51,8, 5 Pdsidis - ds, = N. (3.16)

It was in 1964 that Pierre Hohenberg and Walter Kohn published the work that laid the
foundation for Density Functional Theory (DFT). In which, they proved that the energy of a
non-degenerate ground-state molecule, its wave function, and consequently all its electronic
properties, are uniquely determined by the ground-state electronic density pg(x,y,z)>°. In
other words, the ground-state energy is a functional of the electron density (po), E[p (7)].

Hohenberg and Kohn introduced two theorems, known as the Hohenberg-Kohn theorems
(HK), which formed the basis of DFT. The first HK theorem states that, in non-degenerate
ground-state systems, the external potential v,y (7) is a unique functional of p(7), meaning
that different external potentials cannot produce the same electronic density. This potential
corresponds to the electron-nucleus interaction>’. Adopting the Born-Oppenheimer approx-
imation and the Hartree atomic units (A = m, = ¢ = 1 /4mgy = 1), the proof goes as follows:

Assuming two external potentials VA and V2, differing by more than one additive con-
stant, the Hamiltonians generated by these potentials are given by equations 3.17 and 3.18,

respectively.

A =T +V, +V4, (3.17)
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A8 =T+V, +V2, (3.18)

Here, both equations differ only in the external potential, V,,. T represents the kinetic
energy of the system, while V,, represents the electron-electron potential energy. The Hamil-
tonians generate two different ground-state wave functions, ‘Pé and W3, corresponding to Eg
and E§, respectively.

Assume, for contradiction, that these two distinct ground-state wave functions generate
the same electron density, p (7). Since ‘Pg is not an eigenfunction of the ground-state Hamil-
tonian H4, we can use ‘Pg as a trial function for A4, applying the variational principle, which
states that the expectation value of the Hamiltonian for a trial wave function is always greater
than or equal to the true ground-state energy of the system:

[YA*EAYAdr  [WBrHAWB4T

EA — —E, 3.1
0= TWApAdr =1 ~ [WBWhir—1 0 (3.19)

Because the Hamiltonians A4 and A2 differ only in the external potential, we can rewrite

the above equation as:

(B HE +Vi, — VB ¥Bdr , 1
By < rgmgng—1  ~Eot [ @ -vE@pEE: 320

Aplying the same logic to EF we get:

Ef < B} + [ VA5 - VA @Ip()d G21)

Finally, adding the two inequalities, we obtain:

EY +Ef < B} + Ef+ [VAG) —VA@pEEr+ [ VAT - VEDIp()dr = B +E],

(3.22)
which is a contradiction. Therefore, our initial assumption that two distinct external poten-
tials could produce the same ground-state electron density must be false. This proves that
the ground-state electron density uniquely determines the external potential, up to an addi-
tive constant. Consequently, all density-dependent properties are uniquely determined by the

electron density?!.
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The second HK theorem states that if p, is a physically valid electronic probability den-
sity, it follows the variational principle. To better understand this theorem, we must first
define the energy functional E[p(¥)]. As shown by the first HK theorem, we can write the

ground-state energy as a functional of the electron density,

Eo = Eo[po] = T [po] + Veelpo] + Vve[po], (3.23)

where the bars above are the expectation values determined by Wy, which can be determined
by po(7). The eigenvalue for the electron-nucleus interaction operator, Vy,, is given by

equation 3.24,52

elpo] = | Po(F)ven (7). (3.24)

The demonstration of this theorem starts by assuming ground state system with electronic
density pg(¥) associated with an external potential V,,, that leads to the ground state energy

Eq. Assuming a trial electronic density pr(7) that leads to energy Er.

WL H W dT (W H,WrdT

E. = . =FEr, (3.25)
& W Wedt (Wi Wrdt r
Analogous to the first theorem, the inequality above leads to:
Eo <ET+ [[VE(E) - VE (PP (3.26)

Thus, since the variational principle applies to wave functions, the energy of the system
with a trial electronic density is always greater than or equal to the energy of the system at
the ground-state electronic density. This establishes the variational principle in the context
of DFT?3.

The HK formalism for DFT provides only an existence condition for an electronic density
that yields all molecular properties exactly, based on the external potential and a functional
that describes kinetic and potential energy. However, neither of its two theorems provides
a protocol for determining the exact electronic density nor the explicit form of the electron-
electron interaction functional that accounts for correlation effects.

To determine the electronic density without using the wave function, Walter Kohn and Lu
Jeu Sham, developed a protocol known as the Kohn-Sham Method (KS method)>4, which,

when used in conjunction with equation 3.27,

Eo = E[po] = Vnelpol + F[po], (3.27)
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is capable of calculating the ground-state energy, as well as the electronic properties, of a
molecular system. Given a system with N electrons and M nuclei that satisfies the conditions
of the HK theorems, the KS method considers a fictitious system (s) composed of N non-
interacting electrons under the same external potential as the original system. According to
the first HK theorem, both systems will have the same electronic density, p,(7) = ps(7). The
Hamiltonian for an electron i in this fictitious system, denoted as H ZKS , 1s the one-electron
Hamiltonian given by the kinetic energy of the electron plus the external potential acting on
1t:

A 1 .
a5 = —EV? + 0s(7). (3.28)
since the electrons do not interact, the Hamiltonian of the fictitious system can be written as:
‘ - loo " /KS
H; = Z |:—§V,' + vs(’_;l):| = ZHi : (3.29)
i=1 i=1

To separate the universal functional F[py] into a classical and a quantum term, the energy

functional is rewritten as:
T[po] = AT [p] + Ti[p], (3.30)

VeelPo] = AV, [p] / e PUPI) 47 47 (331)

here, the terms with A represent the difference between the or1g1na1 and the fictitious system,
while the integral in the second equation corresponds to the classical (Coulombic) interaction

of the fictitious system. Substituting these terms in equation 3.23:

Elpo) = Tl + Tuelpo) + 3 [ [P D ariar s atip) 4 avlp)l.  332)

To determine Ty[p], the KS method refers back to equation 3.29, as the N non-interacting
electrons in the fictitious system have a ground-state wave function given by a Slater deter-

minant> in the form:

1
lPS,O = \/m

The product ¢;(7;)o; is known as a Kohn-Sham spin-orbital, where the spatial part ¢;(7;)

det‘d)](_i)G]"'(PN(rTN)GN‘. (3.33)

is the eigenfunction of the operator in equation 3.28°. Thus, the term T;[p] is determined
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analogously to the kinetic energy in single-determinant HF theory by applying the Slater-

Condon rules®, since the determinants do not differ in any spin-orbital.

Tilp] = - 1) [VZ] 9i(1)). (3.34)

o Nl
1=
s

The Vie[po] is previously described by Hohenberg and Kohn, as the nuclei-electron in-

teraction energy >’

VNe pO

N
0| L, 0(7)

the above equation can be rewritten based on the ideia that the electron densities of both

)| @) / po(F (3.35)

system are the same,

[ pulye)dr = nelpo] = ZZ / ol (3.36)

Lastly, Kohn and Sham proposed a exchange correlation functional E,.[p] to account for
the correlation energy, which is the difference between the exact ground-state energy and
the sum of the kinetic and potential energies of the non-interacting system. The exchange-
correlation functional is a universal functional that depends only on the electron density, and

its form is unknown. The total energy functional is then given by:

| o
. / / PUVPS) 4 i 1 B[],
2 ri2

(3.37)
note that the tree first terms of equation 3.37 are the kinetic energy, the electron-nucleus

Elp] =~

||M2

20 4 _M , p(71)
o) |Vil o) - X2 [ £0

1
2!

interaction energy and the electron-electron interaction energy, respectively, all of which are
easily evaluated. Up until this point the DFT is an exact theory, the only approximation
is form of the exchange-correlation functional, which is the subject of many studies in the
scientific community 760,

It is worth noting that the exchange-correlation functional E,.[p] contains all quantum-

61 such as the influence of electron-

mechanical effects not captured by the first three terms
electron interactions on the kinetic energy of each electron in the system. To obtain E|p]
in equation 3.37, one must determine the electronic density that minimizes the system’s
energy by applying the variational method. This requires finding the Kohn-Sham orbitals

¢; that minimize the functional E[p]. However, the KS orbitals must remain orthonormal



Chapter 3. Theoretical Fundamentals 22

during the minimization process ([ q)i(l)qbi(l)d? = §;;). This is achieved by simultaneously
minimizing the KS orbital-dependent functional while enforcing the constraint using the

method of Lagrange multipliers.

( -ga/ﬂ¢ﬁ drl) _ L/ﬂ¢4 47 =0, (3.38)

where g is the lagrange multiplier representing the chemical potential of a system®?, finaly

we obtain the energy functional in terms of the KS orbitals:

N
Elp] ;/( i) Idn) 2 L) [VE 1)+

| N (3.39)
) Y [ [0 Lo Paran  olo
i=1k=1
Theese orbitals follow the following psudo-eigenvalue equation®:
1 2 p —» a Exc KS
—§V1 . el 9i(1) = &"9,(1), (3.40)
J
where 2L

¥Ta is the exchange-correlation potential v.(7), hance we can rewrite the equation

external potential by comparing it with the equation 3.28:

p (7
Vs , 341
(1) rlj / r2 P ( )

The KS operator is simply the Fock operator minus the exchange-correlation potential, and
thus both can be solved using self-consistent methods, since the exchange-correlation poten-
tial depends on the electronic density.

The only part of equation 3.40 that does not have a well-defined expression is the ex-
change -correlation potential, which contains all the corrections to the energy functional of
the non-interacting fictitious system. If the exact potential were known, Kohn-Sham DFT
would yield exact results. However, to this day, no universal form for this potential has been
found. Research in DFT aims to approximate this functional as accurately as possible®?

developing approximate functionals that better account for exchange effects.
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Among the many DFT approximations we can highlight the Local Density Approxima-
tion (LDA), which is based on the electron gas model, the Generalized Gradient Approxi-
mation (GGA), that includes the gradient of the electron density in the exchange-correlation
functional, the hybrid functionals, which combine the Hartree-Fock method with DFT to bet-
ter account to exchange effects, and lastly the range separeted hybrids which are a variation
of the hybrid functionals that include a range separation parameter to better account for long
range interactions.>>%

In this work DFT was applied as the main method for the calculation of the electronic
structure of the systems studied. The good balance between computational cost and accuracy
of the results makes DFT a good choice for the study of the electronic structure of the tran-
sition state systems. The M062X functional was chosen for the calculations, as it is a hybrid
functional that has been shown to be effective in the study of the Hurd-Claisen rearrangement

transition states 17-19:65

3.3 Solvatochromic Efects

While the advent of DFT greatly improved the accuracy and usability of theoretical meth-
ods, discrepancies between theoretical and experimental results still persist. These differ-
ences may arise from both intrinsic limitations of DFT and also from the differing conditions
under which systems are modeled (e.g., in vacuum vs. in solution) .

In chemistry, it is well known that solvent effects play a critical role. Solute-solvent
interactions can influence various physicochemical properties, such as molecular structure®’,
spectroscopic characteristics%®, and nonlinear optical responses®. Another key aspect of
solvent importance is its impact on organic synthesis. The solvent can affect the reactivity
and stability of the solute, as well as its conformational preferences. Therefore, an accurate
description of these interactions is essential for a deeper understanding of the system under
study 3440

When it comes to modeling solute-solvent interactions, there are two ways to model such
interactions: explicit, which takes into account each solvent interaction with the solute, and
implicit, which evaluates the influence of the solvent by indirect means, usually surround-
ing the solute through a cavity modeling some aspects of the solvent. In general, implicit
methods are the most used solvation methods in computational chemistry, due to their low
computational cost. One of the most widespread implicit methods is the polarizable con-

tinuum model’® (PCM), that treats the solvent as a dielectric continuum and just takes into
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I How-

account the solvation-free energy and the electrostatic solute-solvent interaction
ever, they are not the most accurate methods, as they do not take into account the atomistic
interactions between the solvent molecules and the solute*.

Due to this work focus on modeling all external environmental effects on transition states,
the explicit method is the most suitable. Conventional explicit solvent treatment methods
solve the system’s equations of motion recursively. That is, perturbations in one region of the
system propagate throughout it, starting from an initial configuration of solvent and solute
molecules in space. After a sufficient amount of time, the system’s trajectory is obtained,
from which the property of interest is determined as a time average over this trajectory.

Methodologies that use classical equations are called molecular mechanics simulations
(Molecular Mechanics, MM), those that employ quantum mechanics equations are quantum
mechanical simulations (Quantum Mechanics, QM), and simulations that treat part of the
system quantum mechanically and another part classically are known as QM/MM simula-
tions.

The Sequential Quantum Mechanics/Molecular Mechanics (S-QM/MM) model, pro-
posed by Kaline Coutinho and Sylvio Canuto in 19972, is a low-cost and highly flexible
alternative for treating solvent effects in organic systems. The S-QM/MM model first per-
forms a classical stochastic simulation using the Monte Carlo (MC) method with Metropolis
sampling to generate a set of solute-solvent configurations. The uncorrelated configurations
are then used to calculate the quantum-mechanical properties of interest. A key feature of
this methodology is the use of charge points instead of solvent molecules, during the QM
portion, significantly reducing the computational cost of the simulation. This approach to
modeling chemical environments has gained prominence in recent research, both in the solid

72,73 28,34

state and in solution

3.3.1 Sequential Quantum Mechanics Molecular Mechanics Aproach

The S-QM/MM approach evaluates the solute-solvent interaction energy using:

E = ZZU(I’,']'), (3.42)

AB ij

the first summation runs over all molecules in the system, while the second over all atoms

within each molecule. The pair potential U (r;;) is defined as the sum of the Coulomb and
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the Lennard-Jones potentials between atoms i and ;.

U(rij) = 4, /€€ [(E)u - (@)6] + (ﬁ) , (3.43)

rij rl-j I’,’j

where ¢, ¢ and € represent the partial charges and OPLS parameters of atoms i and j respec-
tively. The distance between atoms i and j is given by r;;.

For a system containing N molecules, the S-QM/MM methodology generates an initial
random configuration of solvent molecules around the solute. The Monte Carlo method
is then used to generate a new configuration by varying the spatial positions of all solvent
molecules. This process utilizes the energy calculated by equation 3.42 and follows the
Metropolis sampling criterion. To evaluate the property (1) of a system with many interact-

ing molecules, we need to solve the expected value integral for a space X:

" P (ax

Here, p represents a non-normalized probability distribution inside a given ensemble.

(3.44)

Nicolas Metropolis 74 showed that the integral 3.44 can be replaced by a much simpler mean

of C distant positions of all the molecules in the system:

1 1 &

(Mens = & MX1) +0(X) +--+n(Xe)] = 5 Y n(X) (3.45)
i=1

Thus, the uncorrelated positions are obtained by means of a Markovian chain, generated

by a transition matrix defined as’*7°:

iy =1, Pi+1 = Pi
: (3.46)
M1 = p;;l, pis1 < pi

1

where II; ;| represents the probability of the system transitioning from state i to i + 1.
Equation 3.46 can be modified depending on the desired ensemble. For the canonical (NVT)
the probability of occurrence of a state is given by Boltzman distribution, while the test
property is the total potential energy, the Metropolis criterion for the NVT ensemble becomes

as follows:

i1 =1, Eiy1 <E;
oEi/ KT (3.47)

i1 = Ei 1 > E;

eEH_] /K'T ’
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After the Monte Carlo simulation is completed, most of the generated configurations are
similar, so only a smaller subset is selected. These are referred to as uncorrelated config-
urations due to their low similarities. To identify them, the method employs the temporal

correlation function, given by2>:

(3.48)

Thus, instead of calculating the desired property for all accepted solvent configurations,
only a small group of 1/y configurations need evaluation using quantum methods. For
the sake of simplicity, it is common to select one every 250 accepted solvent configura-

tions 29,76,77.

3.3.1.1 Average Solvent Electrostatic Configuration

The S-QM/MM methodology can model the solvent effect at a lower computational cost
compared to conventional QM/MM methodologies. However, as elucidated by Canuto’®,
an adequate S-QM/MM simulation requires a minimum of 80 uncorrelated configurations,
meaning 80 expensive QM calculations. Thus, although this methodology is faster than
conventional explicit solvation approaches, it still presents a significant computational cost
compared to implicit solvation methods. For this reason, in their 2007 work??, Coutinho and
collaborators proposed the ASEC (Average Solvent Electrostatic Configuration) approach to
reduce the computational burden of the S-QM/MM methodology.

At its core, ASEC aims to minimize the number of quantum calculations required to
just a single quantum calculation. To achieve this, the protocol overlays the uncorrelated
configurations of the solvent molecules. In this approach, the entire solvent system is treated
as charge points, limiting superposition erros, generating a single quantum calculation of a
solute molecule surrounded by this super-configuration of solvent molecules (as schematized
in Figure 3.46%).

For example, given an S-QM/MM simulation that results in 1) uncorrelated configura-
tions of N solvent molecules surrounding a solute molecule, these 1 configurations are cen-
tered at the origin. Then, the solvent molecules from all uncorrelated configurations are
overlaid, resulting in a single configuration containing 1] - N solvent molecules surrounding
the solute. The partial charges of the solvent atoms are scaled by a factor of 1/1, and this
normalized configuration is used for the QM calculations.

This approach leads to a significant reduction in the computational time of an S-QM/MM

solvation. As such, Georg et al. proposed in 2006 an electrostatic relaxation of the solute
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Figure 3.4: Schematic representation of the ASEC approximation®*, coupled
with the FEG optimizaition. 7] uncorrelated solute-solvent configurations are
overlaid into a single ASEC configuration, and the charges from all charge
points are then averaged over the number of overlaid configurations.

charges?®. The electric field generated by the solvent charges (here represented by an ASEC
configuration of charge points) induces notable changes in the electronic distribution of the
solute molecule, consequently leading to a reorientation of its multipole moment?>-26-64,
This reorientation alters the partial charges of the solute, and as stated by Coutinho?*%>, the
S-QM/MM methodology is highly dependent on the partial charges of the aforementioned
solute, thus the positioning of the solvent molecules will change following the perturbation
of tho solut charges.

Note that, once again, the solvent conformation will lead to changes in the atomic charges
of the solute molecule, creating a recursive interaction between the two. The methodology
proposed by Georg allows the solute electrostatic relaxation to take place by performing
a series of consecutive S-QM/MM simulations. Each time, the solute atomic charges are
updated, and a new MC simulation is carried out, allowing a new solvent positioning to
take place. This interaction is repeated until the convergence of the solute atomic charges
is detected, usually based on the magnitude of the molecule’s dipole moment. Coupling
the S-QM/MM methodology with the ASEC approximation allows the evaluation of solva-
tochromic effects that account for electrostatic changes in the solute molecule. However, this
methodology cannot account for geometric changes in the solute molecule. The overlaying
of multiple statistically relevant configurations requires that the solute molecule remains in
the same conformation, and electrostatic relaxation does not lead to changes in the solute’s
geometry.

The solute-solvent interaction in the QM portion of the simulation is incorporated by
changes in the one-electron term of the solute’s Hamiltonian?’-3*. Consequently, if the so-
lute geometry is allowed to relax, it would change based on the electric field generated by
the charge points. To account for such geometric changes, the ASEC-FEG variation was

proposed in 2012677 introducing an additional QM step wherein the solute geometry is
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allowed to be slightly altered by means of a free energy gradient.

3.3.1.2 Free Energy Gradient

Assuming tree dimensional single particle, the potential energy of a system can be ex-
pressed as a function of the position x, y and z of the particle as U(x,y,z). By taking the

gradient of this function, we can obtain the force acting on the particle at a given position:

e 7z (3.49)

So, based on the potential energy that a particle is subjected to, we can calculate the

L, oU. JU . dU.
F=-VU(x,y,z) = — (—i—i—a—yj—i——k).

force acting on it. The force acting on a particle can then be used to calculate the work
done by the particle when it moves from a position A to a position B. Assuming a molecular
system with N nuclei, the potential energy of the system can be expressed as a function of the
position of each nucleus, U (ﬁl Ry, ,ﬁN), and thus, by taking the gradient of this function,
we can obtain the force acting on each nucleus. The force acting on a nucleus can be used
to calculate the work done by the nucleus when it moves from position A to position B, as
illustrated in Figure 3.5.

Figure 3.5: Schematic representation of the forces acting on each nucleus as
it moves from configuration A to configuration B. The point charges of the
solvent exert forces on the solute nuclei, which can be calculated from the
gradient of the system’s free energy.

By calculating the force and the Hessian matrix during each step of the iterative S-
QM/MM simulation (QM steps), the position of each solute nucleus can be slightly adjusted
based on the solute-solute and solute-solvent potential. The force acting on the solute atoms

can be calculated, considering the solvent influence, as follows 80.

solt solv
FFE(?):—<8(V ;?jv )>, (3.50)
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where V! represents the solute-solute interaction energy and V" represents the solute-
solvent interaction energy. The brackets denote the average over the uncorrelated configura-

tions. The Hessian matrix is computed as3°:

aZ(Vsolt+Vsolv)
H,-j_< 57 > (3.51)

assuming that the geometry changes are small.

Effectively, by using Gaussian®! to calculate the force constants of the perturbed solute
molecule, it is possible to determine the geometry relaxation of the solute molecule?®%7. In
this work the S-QM/MM methodology coupled with the ASEC-FEG approximation is used
to evaluate the influence of the solvent on the geometry of the transition state of Hurd-Claisen
rearrangement, this aproach can be easily extended to Electric Field calculation due to the

sequential nature of the S-QM/MM methodology.
3.4 Electric Fields in Chemistry

The field generated by a charge Q can be evaluated using Coulomb’s law:

= 1
F:_QA

= 3.52
dmegr? (3:52)

where F is the electric field, & is the vacuum permittivity, r is the distance from the charge,
and 7 is the unit vector in the direction of the charge. In chemistry, the polarizing ca-
pabilities of an electric field have long been a subject of curiosity in theoretical physical-

1082 but in recent years, the advent of complex experimental techniques has brought]]

chemistry
this concept to new light. Researchers, including Aragonés 2, have utilized scanning tunnel-
ing microscopy (STM) to catalyze the classic Diels-Alder reaction between a norbornene
derivative fixed on a gold surface and a furan molecule attached to the STM probe tip.
These applications have originated a new field of study, named electrocatalysis, which
uses oriented electric fields (OEEFs) to accelerate and control the stereochemistry of chemi-
cal reactions 121, To better understand how electric fields can influence chemical reactions,
we need to understand how an OEEF interacts with chemical bonds. As peer the valence
bond theory, a covalent bond is the superposition of orbitals, forming a region with relatively
high electron density>3. As such, the covalent bond can be polarized by the presence of an

electric field. The polarization of the bond can be described by the following equation:

AE = OF -7, (3.53)
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where AE is the energy of interaction between the OEEF and the bond electrons, F is the
electric field, Q is the charge of the bond, and 7 is the distance from the bond to the electric
field. The ingenious idea is that the OEEF will increase the ionic character of the bond,

making it more reactive. Figure 3.6 shows the effect of an electric field on a covalent bond.

Figure 3.6: Effect of an electric field in a covalent bond.

This process leads to the lengthening of homopolar bonds, caused by the increase in the
ionic character of the atoms, which will align with the electric field. Heteropolar bonds, like
C — 0, will follow the same principle if the field is oriented towards the more electronegative
atom of the bond, or the bond will be shortened if the field is oriented towards the more
electropositive one.?!

Most of the reagents used in organic or inorganic synthesis exhibit a permanent dipole
moment at various stages of the reaction pathway (reagents, transition state, and products).
Therefore, the OEEF can interact with the dipole moment of the activation complex, which
is significantly higher than that of stable molecules?'-%. This energitic change between the

TS and reactant is described by?':

F ALl
4.8
where Afl is the variation of the dipole moment of the activation complex and the reactant.

AAE = ) (3.54)

Equation 3.54 shows that an alignment of the OEEF with the dipole moment of the activation
complex will lower the energy of the reaction, while an anti-alignment will increase it.

The above-mentioned interaction is the basis of electrocatalysis. Shaik, in an overview
of the practice, proposed the axis rule !, which states that aligning the OEEF with the path
of electronic movement accelerates the reaction. Thus, the present work aims to investigate
the influence of the OEEF on the Hurd-Claisen rearrangement, using the axis rule as a guide
for the orientation of the electric field during the reaction, as well as evaluating the influence

of the field on the transition state and the reactant, assessing its use as a stereocontrol agent.
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Chapter 4
Methodology

The work of Oliveira and collaborators ' observed the influence of non-covalent effects
on the Hurd-Claisen rearrangement reaction, and it became clear that the intramolecular
interactions responsible for the reaction are predominantly electrostatic in nature, shedding
light on the unprecedented stereoselectivity reported by Silva.!” The present work aims to
study the catalytic effect provided by external electric fields, as well as the influence of
solvent effects, in the Hurd-Claisen rearrangement.

In this section, we will present a more detailed description of the studied systems, paying
close attention to the reaction axis rule. !> Next, the computational details of the calculations
will be discussed in detail. Lastly, a comprehensive description of the functionalities of
MoleKing will be presented, highlighting its usefulness in OEEF calculations. To maintain
comparability with the previous work, all geometry optimizations and frequency calculation
were performed in the M062X/6-311+g(d, p) level of theory with a following single point
correction at the M062X/def2-tvpp level of theory.

4.1 The Hurd-Claisen Rearrangement

The Claisen rearrangement is a powerful tool in organic synthesis for forming new
carbon-carbon bonds.?%* Owing to the concerted pericyclic mechanism of this reaction,
a new C = C bond is stereoselectively installed in the product. Its Hurd variant proceeds
through a two-step process in which an allylic alcohol is converted in situ into its corre-
sponding allyl enol ether, which subsequently rearranges to form the final product. Oliveira
previously evaluated the impact of various functional and electron-withdrawing groups on
product selectivity. In order to expand upon this study by including the effects of external
electric fields (EEFs) and solvation, two variants of the Hurd-Claisen rearrangement were
analyzed: one containing an ester group (Hurd-Est) and another containing a nitrile group
(Hurd-Nit). A series of organic substituents were investigated for each system, including
para-aminophenyl (NH,Ph), para-nitrophenyl (NO,Ph), phenyl (Ph), methyl (CH3), ethyl
(Et), isopropyl (SProp), isobutyl (IsoBut), and tert-butyl (TBut).

This array substituents constitute a sample of diverse competitive factors in the stabiliza-

tion of transition states, ranging from bulky fragments (to assess the steric impact on the
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E/Z ratios of the rearrangement) to electronic effects by employing electron-donating and
electron-withdrawing groups (to evaluate the electrostatic impact on the E/Z ratios). Both
variations of the Hurd-Claisen rearrangement were studied, with the substituent group in
the axial position and in the equatorial position. The reaction coordinate diagram for the

Hurd-Claisen rearrangement is shown in Figure 3.3.

H

! EWG=CO,EtCN |
R = Alkyl and Aryl

EWG
\ - R /\i/
COH
COH Z-Product E- Product

Figure 4.1: Sigmatropic step of the for the Hurd-Claisen Rearrangement using
CO,Et and CN as the electron-withdrawing groups. For better visualization,
the aryl and alkyl substituents are represented separately and the Axial (E) and
Equatorial (Z) Activation Complexes are shown inside square brackets. This

image was taken from?°.

During the evaluation of the reaction kinetics, the Curtin-Hammett principle was consid-
ered, inspired by the works of Peng?®3>. Equation 3.8 can be readily used to describe the
stereoselectivity ratio £ /Z of the Hurd-Claisen rearrangement. In this context, the activation

barrier difference, denoted as AAG?, is defined as:

AAG* = AGE, — AG, (4.1)

where Aqu corresponds to the activation free energy associated with the equatorial position
(eq - isomer Z), and AGgx corresponds to the axial position (ax - isomer E). In Figure 3.3,
the reaction coordinate diagram illustrates the pathways for the formation of both isomers
via their respective transition states (TS1 and TS2). The basic assumption of the Curtin-
Hammett principle is that the interconversion of the E/Z reactants is fast compared to the
rate of the reaction, and the product distribution is determined by the relative stability of the
transition states, allowing the simplification of the evaluation of the stereoselectivity of the

reaction by accounting for the interconversion of the reactants implicitly:
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AAG* = (AG, — AGL) +AG®
AAG* = (Grs(eq) — GR (eq) — (GTs(ax) — GR (ax)) + (GReeq) — GR (av)

AAG* = Grs(eq) — Greeg) — GTs(ax) + Grao + Greeg) — Gy
AAG* = Grs(eq) — GTs(ax)

This derivation leads to a direct way accond for the stereoselectivity of the reaction by
evaluating the difference in the activation barriers of the transition states. The sign of AAG*
determines the stereoselectivity of the reaction. A negative value of AAG* indicates a more

stable equatorial transition state (TS), while a positive value suggests a more stable axial TS.
4.2 Computational Details

The subsequent section provides a detailed description of the computational methods
used in this work, as well as an overview of some of the code developed to automate the
process. For better readability, the section is divided into two parts: OEEF Evaluation and

Solvation Methodology.

4.2.1 OEEF Evaluation

All calculations involving oriented electric fields were performed using the Gaussian16
quantum chemistry package,8! employing DFT. To maintain consistency with previous work,
these calculations were carried out at the M062X/def2-tzvpp// M062X/6-311+G(d,p) com-
pound model. It is important to note that M062X, a hybrid density functional from the
Minnesota suite®, is extensively used for calculating transition state geometries due to its
high accuracy. 3683

The initial geometry was taken from the work of Oliveira,'® and the OEEF optimization
was performed following the recommendations of Shaik’s work.'>2! Two different general
orientations of the electric fields were considered: one following the reaction axis rule and
the other using the molecular axis as a reference. All OEEF calculations were performed with
varying field strengths to evaluate the influence of both weak and strong electric fields on the
reaction. The reaction axis rule had a field strength of —8.00 x 1073 to 8.00 x 103 a.u.,
while the molecular axis was evaluated with field strengths of £1.00 x 10~ and 4-6.00 x
107> a.u. to elucidate the effect of weaker fields.

The reaction axis consists of the vector that points from the nucleophilic site to the elec-

trophilic site. Observing Figure 4.2, it becomes clear that the general flow of electrons



Chapter 4. Methodology 34

Figure 4.2: Electronic flow of the ax-Hurd-Claisen rearrangement, the curved
arrows indicate the electronic movement. Red indicates the formation of a
C — C bond, while blue indicates the breaking of a C — O bond.

follows two opposite directions, hence the simultaneous formation of a C — C bond and the
breaking of a C — O bond. Thus, for the Hurd-Claisen rearrangement (and all Claisen sig-
matropic rearrangements), the reaction axis can be defined along the C — O bond that will
be broken or the C — C bond that will be formed. This result is similar to the work of Wang
et al. about the electrocataliosys of the Diels Alder reaction. '©

The reaction axis rule states that the electric field should be oriented along the reaction
axis to maximize its effect on the reaction. To achieve this result in Gaussian16, one should
align the desired bond with the z-axis and apply the electric field along the same axis. This
reorientation process can be very cumbersome and prone to human error. To mitigate this
issue, MoleKing was employed to automate the process by reordering the atoms of all studied
molecules, assigning them new indices, and then reorienting the molecule along the desired
axis.

When dealing with the thousands of point charges generated during the S-QM/MM sol-
vation process, MoleKing also applies the same rotation rules to the point charges, thus
ensuring that the electric field is correctly oriented along the reaction axis.

The molecular axis can be obtained by performing a Principal Component Analysis
(PCA) on the molecule’s coordinates. The PCA algorithm calculates the eigenvectors of the
covariance matrix of the molecule’s coordinates, which are then used to define the molecular
axis. This axis is determined by the eigenvector with the largest eigenvalue, corresponding
to the direction of the molecule’s longest axis. The electric field can then be oriented along
this axis to evaluate its influence on the reaction, not only along the reaction axis but also in
other directions. A good point to note is that weaker fields leads to negligible changes on
molecular geometry 8, thus molecular axis was evaluated with out geometry optimization.

This approach allows for a more comprehensive evaluation of the OEEF effect on the
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reaction under a more general orientation of the electric field, which tends not to catalyze
the reaction as effectively as the reaction axis rule but can alter stereoselectivity by induc-
ing changes in the transition state geometry. Once again, MoleKing was used to automate
the process of obtaining and reorienting the molecule along the molecular axis through the

alingMolecule function.

4.2.2 S-QM/MM

The S-QM/MM solvation method was performed using the DICE software>*? in con-
junction with ASEC-FEG2%-%° approximation. The transition states were embedded in a box
containing 500 EVE (ethyl vinyl ether) molecules at 373 K to maintain comparability with
the work of Silva.!” The box dimensions were defined according to the experimental density
of the solvent. These simulations were divided into two stages.

In the first stage, called thermalization, two Monte Carlo simulations were performed, re-
ferred to as the first and second thermalization, respectively. The first thermalization, carried
out at constant volume, consisted of 4.00 x 10’ Monte Carlo steps and 150 cooling steps,
with the aim of adjusting the initial positions of the solvent molecules to achieve a more
stable configuration. This process allows the solvent molecules to approach or move apart to
minimize the system’s total energy.

The second thermalization, conducted at constant pressure, involved 6.00 x 107 Monte
Carlo steps, allowing the box volume to adjust according to the magnitude of solvent-solvent
interactions. This variation in the total box volume promotes the relaxation of electrostatic
solvent-solvent interactions.

This thermalized system is used as the starting point for the second stage of the sim-
ulation, referred to as the equilibrium simulation. It is performed at constant pressure (to
maintain the solvent density during the simulation), totaling 1.25 x 103 Monte Carlo steps.
The number of Monte Carlo steps in the equilibrium simulation was chosen with the objec-
tive of obtaining 125 uncorrelated configurations, sampling one configuration every 2,000
Monte Carlo steps.

The 125 configurations obtained were then combined into the ASEC configuration, that
was used in subsequent quantum calculations. During the quantum mechanical part of an
S-QM/MM simulation, the solvent molecules are often treated as point charges. After the
ASEC superposition, the system becomes a large set of Cartesian coordinates. Therefore,
the use of MoleKing to handle the normalization and parsing of the ASEC configuration was

crucial for optimizing the S-QM/MM simulations.
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Figure 4.3: General scheme of ASEC-FEG. Adapted from Matias, 2023.54
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This solute-solvent configuration is then subjected to the geometrical relaxation of the
free energy gradient. Typically, an external optimization routine is employed to minimize the
free energy gradient. However, in this work, in an effort to reduce computational costs, the
gradient was minimized using the Gaussian16 package,®! by performing single-step geom-
etry optimizations (using the Berny algorithm) at the M06-2X/6-311+G(d,p) level of theory.
At each subsequent step, another geometry optimization was performed, effectively produc-
ing an N-step minimization of the FEG in a simulation with N steps. After this relaxation,
the atomic charges of the solute are recalculated using the Merz-Kollman (MK) population
analysis.

Using the calculated MK charges, a new dipole moment of the solute is obtained. These
new charges and geometric parameters of the solute are then used in a fresh S-QM/MM
simulation, which will produce a new dipole moment and a new set of charges/positions to
be used in another S-QM/MM simulation. This process is repeated at leas of 10 times or
until the convergence of the dipole moment. Figure 4.3 brings a schematic representation of
the whole process.

To optimize the iterative procedure described above, a new version of the DicePlayer
code3! was developed using Python 3.x. This code automates the ASEC protocol, identifies
the dipole moment convergence point, and partitions the equilibrium simulation, with 1.25 x
10® Monte Carlo steps, into n smaller simulations, each containing 1.25 x 10® Monte Carlo
steps, performed simultaneously. The sum of the results from these parallel simulations can
be interpreted as equivalent to a single 1.25 x 108-step Monte Carlo simulation and is used
to generate the ASEC distribution. This parallelization of the equilibrium simulation reduces
the total simulation time by a factor of n.

The code uses files directly extracted from the LigParGen server®!~93

as input to generate
the correct OPLS parameters for the solvent molecules. As mentioned before, MoleKing
was used to both normalize the ASEC configuration and parse the files for the DicePlayer

code in a faster and more efficient manner. By using this version of the DicePlayer code,
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the otherwise convoluted ASEC-FEG process was simplified and optimized, significantly

reducing human error and computational time.
4.3 MoleKing

MoleKing is a Python package written in C++ with linkage powered by pybind11. It
contains several useful classes for those who develop Python scripts aimed at computational
chemistry. The main goal of this package is to introduce chemistry-related concepts and
objects, such as Molecules, Atoms, and Geometries, into Python, making programming more
intuitive and accessible for chemists.

One of the main challenges in chemistry programming is the lack of chemical intuition
in the code. By using MoleKing, users can easily create and manipulate molecules, atoms,
and complex molecular systems, making the code more readable and intuitive. Addition-
ally, MoleKing is capable of reading and writing input and output files for the Gaussian 16
package and the Psi4 SAPT module®?.

The building blocks of MoleKing are the Atom and Molecule classes. The Atom class
represents a single atom, containing information such as its atomic number, symbol, and
Cartesian coordinates. The Molecule class, on the other hand, represents a collection of
atoms using a vector, allowing the user to manipulate and analyze molecular systems.

From a quantum perspective, a chemical bond is defined by the distance between two
atoms. Therefore, by using the covalent radii of the atoms, it is possible to determine which
atoms are bonded to each other within the collection. To fine-tune this process, a bond
length correction parameter is used. This parameter is user-defined and can be modified at
any time. The default value is 1.3, meaning that two atoms are considered bonded if the dis-
tance between them is less than 1.3 times the sum of their covalent radii. This default value
was established based on the transition state geometries of Claisen rearrangement reactions.
Listing 4.1 shows the constructors of the Atom and Molecule classes. Note that while the
Atom class can be instantiated using either the atomic number or the atomic symbol, the

Molecule class is instantiated without any arguments.

Listing 4.1: Creating a Atom/Molecule Object

Atom: :Atom(int atomicNumber, double x, double y, double z, double charge, bool freezeCode_){
2 PeriodicTable temp;
this->atomicNumber = atomicNumber;
4 this->atomicSymbol = temp.getSymbol(this->atomicNumber) ;
5 this->point = Point(x, y, z, ’c’);
6 this->charge = charge;

7 this->freezeCode = freezeCode_;
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8 this->atomicMass = temp.getAtomicMass(this->atomicSymbol);

9 this->atomicRadio = PeriodicTable().getCovalentRadii(this->atomicSymbol) ;
10 this->opls = "None";

11 I8

12 Atom: :Atom(string atomicSymbol, double x, double y, double z, double charge, bool freezeCode_){
13 PeriodicTable temp;

14 string symbol (atomicSymbol) ;

15 this->atomicSymbol = symbol;

16 this->atomicNumber = temp.getAtomicNumber (atomicSymbol) ;

17 this->point = Point(x, y, z, ’c’);

18 this->charge = charge;

19 this->freezeCode = freezeCode_;

20 this->atomicMass = temp.getAtomicMass(this->atomicSymbol) ;

21 this->atomicRadio = PeriodicTable().getCovalentRadii(this->atomicSymbol) ;
22 this->opls = "None";

23 };

24 Molecule: :Molecule(){

25 this->molecule = AtomList();

26 this->multiplicity = 1;

27 this->VDWRatio = 1.3;

28 this->charge = 0;

29 I8

4.3.1 Internal Redundant Coordinates

Generally the spatial position of atoms in a molecule is described by the Cartesian co-
ordinates, however expression this positons in a non-constrined way, like in a Z-matrix, can

9596 The internal redundant co-

be more eficient when dealing with geometrical parameters
ordinates (IRC) are a set of coordinates that describe the molecular geometry in terms of
bond lengths, bond angles, and dihedral angles. These coordinates are independent of the
molecular orientation and can be used to describe the molecular geometry in a more intuitive
way. The MoleKing package contains a method called doIRC that allows the user to convert
between Cartesian and internal redundant coordinates. Listing 4.2 shows the constructors of

the IRC class.

Listing 4.2: Obtaining Bond length, Angles and Dihedrals

1 void Molecule::doIRC(){
this->bonds.clear();

this->angles.clear();

S}

4 this->dihedrals.clear();
5 this->getBonds () ;

6 this->getAngles();

7 this->getDihedrals();

8 s

9 void Molecule::getBonds (O{

10 string symboll, symbol2;
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1 for (int i = 0 ; i < (int) this->molecule.size(); i++){

12 for (int j = i; j < (int) this->molecule.size(); j++){

13 double length = this->bondLength(i, j);

14 symboll = this->molecule[i].getAtomicSymbol();

15 symbol2 = this->molecule[j].getAtomicSymbol();

16 PeriodicTable table = PeriodicTable();

17 double radii = this->VDWRatio * (table.getCovalentRadii(symboll) +
table.getCovalentRadii(symbol2));

18 if (length <= radii){

19 if (1 !'= j){

20 StraightSegment bond = StraightSegment(this->molecule[i].getPoint(),
this->molecule[j].getPoint());

21 this->bonds.push_back(pair < vector <int> , StraightSegment > {vector
<int> {i,j}, bond});

2 I

23 };

24 };

25 18

26 I

Here (Listing 4.2), every atom pair in the molecule has its minimal distance calculated,
and if this distance is less than the sum of the covalent radii of the atoms times the bond length
correction parameter, the atoms are considered bonded. The bond length is then stored in a
vector of pairs, where the first element is a vector of integers representing the atom indexes
and the second element is the bond length. Once the bonded atoms are known, all angles and

dihedrals can be calculated using shperical coordinates.

x =rsin6cos @
y =rsin0sin@ “4.2)
z=rcosf

An advantage of using internal redundant coordinates is that once the bond lengths are
defined, all geometrical parameters for the molecule are readly available. When dealing with
OEEF optimization in a theoretical manner Gaussian requires the use of the Z-matrix rep-
resentation. Therefor a conversion between the Cartesian and internal Z-matrix coordinates
is shown in Listing 4.3. By ordering the molecule with two specific atoms at first, a bond

alined Z-matrix is obtained.

Listing 4.3: Ordering the molecule for Z-Matrix

1 void Molecule::reorderMolecule(vector <int> fixedAtoms){
2 if (fixedAtoms.size() == 0)

3 {

4 vector <int> temp;

5 vector <double> distances;
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6 vector <double> atoml = this->molecule[0].getPos();

7

8 for (int i = 1; i < (int) this->molecule.size(); i++){
9 vector <double> atom2 = this->moleculel[i].getPos();

10 distances.push_back(Vector3D(atoml, atom2).magnitude());
) }

12 vector <double> distancesCopy = distances;

13 sort(distances.begin(), distances.end());

14 for (int i = 0; i < (int) distances.size(); i++){

15 for (int j = 0; j < (int) distancesCopy.size(); j++){

16 if (distances[i] == distancesCopy[jl1){

17 temp.push_back(j+1);

18 distancesCopy[j]l = -1;

19 break;

20 }

21 }

2 }

23 AtomList tempMolecule;

24 tempMolecule.push_back(this->molecule[0]) ;

25 for (int i = 0; i < (int) temp.size(); i++){

26 tempMolecule.push_back(this->molecule[temp[i]]);

27 }

28 this->molecule = tempMolecule;

29 }

30 else if (fixedAtoms.size() == 2)

31 {

32 vector<pair<double, int>> distances;

33 vector<double> atoml = this->molecule[fixedAtoms[0]].getPos();
34 for (int i = 0; i < (int)this->molecule.size(); i++)

35 {

36 if (i != fixedAtoms[0] && i != fixedAtoms[1])

37 {

38 vector<double> atom2 = this->molecule[i].getPos();
39 distances.push_back({Vector3D(atoml, atom2).magnitude(), i});
40 }

41 }

42 sort(distances.begin(), distances.end());

43 AtomList tempMolecule;

44 tempMolecule.push_back(this->molecule[fixedAtoms[0]]);
45 tempMolecule.push_back(this->molecule[fixedAtoms[1]]);
46 for (const auto &pair : distances)

47 {

48 tempMolecule.push_back(this->molecule[pair.second]);
49 }

50 this->molecule = tempMolecule;

51 T
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4.3.2 Spatial Manipulation

During a theoretical investigation of a chemical reaction, it is common to have molecular
movements in the Cartesian space. To represent these movements, the MoleKing package
makes use of the rotational and translational matrices. MoleKing uses the Rodrigues’ 78
rotation formula to rotate the molecule around an arbitrary axis. The rotation matrix is

defined by Equation 4.3, as shown in Listing 4.4.

cosO +u2(1—cosO)  uyuty(1—cos®) —u;sin® wugu,(1—cosO)+uysin6
R = |uyuy(1 —cos @)+ u,sinO cos@+u§(1—cos6) uytt;(1 —cos 0) — u,sin 6

uztte(1 —cos0) —uysin® u iy (1 —cosB)+uysin®  cos +u?(1—cos0)

4.3)
Listing 4.4: Rotating the Molecule
void Point::rotationVector(double angle, Vector3D unitVector){
2 angle = M_PI * angle / 180;
3 double x_u = unitVector.axisValue(’i’);
| double y_u = unitVector.axisValue(’j’);
5 double z_u = unitVector.axisValue(’k’);
6 vector < vector < double> > posMatrix= { {this->x}, {this->y}, {this->z}, {1.0} };
7
8 Matrix rotMatrix = Matrix( { { cos(angle) + pow(x_u, 2)*(1 - cos(angle)), y_u * x_u * (1

- cos(angle)) - z_u * (sin(angle)), z_u * x_u * (1 - cos(angle)) + y_u * (sin(angle)), 0.0},

9 { x_ux*y_ux* (1 - cos(angle)) + z_u * (sin(angle)),
cos(angle) + (1 - cos(angle)) * pow(y_u, 2), z_u * y_u * (1 - cos(angle)) - x_u *
(sin(angle)), 0.0},

10 { x_u * z_u* (1 - cos(angle)) - y_u * sin(angle), y_u * z_u
* (1 - cos(angle)) + x_u * sin(angle), cos(angle) + (1 - cos(angle)) * pow(z_u, 2), 0.0},

1 {0.0, 0.0, 0.0, 1.0} } );

13 Matrix newPos = rotMatrix.multiplication(posMatrix);

14 this->x = newPos.element(1, 1);

15 this->y = newPos.element(2, 1);

16 this->z = newPos.element(3, 1);

17 vector <double> newPosSpherical = SphericalCoords(this->x, this->y, this->z,
’c’).toSpherical();

18 this->radius = newPosSphericall[0];

19 this->tetha = newPosSphericall[1];
20 this->phi = newPosSpherical[2];
21 I8

Translation is handled in an analogous manner. By using homogeneous coordinates, the
translation can be performed through a simple multiplication of the position vector by the

translation matrix. The translation operation is represented by Equation 4.4:
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4.3.3 Molecular axis

Another key point of the uses of MoleKing in handling external effects is the definition of
the molecular axis. The molecular axis is defined as the vector that connects the two atoms
that are farthest apart in the molecule. A principal component analysis (PCA) is performed
to determine the molecular axis. The PCA is a statistical method that uses an orthogonal
transformation to convert a set of observations of possibly correlated variables into a set of
linearly uncorrelated variables called principal components. The first principal component is
the vector that maximizes the variance of the data, and it is used to define the molecular axis.
The PCA is performed by calculating the covariance matrix of the molecule and then finding
the eigenvectors and eigenvalues of this matrix. The eigenvector with the largest eigenvalue
is the first principal component, which defines the molecular axis. Listing 4.5 shows the PCA
method implemented in MoleKing, here the Eigen3 library is used to calculate the eigenvec-
tors and eigenvalues of the covariance matrix, Eigen3 is the only non standard library used

in MoleKing.

Listing 4.5: Principal Component Analysis of Molecular Axis

void Molecule::alignMolecule(char axis){

=)

Eigen::MatrixXd coords(this->molecule.size(), 3);

5 for (size_t i = 0; i < this->molecule.size(); ++i)

6 {

7 coords.row(i) = Eigen::Vector3d(this->molecule[i].getX(), this->molecule[i].getY(),
this->molecule[i].getZ());

8 }

0 //perform PCA

2 Eigen::SelfAdjointEigenSolver<Eigen: :MatrixXd> solver(coords.transpose() * coords);
3 Eigen: :MatrixXd principalAxis = solver.eigenvectors().col(2); // The principal azis is
the eigenvector with the largest etigenvalue

14 Eigen: :Matrix3d rotationMatrix = Molecule::getRotationMatrix(principalAxis, axis);

16 for (size_t i = 0; i < this->molecule.size(); ++i)

17 {
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18 Eigen::Vector3d pos = Eigen::Vector3d(this->molecule[i].getX(),
this->molecule[i].getY(), this->moleculelil.getZ());
19 pos = rotationMatrix * pos;

20 this->molecule[i] .setX(pos(0));

21 this->molecule[i] .setY(pos(1));
2 this->molecule[i] .setZ(pos(2));
23 }

24

25 this->moveMassCenter (0,0,0);

26 I8

4.3.4 Gaussian File Handling in MoleKing

The MoleKing package is designed to efficiently read and write Gaussian output and
input files. The process begins with reading Gaussian output files (.1log) line by line, with
each line stored in a vector<string>. This approach allows for efficient parsing of large
files, enabling quick data retrieval without significant memory overhead.

The parsing process extracts key computational data such as:

» Atomic Coordinates: Extracted from the standard orientation section for geometry

analysis.

* SCF Energy: Retrieved from lines containing SCF Done: to monitor energy conver-

gence.

* Molecular Orbitals (HOMO/LUMO): 1dentified from orbital energy sections for elec-

tronic structure analysis.

* Dipole Moments: Parsed from the Dipole moment block, providing components in

the x, y, and z directions.

* TD-DFT Transitions: Extracted for excited-state calculations, including transition en-

ergies and oscillator strengths.

* NLO Properties Extrac the NLO tensors separating then by frequency and orientation.

For writing Gaussian input files (. gjf), MoleKing constructs the file line by line, storing
the content in a vector<string> before outputting it to disk using the ofstream class.
This approach ensures compatibility with Gaussian input syntax and enables the automated
generation of new input files from parsed data.

While the overall syntax for input/output handling is simple, the underlying implemen-
tation is extremely intricate and convoluted. Therefore, no code will be presented in this

section.
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Chapter 5

Results and Discussion

5.1 MoleKing: A Python Module for Theoretical Chemistry.

One of the main goals of this thesis was to develop a Python module, MoleKing, de-
signed to simplify coding for chemical calculations. A common challenge faced by individ-
uals new to programming is understanding that computers lack any form of common sense;
every instruction must be explicitly defined, leaving little room for ambiguity. This can be
both time-consuming and error-prone, particularly when adapting complex systems, such as
molecules, to machine-readable logic.

To address these challenges, the MoleKing module was developed to incorporate chemi-
cal logic directly into computational workflows, streamlining the process of writing code for
theoretical chemistry applications. MoleKing is a versatile tool designed for a wide range
of tasks, including molecular geometry manipulation, quantum chemistry data parsing, and

automation of computational workflows.

MoleKing

LEEDNMGOL

Laboratério de Estrutura Eletrénica e DinAmica Molecular

Figure 5.1: The MoleKing logo.
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The module is available for download at GitHub, where the latest version, while the
documentation and usage examples, can be accessed via the MK User Guide. The module
is also readily available on the Python Package Index (PyPI) and can be installed using the
command pip3 install MoleKing. While MoleKing is adaptable to various theoretical

chemistry applications, it is particularly recommended for:

* Automating the parsing of Gaussian output files for energy, dipole moments, and or-

bital information.

* Handling molecular geometry transformations, including rotations, translations, and

coordinate conversions.

* Integrating with QM/MM workflows, especially for managing point charges and ex-
ternal field effects.

» Simplifying the generation of Gaussian input files for batch processing.

While working on the present study of the Hurd-Claisen rearrangement, MoleKing was
employed in nearly all stages of the computational workflow, from the initial geometry ma-
nipulation to the final parsing of the results. The module proved particularly useful in au-
tomating the OEEF (Oriented External Electric Field) calculations, as it facilitated the re-
orientation of molecules along both the reaction axis and the molecular axis. Additionally,
it handled the point charges generated during the S-QM/MM solvation process with ease.
More detailed information can be found in the MoleKing section of the Methodology chap-
ter. the Listing below shows an example of the code used to generate the input files for the
OEEF calculations, using the reaction axis rule to orient the molecule central C — O bond

along the z-axis:

Listing 5.1: Generating Gaussian input files for OEEF

from MoleKing import G16L0Gfile
2 from sys import argv
from os import chdir, mkdir
4 referenceMol = argv[-1]
5 print (referenceMol)
6 mymol = G16L0Gfile(referenceMol).getMolecule()
7 fields = [0, 2e-3, 4e-3, 6e-3, 8e-3]
8 axis = [’x’, ’y’, ’2’]
9 mymol.alignBond(0,4,’y’)
10 mkdir (referenceMol.split(’.’) [0]+’ _EField’)
11 chdir(referenceMol.split(’.’) [0]+’_EField’)
12 for i in range(len(fields)):
13 efield p = [0.0, 0.0, fields[i]]
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14 efild_m = [0.0, 0.0, -1xfields[il]

15 fields_name = str(int(fields[i]*10000))

16 P = mymol.copy()

17 M = mymol.copy()

18 if i==0:

19 fields_name = ’0’

20 P.toGJF(fileName=’0’+axis[2]+’ _’+referenceMol.split(’.’) [0]+’_ZA.gjf’,

method=’"M062X’, basis=’6-311+G(d,p)’,
addKeywords=’opt=(zmatrix,calcfc,ts,maxcycle=100000,noeigentest) freq=noraman
int=(grid=ultrafine) density=current test NoSymm’, charge=0, multiplicity=1, zmatrix=True,
bondFixer=[0,4])

21 else:

22 P.toGJF(fileName=’p’+fields_name+axis[2]+’_’+referenceMol.split(’.’) [0]+’_ZA.gjf’,
method=’M062X’, basis=’6-311+G(d,p)’,
addKeywords=’opt=(zmatrix,calcfc,ts,maxcycle=100000,noeigentest) freq=noraman
int=(grid=ultrafine) density=current test NoSymm’, charge=0, multiplicity=1, zmatrix=True,
bondFixer=[0,4], EField=efield_p)

23 M.toGJF(fileName=’"m’+fields_name+axis[2]+’_’+referenceMol.split(’.’)[0]+’ _ZA.gjf’,
method=’M062X’, basis=’6-311+G(d,p)’,
addKeywords=’opt=(zmatrix,calcfc,ts,maxcycle=100000,noeigentest) freq=noraman
int=(grid=ultrafine) density=current test NoSymm’, charge=0, multiplicity=1, zmatrix=True,
bondFixer=[0,4], EField=efild_m)

24 chdir(’..”)

This section will now provide a brief overview of some of the module’s applications
during the development of this thesis.

While the focus of this study was the application of point charges as a means of simu-
lating the electrostatic effects of solvents, the MoleKing module is also capable of handling
other types of point charges, such as those generated by the supramolecular model for crys-
talline representation.’>”3 This methodology employs an iterative process to account for the
effects of the polarized medium on the electrical properties of molecular crystals. The point
charge embedding approach enhances the simulation of the crystal environment by generat-
ing the correct crystalline electrostatic Coulomb potential. The electrostatic crystal potential
experienced by each atom in a molecule within the infinite crystal lattice is simulated using
a finite, self-consistently derived array of point charges. ">

During the development of a study on the effects of an electrostatic crystalline environ-
ment on a stilbazolium derivative (VSNS), the module was utilized to generate input files
for Gaussian calculations and to parse the output files, extracting the Non-Linear Optical
(NLO) properties of the crystal. By employing HF (Hartree-Fock) titration alongside the
point charges, it was possible to achieve a systematic ordering of excitation energies and
oscillator strengths, significantly improving the precision of the calculations.

The following listing shows an example of the code used to extract the NLO properties

from the Gaussian output files:
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Listing 5.2: Extracting NLO properties from Gaussian output files using
MoleKing.

from MoleKing import G16L0Gfile

)

from pandas import DataFrame

3 from sys import argv

1 class NLO:

5 def __init__(self, filename):

6 self.VSNS = G16L0Gfile(filename, polarAsw=True)
7 def getNLO(self):

8 F = self.VSNS.getFrequency()

9 Beta = {}

10 for i in F:

11 if i !'=0.0:

12 Beta.update ({i:self.VSNS.getBeta(orientation=’Input’, frequency=i,

unit=’esu’, BSHG=1)})
13 df = DataFrame(Beta)

14 df .sort_index(axis=1, inplace=True)
15 df .to_csv(’Beta.csv’, sep=’,’)

16 if __name__ == ’__main__’:

17 nlo = NLO(argv([1])

18 nlo.getNLO(Q)

During the development of the work on the Hurd-Claisen rearrangement by Oliveira, '

the fragmentation protocol proposed by Silva!” was extended to other substituents in both
ester-containing and nitrile-containing molecules. The MoleKing module was used to sim-

plify the fragmentation process, which was performed using the following code:

Listing 5.3: Partial Fragmentation of the Hurd-Claisen rearrangement using

MoleKing.
1 from MoleKing import Molecule, G16L0Gfile, PeriodicTable
2 def LOG_to_molecule(self):
3 Mol = Molecule()
4 mol = G16LOGfile(arq) .getMolecule()
5 for atom in mol:

6 Mol.addAtom(self .PT.getSymbol(int (atom.getAtomicSymbol())), atom.getX(), atom.getY(),
atom.getZ())

7 return Mol

8 def Get_bonds(self):

9 b = self.mol.getIRCBonds()

10 while [] in b:

11 b.remove ([1)

12 return b

13 def list_bonds(self, atom):

14 bond_list = []

15 for bond in self.bonds:

16 if atom == bond[0]:

17 bond_list.append(bond[1])

18 elif atom == bond[1]:
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19 bond_list.append(bond[0])
20 bond_atoms = [self.mol[x].getAtomicSymbol() for x in bond_list]
21 return bond_list, bond_atoms

2 Coo0)

By using the MoleKing module to detect the bonds between atoms, it was possible to
fragment the molecule into smaller parts based on the presence of a common fragment known
as the bridge. The bridge is the fragment that connects the two major parts of the molecule,
allowing the molecule to be systematically divided into three key components: the Hurd
group, the Electron Withdrawing Group (EWG), and the substituent group.

As showcased in the examples above, the use of the MoleKing module simplified the
code, making it more readable and easier to maintain. Additionally, it significantly reduced
the time required for code development, as the module provides built-in functions neces-
sary for performing a wide range of tasks commonly encountered in theoretical chemistry
workflows. Moreover, MoleKing’s modular design allows for easy integration into exist-
ing computational workflows, making it a valuable tool for automating repetitive tasks in

quantum chemistry simulations.
5.2 Oriented External Electric Field

As stated in the Methodology chapter, the effect of the OEEF on the Hurd-Claisen re-
arrangement was investigated using two relative orientations. In the first case, the reaction
axis of the transition state was aligned with the z-axis, and the external electric field was
applied along the Cartesian z-axis. In the second case, the molecular axis was aligned with
the z-axis, and the external electric field was applied along all three Cartesian axes.

A simple way to evaluate the geometric changes in the transition state is through the
Root Mean Square Deviation of Atomic Positions (RMSD), which quantifies the differences
between atomic positions of the transition state under varying OEEF conditions. The results
indicate that larger OEEF magnitudes leads to greater structural changes, confirming that the
OEEF significantly influences the transition state geometry.

As a side note, while RMSD values were occasionally mentioned throughout this dis-
cussion, to avoid excessive data proliferation, these results have been mostly compiled sepa-

rately in Appendix A.1.

5.2.1 Reaction Axis Orientation

Figure 5.2 illustrates the effect of the OEEF ranging from —8.00 x 1072 to 8.00 x 1073

a.u. on the CH3 Hurd-Est rearrangement for both E and Z isomers. By analyzing the general
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trends in both graphs, it is clear that both orientations of the OEEF lead to the stabilization
of the TS structure.

This stabilization follows the trend described by Wang for the Diels-Alder reaction, '°
where the OEEF can significantly lower the activation barrier. Typically, it is expected that
only one orientation of the OEEF would result in a stabilization; however, in the case of
the Hurd-Est rearrangement, the electron flow occurs in both directions, the breaking of the
C — O bond and the formation of the C — C bond, whitch are parallel to the reaction axis.
Consequently, it is natural that both, the positive and negative, OEEF orientations lead to a
stabilization.
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Figure 5.2: OEEF effect in relative energy and the k component of the dipole
moment for the CH3 Hurd-Est rearrangement ranging from —8.00 x 1073 to
8.00 x 1073 a.u. For the E (above) and Z (below) isomers.

Another point of interest is the asymmetric behavior observed in the £ isomer. While the
Z isomer shows no preference for any specific orientation of the OEEF, with a stabilization

of approximately 3.2 kcal/mol, the E isomer exhibits a clear preference for the positive
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orientation, resulting in a stabilization of 3.58 kcal/mol. In contrast, the stabilization under
the negative orientation is 2.72 kcal/mol, leading to a difference of 28% between the two.
Analyzing the changes in bond length for the reactive C—C and C—O bonds, we ob-
serve that the effect on both is symmetrical and equivalent for both isomers, with both bonds
lengthening as the OEEF increases. As observed in Figure 5.3, under an OEEF, bond po-
larization occurs when the electron cloud of the bond is distorted, often increasing both the

partial charges (¢) and the bond length.
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Figure 5.3: OEEF effect in the reactive bonds of the CH3 Hurd-Est rearrange-
ment ranging from —8.00 x 1073 to 8.00 x 1073 a.u. The numbered atoms
represent the order in which the atom appears on Gaussian Z-Matrix. The
C — O bond is the one that breaks, and the C — C bond is the one that forms.

This symmetry suggests that the asymmetric behavior observed in the E isomer is not
attributed to bond length but rather to the electronic distribution within the molecule. As
expected, the k component of the dipole moment follows the same trend as the OEEF (see
Figure 5.2). Notably, in the EQ stereoisomer (corresponding to the previously mentioned Z
isomer), the dipole moment ranges from —3.186 to 3.195 a.u., whereas in the AX stereoiso-
mer (E), it varies from —3.405 to 3.002 a.u.

This observation underscores a crucial distinction: the Z isomer exhibits symmetrical
behavior under the external electric field, while the E isomer displays a clear asymmetry.
This asymmetry arises from the dipole-field interaction, as described by Equation 3.54.

A similar behavior is observed in the Et/SProp Hurd-Est rearrangements, as shown in
Figures 5.4 and 5.5. The E isomer displays a clear preference for the positive orientation of
the OEEF, with a stabilization of 3.88/4.21 kcal/mol—33%/18% higher than that observed
for the negative orientation. Now, the Z isomer exhibits a slight preference for the negative
orientation of the OEEF; however, this preference is considerably less pronounced than that
of the E isomer.
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Figure 5.4: EEF effect in relative energy and the k component of the dipole
moment for the £t Hurd-Est rearrangement ranging from —8.00 x 1073 to
8.00 x 1073 a.u. For the E (above) and Z (below) isomers.

This general trend of the E isomer showing a preference for the positive orientation of
the OEEF leads to the expectation that the AX-stereoselectivity will be favored by a positive
OEEF aligned with the reaction axis. The changes on bond length of the C —C and C — O
bonds are numerically equivalent to those observed in the CH3 Hurd-Claisen rearrangement,

there for we will not present them here.
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Figure 5.5: EEF effect in relative energy and the k component of the dipole
moment for the SProp Hurd-Est rearrangement ranging from —8.00 x 1073 to
8.00 x 1073 a.u. For the E (above) and Z (below) isomers.

Here, we once again demonstrate the direct impact of the electric field on the dipole
moment of the molecule. In a study on the effect of an oriented electric field on the oxidation
of methane catalyzed by Mn-corrolazine, Xianggian Wang”® showed that an electric field
can invert the dipole moment of a molecule, resulting in bidirectional stabilization of the
transition state. A similar phenomenon is observed here, where the dipole-field interaction
is the primary driver of transition state stabilization.

Turning to the highly sterically hindered isopropyl and tert-butyl substituents, where
the corresponding results are shown in Figures 5.6 and 5.7. In contrast to the general
trend—where positive fields typically stabilize the preferred isomer—the negative field here
promotes greater stabilization for both isomers in the 7But reaction. And more, the Z-
IsoButyl rearrangement exhibits a preference under a positive field, further deviating from

the expected pattern.
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Figure 5.6: EEF effect in relative energy and the k component of the dipole
moment for the /soBut Hurd-Est rearrangement ranging from —8.00 x 1073 to
8.00 x 1073 a.u. For the E (above) and Z (below) isomers.

Despite these deviations, the overall asymmetrical stabilization observed in both field
directions remains present. These findings suggest that in systems with bulky substituents,
steric effects may begin to outweigh electronic contributions, leading to more complex and
less predictable OEEF responses.
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Figure 5.7: EEF effect in relative energy and the k component of the dipole
moment for the 7Bur Hurd-Est rearrangement ranging from —8.00 x 1073 to
8.00 x 1073 a.u. For the E (above) and Z (below) isomers.

100 " the Gibbs free energy with the Grimme

By using the GoodVibes python package
quasi-harmonic approximation was calculated for alkyl substituted Hurd-Est rearrangement.
Some of theese results are shown in Figure 5.8, alongside a stabilization comparison of both

isomers.
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Figure 5.8: AAG* (down) and energy stabilization (up) for the CHj
(left), IsoBut (middle) and T But (right) Hurd-Est rearrangement, calculated
with the Grimme quasi-harmonic approximation via GoodVibes in 373k at
MO062X/def2tzvpp level of theory. The red zone represent the region of the
Gibbs free energy where the Z isomer is more stable than the E isomer.

As presented, the Z/FE ratio can be estimated by the difference in the Gibbs free energy
of the transition states of the Z and E isomers. A negative value for this difference indicates
that the Z isomer is more stable than the E isomer.

The CH3 and IsoBut Hurd-Est rearrangements show a general preference for the E iso-
mer; however, applying a proper oriented OEEF (positive for IsoBut and negative for CH3)
along the reaction axis stabilizes the Z isomer, making it more favorable. In contrast, the
T But Hurd-Est rearrangement consistently favors the E isomer, regardless of the OEEF ori-
entation.

The energy stabilization comparison (Figure 5.8, upper portion) demonstrates that while
both field orientations stabilize the transition states, the magnitude of stabilization differs
between the £ and Z isomers. Generally, the Z isomer is strongly stabilized by the nega-
tive OEEF, whereas the E isomer experiences greater stabilization under the positive OEEF.
Thus, the orientation of the OEEF along the reaction axis serves as an effective tool for
controlling the stereoselectivity of reactions involving transition states with similar ener-
gies. Specifically, a negative OEEF can invert the stereoselectivity of some alkyl-substituted

Hurd-Est rearrangements.
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The consistency of these trends across the studied alkyl substituents suggests that the
OEEF interaction depends primarily on the electronic distribution of the molecule rather
than on substituent size. The Et and SProp rearrangements produced results similar to those
of the methyl group and were therefore relegated to an appendix.

To further investigate this effect, an additional class of substituents was analyzed: the
aryl groups (Ph, NO,Ph and NH,Ph,), which exhibit the unprecedented stereoselectivities
previously observed by Silva. These substituents were chosen due to their high dipole mo-
ment and high polarizability, which is expected to lead to a more pronounced interaction
with the OEEF.

Figure 5.9 presents the results for the stabilization energy and AAG* of the aryl Hurd-Est
rearrangements. A striking difference is observed in the response of the NO,Ph transition
state to a low positive electric field: both isomers exhibit a destabilization of approximately
0.5 kcal/mol. The high polarization of this system imposes a barrier to dipole moment reori-
entation, resulting in an unfavorable dipole-field interaction within this initial range of field
strengths, thereby explaining the observed increase in energy. The same effect is observed

for the NH, Ph rearrangement, but to a lesser degree.
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Figure 5.9: AAG* (down) and energy stabilization (up) for the Ph (left),
NO,Ph (middle) and NH,Ph (right) Hurd-Est rearrangement, calculated
with the Grimme quasi-harmonic approximation via GoodVibes in 373k at
MO062X/def2tzvpp level of theory. The red zone represent the region of the
Gibbs free energy where the Z isomer is more stable than the E isomer.
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The dipole polarizabilities for the CH3 and aryl Hurd-Est rearrangements are shown in
Table 5.1. The aryl substituents exhibit higher dipole polarizabilities than the alkyl groups,
with the phenyl-based substituents showing a particularly large difference. This effect is
likely due to the presence of amino groups, which are highly polarizable and can significantly

influence the dipole moment of the molecule.

Table 5.1: Dipole moment for the NO,Ph and CF; Hurd-Claisen rearrange-
ments under no OEEF. This results were extracted from the M062X/def2tzvpp
calculations.

Substituent Dipole polarizability Z/E (a.u.)

CH3 121.805/121.180
Ph 176.395/175.113
NO>Ph 195.510/193.669
NH,Ph 191.492/189.276

By comparing the polarizability values of the CHz and NO;Ph systems, it is evident that a
higher polarizability leads to a more pronounced interaction with the OEEF. Notably, for the
same electric field of —8.00 x 1073 a.u., the molecule with the greater dipole polarizability
exhibits stronger stabilization.

Here, the application of a negative OEEF along the reaction axis leads to a preference
for the EQ isomer. However, in this case, the stabilization of the AX stereoisomer under
a positive field is not evident, suggesting that the use of invisible catalysis preferentially
favors the EQ configuration. Furthermore, the differentiation induced by the electric field is
not sufficient to invert the stereoselectivity, as the Gibbs free energy difference between the
isomers remains positive.

Turning to the nitrile-containing Hurd-Nit rearrangement, the results are shown in Fig-
ure 5.11(B). Here, we highlight the data for the SProp and T But substituents, as presented
in Figure 5.10.

By examining the stabilization of the SProp and T But isomers, we observe that the gen-
eral trend of both-way stabilization is preserved. However, the electron-withdrawing nitrile
group shifts the inherent selectivity from the E to the Z isomer.

A comparison between Figures 5.5 and 5.10 shows that the Hurd-Nit rearrangement is

slightly more stabilized by the OEEF than the corresponding Hurd-Est system.
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Figure 5.10: AAG* (down) and energy stabilization (up) for the Sprop (left)
and T But (right) Hurd-Nit rearrangement, calculated with the Grimme quasi-
harmonic approximation via GoodVibes in 373k at M062X/def2tzvpp level of
theory. The red zone represent the region of the Gibbs free energy where the
Z isomer is more stable than the E isomer.

Further comparing both rearrangements, it is important to note that—with the excep-

tion of the tert-butyl system—all reactions maintained the same trends of stabilization as a
function of the OEEF. This highlights the idea that the electron-withdrawing group (EWGQG)

modifies only the intensity of the intramolecular electrostatic interactions, not their funda-

mental nature. As a result, the OEEF remains capable of controlling the stereoselectivity of

reactions with indecisive barriers.
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Figure 5.11: Gibbs free energy differences of transition states AAG* for (A),
the Hurd-Est and (B) Hurd-Nit rearrangements. AAG* was calculated using
Grimme’s quasi-harmonic approximation at 373 K with the M06-2X/def2-
TZVPP level of theory. The red-shaded region indicates where the Z isomer is
favored over the E isomer.

Once again the geometrical parameters took a minor role in the stabilization of the tran-
sition state, with the bond length changes being similar to those observed in the Hurd-Est
rearrangement, therefore the results are not shown here. This is consistent with the findings
of Wang et al., who observed that the OEEF primarily affects the electronic distribution of

the molecule, leading to a more pronounced dipole-field interaction.

5.2.1.1 OEEF on Reactants

While an in-depth analysis of the activation complexes is sufficient to characterize the

11985 even under the influence of an elec-

stereoselectivity of the Hurd-Claisen rearrangemen
tric field, studying the reactants is essential to understanding the overall effect of a field on
reaction rates. Therefore, the same OEEF applied to the transition state were also applied
the CH3, Et and SProp ester-containing reactants.

In this case, the molecular alignment was based on the C—O bond to mimic the overall

positioning of the non-reactive sites. The results are shown in Figure 5.12.
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Figure 5.12: OEEF effect in the CH3, Et and SProp Hurd-Est rearrangement
ranging from —8.00 x 1073 to 8.00 x 103 a.u. The energy of the field-free
reactants was deducted from the energy of the OEEF-applied reactants.

Contrary to what is observed in the transition state, the stabilization of the reactants is

unidirectional, with a negative OEEF leading to an increase in the energy of the reactants.

The dipole moment components of the SProp Hurd-Claisen rearrangement, shown in Fig-

ure 5.13, shed light on the causes of this behavior. For both isomers, the negative field

induces little to no change in the dipole moment, whereas the positive field leads to a signif-

icant increase in the k£ component, which enhances electrostatic stabilization.
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Figure 5.13: Components of the dipole moment of the SProp Hurd-Claisen
in dependence with a OEEF ranging from —6.00 x 1073 to 8.00 x 1073 a.u.
Aligned with the C — O bond.

In the context of this stabilization, we can infer that while all studied alkyl transition

states (TS) are stabilized by dipole-field interactions regardless of orientation, the unidirec-

tional stabilization of the reactants suggests that a negative field will increase the reaction
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rate by lowering the energy barrier. Moreover, a positive field is expected to significantly
reduce the reaction rate, as it decreases the energy of the reactants relative to the transition
state. Therefore, although a reaction-axis-oriented OEEF can effectively control the stereos-
electivity of the reaction, negative OEEFs are not capable of acting as catalysts, since they

do not increase the relative energy of the reactants.

5.2.2 Molecular Axis Orientation

The OEEF was also applied along the molecular axis, with the molecule aligned to the z-
axis. The results for both Hurd-Claisen rearrangements are shown in Figures 5.14 and 5.15.
A key distinction between these rearrangements is the identity of the favored isomer: while
the Hurd-Est rearrangement favors the E isomer, the Hurd-Nit rearrangement favors the Z
isomer.

A quick glance at the general behavior of both rearrangements shows that the nitrile-
containing system is more sensitive to the OEEF, displaying a differentiation of up to 2kcal -
mol~! across multiple substituents. In contrast, for the Hurd-Est rearrangement, only the
NO,Ph substituent exhibited a differentiation of comparable magnitude.

As previously discussed, the primary contributor to energy changes in electric field inter-
actions is the dipole-field interaction, with geometric changes playing a more passive role,
usually manifesting as modifications to the molecular dipole moment. Therefore, since the
results presented here do not account for geometric effects, the electronic interaction between
the OEEF and the transition states can be categorized into two groups: E-stabilizing, where
an increase in the OEEF leads to stabilization of the E isomer, and Z-stabilizing, where the

Z isomer is stabilized as the OEEF increases.
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Figure 5.14: OEEF effect in the CHj3; Et; SProp; IsoBut; T But;, Ph; NO,Ph
and NH,Ph Ester containing Hurd-Claisen rearrangements. The OEEF was
applied along all three axes with two different magnitudes, 1.00 x 10~* and
6.00 x 107* a.u., in opposite directions. These results were obtained with
single-point calculations at the M06-2X/def2-TZVpp level of theory.

As a general rule, changing the magnitude of the OEEF affects only the intensity of the
stabilization. Thus, if a field of 6.00 x 10~% a.u. induces stabilization of the Z isomer, a
field of 1.00 x 10~* a.u. will also stabilize the Z isomer but to a lesser degree. Additionally,
reversing the direction of the field will maintain this trend. With the exception of the Et
reaction all others presented at least one Cartesian orientation that lead to a E-stabilization,
and one that lead to a Z-stabilization.

It is important to note that variations in the OEEF magnitude are not sufficient to alter
the stereoselectivity of reactions with a clearly defined preference for a particular isomer.
However, as demonstrated by the sensitive changes observed in the CH3 and both butyl
Hurd-Est rearrangement, the OEEF can be effectively used to control the stereoselectivity
of more "indecisive" reactions, where the energy difference between competing transition

states is minimal.
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Figure 5.15: OEEF effect in the CH3; Et; SProp; IsoBut; T But;, Ph; NO,Ph
and NH,Ph Nitrile containing Hurd-Claisen rearrangements. The OEEF was
applied along all three axes with two different magnitudes, 1.00 x 10~* and
6.00 x 107* a.u., in opposite directions. These results were obtained with
single-point calculations at the M06-2X/def2-TZVpp level of theory.

The same observation holds true for the Hurd-Nit reaction. In this case, the aryl sub-
stituents Ph, NO,Ph, and NH,Ph present "indecisive barriers", and have their stereoselectiv-
ity controlled by the OEEF.

Comparison of the molecular axis results for the methyl substituents, shown in Fig-
ure 5.16, reveals contrasting stereoselectivities. The small nitrile electron-withdrawing group
leads to Z- isomer stabilization, while the ester electron-withdrawing group promotes E- iso-
mer stabilization. The distinct electrostatic interactions associated with these two electron-

withdrawing groups completely change the effect of the OEEF on the reaction pathway.
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Figure 5.16: OEEF effect in the CH3 Hurd-Claisen rearrangement with a Ni-
trile (right) and Ester (left) EWG. The OEEF was applied along all three axes
with two different magnitudes, 1.00 x 10~* and 6.00 x 10~* a.u., in opposite
directions. These results were obtained with single-point calculations at the
MO06-2X/def2-TZVpp level of theory.

In retrospect, this orientation leads to a significant change in the stereoselectivity of the
reaction, with higher energy differentiation observed at lower field strengths compared to
the Reaction Axis approach. Once again, closely related Z/E transition states exhibited an
inversion of stereoselectivity depending on the magnitude of the OEEF.

For the Hurd-Est rearrangement, a negative y-oriented field induced an inversion for the
IsoBut reactions. While for the Hurd-Nit rearrangement, a negative x- or z-oriented field
induced an inversion for the E¢, SProp, and all aryl substituents, with any positive y-oriented
field resulting In an inversion for the Et and SProp reactions.

As stated by Shaik, an oriented external electric field applied outside the reaction axis
cannot systematically modify the reactive bonds and is therefore better suited for stereo-
chemical control. Consequently, this type of field, while responsible for large changes in
stereocontrol, should not cause significant variations in the reaction rate 3.

By using the Curtin-Hammett principle, the analysis of the geometric and electronic pa-
rameters of TS is sufficient to highlight differences in isomerization outcomes under varying
OEEF conditions. the OEEFs were able to control the stereoselectivity of reactions with sim-
ilar transition-state energies, as exemplified by the alkyl Hurd-Claisen rearrangement. How-
ever, the experimental application of OEEFs presents significant challenges, particularly in
achieving precise field orientation, as evidenced by the techniques discussed in the reviewed
studies %1215 This raises a key question: Could a non-oriented or more isotropic electric
field effectively influence the stereoselectivity of reactions with comparable transition-state

energies, thereby circumventing the need for strict field alignment?
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5.2.3 Isotropic Electric Field

To investigate this question, the effect of 50 OEEFs with varying orientations but constant
magnitude was evaluated in the Hurd-Claisen rearrangements. Specifically, OEEFs with a
magnitude of 4.00 x 1073 a.u. were applied to the transition states of the nitrile-containing
systems with CH3, Et, SProp, Ph, and NO,Ph substituents, as well as to the ester-containing
variants with CHz and SProp. This approach enables the simulation of a truly non-oriented
external electric field by sampling the interaction of the field with the molecule across its full
set of rotational degrees of freedom. Figure 5.17 illustrates the isotropic field distribution
applied to the Hurd-Nit SProp rearrangement. By applying the electric fields in this manner,
it becomes possible to study the influence of OEEFs on the transition state without imposing
a specific orientation, as the rotational freedom of the molecule is inherently incorporated

into the analysis.

Figure 5.17: Representation of the isotropic field applied to the Hurd-Claisen
rearrangement. Each reaction is studied with 50 different orientations of the
OEEF, all with the same magnitude 4.00 x 1073 a.u.

The results of the isotropic field study for the isopropyl Hurd-Nit transition state are
shown in Figure 5.18. The energy of the field-free transition state was subtracted from that of

the OEEF-applied transition states, enabling a direct comparison of the stabilization effects.
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Figure 5.18: OEEEF effect in the SProp Hurd-Claisen rearrangement with 50
different oriented Electric fields with equal magnitude (4.00 x 1073 a.u.) for
the £ (blue) and Z (red) isomers. The energy of the field-free transition state
was deducted from the energy of the OEEF-applied transition states.

It is clear that OEEFs with varying orientations but constant magnitude—hereafter re-
ferred to as the isotropic field—result in the destabilization of both E and Z isomers. Only
21 out of the 50 field orientations lead to a lowering of molecular energy for either isomer.
The overall magnitude of this destabilization is comparable for both configurations, suggest-
ing that the isotropic electric field exerts a similar influence on each isomer.

As stated previously, an electric field modifies the dipole moment of the molecule. This
effect is also evident under the isotropic field approach, where the dipole moments vary

drastically with the orientation of the field, as illustrated in Figure 5.19.
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Figure 5.19: Components of the dipole moment of the SProp Hurd-Nit re-
arrangement with 50 different oriented Electric fields with equal magnitude
(4.00 x 1073 AU) for the E (right) and Z (left) isomers.

The dipole moments of the isomers are similar in magnitude, with the E isomer exhibit-
ing an overall negative direction and the Z isomer a positive one. Notably, the dipole moment
of the E isomer arises from a competition between the 7 and j components, whereas the Z
isomer is dominated by the i direction. This distinction indicates that the electric field does
not modify the dipole moment equally for both isomers, even though their energy varia-
tions are similar. These findings suggest that Y-oriented OEEFs will influence the E isomer
more strongly than the Z isomer, while Z-oriented fields will cause minimal differentiation
between the two under a reaction axis-aligned orientation.

To accont for the shift on the geometrical parameters a RMSD analysis was performed,
the results are shown in Figure 5.20.
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Figure 5.20: RMSD of the SProp Hurd-Claisen rearrangement with ten dif-
ferent oriented Electric fields with equal magnitude (4.00 x 1073 a.u.) for the
E (right) and Z (left) isomers

Two key conclusions emerge from the RMSD analysis. First, the Z isomer exhibits
greater variation in transition state geometry, with a standard deviation of 0.0640 A, com-
pared to 0.0258 A for the E isomer. This indicates that the Z isomer is more sensitive to the
isotropic electric field.

Second, the maximum RMSD observed in the isotropic field study is significantly higher
than that produced by the reaction-axis-oriented OEEF at the same field strength (see Fig-
ure A.1). This suggests that reaction-axis fields induce localized geometric changes near
the reacting bonds, whereas isotropic fields promote a broader, more generalized relaxation
across the entire molecule.

However, this effect is orientation-dependent, as electric fields with a significant X- or
Y-component lead to higher RMSD values for the corresponding stereoisomer. Notably, the
maximum RMSD for the Z isomer is nearly double that of the E isomer. This pronounced
increase, however, occurs in response to a two specific OEEF direction, suggesting that it is
linked to a specific field orientation rather than representing a general trend.

The same protocol was followed for the CH3, Et, Ph, and NO,Ph Hurd-Nit rearrange-
ments. The energy variation is shown in Figure 5.21. The results are consistent with those of
the SProp rearrangement, with the £ isomer exhibiting a preference for the positive orienta-
tion of the OEEF and the Z isomer showing a slight preference for the negative orientation.

All studied TS exhibited more destabilizing interactions than stabilizing ones. A more
pronounced energetic variation was observed for the NO,Ph Z isomer when compared to
the general behavior of the other systems. This trend is likely associated with the high
polarizability of the NO, Ph substituent, which enhances its interaction with the OEEF.
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The geometrical changes once again played a minor role in the stabilization of the tran-
sition state for the AX stereoisomer. However, a greater distinction between the £ and Z
isomers was observed, particularly for the Er and NO,Ph rearrangements. These differ-
ences suggest that the activation complex of the EQ isomer is more strongly perturbed by
the OEEEF, leading to more pronounced polarization changes in these cases.

Comparison of these findings with the reaction axis results indicates that a non-reactive
alignment of the OEEF induces greater perturbation of the transition state geometry, and
consequently, larger changes in both dipole moment and system energy. This trend is con-
sistent with the findings reported by Shaik, in which non-reactive OEEFs were shown to be
more effective at controlling stereoselectivity 122!,

To avoid repetition, the RMSD values for the CH3, Et, Ph, and NO,Ph rearrangements
are not shown here, but can be found in the appendix.
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Figure 5.21: OEEF effect in the CH3 (upper left); Et (upper right); Ph (down
left) and NO,Ph (down right) Hurd-Nit rearrangements with 50 different ori-
ented Electric fields with equal magnitude (4.00 x 103 AU) for the E (blue)
and Z (red) isomers. The energy of the field-free transition state was deducted
from the energy of the OEEF-applied transition states.

Lastly, the thermally corrected Gibbs free energy was calculated. Drawing inspiration
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from the average solvent electrostatic configuration, the mean effect of an electric field was
estimated as the arithmetic mean of the Gibbs free energy values obtained from the studied
field orientations. The results are presented in Table 5.2.

Interestingly, a simple arithmetic average of the Gibbs free energy can overlook an im-
portant aspect of how electric fields affect reactivity. Experimentally, the reactive system not
only adapts its atomic positions in response to the field, but also tends to reorient itself so that
its dipole moment aligns anti-parallel to the external field. As a result, configurations already
aligned in this way are statistically more likely to be populated in the reaction medium.

To account for the rotational freedom of molecules, a weighted mean was calculated
in which the dipole-field orientation was incorporated using the dipole-field interaction en-
ergy, as described by Shaik et al.?!. This interaction, computed from the perturbed dipole
moments, was incorporated into a Boltzmann distribution to statistically weight the Gibbs
free energy of each configuration. Appropriate unit scaling factors were applied to ensure
thermochemical consistency, allowing this model to reflect both electronic and geometrical

contributions to field-induced reactivity.

B = e_(“E"k"jT) (5.1)

In this formulation, an anti-parallel dipole-field alignment yields a greater weight, while
a parallel alignment yields a weight close to zero. The mean Gibbs free energy was then

computed as:

Y1 BiGi
B

where G; is the Gibbs free energy of the i-th sample, ¥; is the corresponding weight, and

AG = (5.2)

n is the number of samples. The final results are presented in Table 5.2.

Boltzmann averaging reproduced the qualitative trends observed in the arithmetic means
(including stereoselectivity inversions), albeit with an amplified magnitude owing to its
exponential sensitivity to dipole-field interactions (e AE/ksT)  As shown in Figure 5.22,
this scheme disproportionately favors near-antiparallel alignments and effectively suppresses
other configurations. However, Boltzmann weighting assumes instantaneous orientational
equilibrium, which is a problematic premise for transition states, whose lifetimes ( 10713
s) 101 are typically several orders of magnitude shorter than the rotational diffusion timescales
(>> 1072 )92, To resolve this bias while retaining the preferential alignment effects, we
employed a von Mises-Fisher distribution 193194 scheme (Table 5.2). This approach better

represents the partial orientational equilibrium achievable during the TS lifetime because
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it maintains the Boltzmann-like preference for anti-alignment and smoothly samples non-

equilibrated configurations.
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Figure 5.22: Weights of the SProp Hurd-Nit rearrangement with 50 different
oriented Electric fields with equal magnitude (4.00 x 1073 AU) for the E (blue)
and Z (red) isomers, for the Boltzmann (left) and von Mises-Fisher (right)
distributions.

The von Mises-Fisher distribution is a probability distribution defined on the surface of
a sphere, commonly used to model directional data. It is characterized by two parameters: a
mean direction (or orientation) and a concentration parameter, which determines how tightly
the distribution is clustered around that direction. The von Mises-Fisher distribution is par-
ticularly useful for modeling three-dimensional orientation-dependent phenomena, such as
the spatial distribution of molecular dipole moments.

In this work, the cosine of the angle between the dipole moment and the electric field
vector was used to define the mean direction, and the concentration parameter was set to
5.This formulation preserves the benefits of rotational sampling while mitigating statistical
biases caused by extreme dipole-field alignments. The cosine-weighted von Mises-Fisher

distribution used here is defined as:

(5.3)

Once again, rearrangements with closely related energy barriers show great potential for
the use of OEEFs in controlling the stereoselectivity of the reaction. The Et and Ph Hurd-Nit
rearrangements exhibit Z-isomer preference in the absence of a field, but the application of an
isotropic field shifts the selectivity toward the E isomer. The SProp and NO,Ph rearrange-
ments display a similar trend; however, in these cases, the isotropic field further enhances

the preference for the Z isomer.



Chapter 5. Results and Discussion

72

Table 5.2: AAG* between the Z and E free energy values (AG) for the studied
Hurd-Nit rearrangements under different averaging schemes: arithmetic mean
(Mean), and orientation-weighted average (Pond), and non-field perturbed '°

(NF). All values are in kcal/mol.

Substituent Mean Boltz vMF  Non-Perturbed!?

CH; -2.77675 -2.1423  -2.6073
Et 04788 0.9781 1.0997
SProp 0.2727 0.6717 0.5252
Ph 0.6067 0.5771 0.8687
NO;,Ph -0.6374 -5.7827 -3.5112

-2.6360
-0.0630
0.2510
-0.2510
-0.8790

Interestingly, the methyl-substituted system appears to be largely unresponsive to the

isotropic field, which suggests that the limited degrees of freedom associated with the methyl

group hinder significant reorientation of the dipole moment in response to the field.

All weighted averaging methods produced consistent trends in Gibbs free energy. How-

ever, the use of a von Mises-Fisher distribution led to a smoother and more stable conver-

gence of the averaged values, particularly for the NO,Ph system.

The same protocol can be applied to the Hurd-Est rearrangements, specificly the CHz and

SProp rearrangements. As seen in Figure 5.23, the same kind of development is observed

for the Hurd-Est rearrangement. Both substituents had a more destabilizing interactions then

not, with a maximum of 4.15 kcal/mol for the SProp rearrangement and 3.98 kcal/mol for

the CH3 rearrangement.
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Figure 5.23: OEEF effect in the CH3 (left) and SProp (right) Hurd-Est re-
arrangements with 50 different oriented Electric fields with equal magnitude
(4.00 x 1073 AU) for the E (blue) and Z (red) isomers. The energy of the
field-free transition state was deducted from the energy of the OEEF-applied

transition states.
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As expected, the results for RMSD and dipole moment were also similar. However,
in this case, no substituent exhibited a greater-than-average geometrical response. This is
further supported by the dipole moment analysis of the CH3 and SProp rearrangements,
shown in Figure 5.24.

The axial methyl substituent displays a competition between the j and k components,
while the equatorial configuration is characterized by a three-way competition among the
i, J, and k components. In contrast, the isopropyl rearrangements exhibit a much simpler
dipole behavior: the i component dominates the E isomer, while the j component dominates
the Z isomer.

This dipole differentiation illustrates the distinct ways in which each substituent interacts
with the isotropic electric field, which is likely the primary reason for the different stabiliza-

tion trends observed between isomers.
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Figure 5.24: Components of the dipole moment of the SProp (down) and CH3
(upper) Hurd-Est rearrangement with 50 different oriented Electric fields with
equal magnitude (4.00 x 10~3 AU) for the E (left) and Z (right) isomers.

By averaging the Gibbs free energy of the CH; and SProp Hurd-Est rearrangements
(Table 5.3), we observe that the stereoselectivity of the CH3 rearrangement is inverted, while

the SProp rearrangement remains unchanged. This suggests that isotropic electric fields can
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effectively control the stereoselectivity of reactions with similar transition-state energies,
even in the absence of strict field alignment.

A particularly interesting point is the difference in sign between the Boltzmann and von
Mises-Fisher distributions for the methyl rearrangement. This indicates that the heavily

weighted antiparallel field configurations are E-stabilizing in this case.

Table 5.3: AAG* between the Z and E free energy values (AG) for the studied
Hurd-Nit rearrangements under different averaging schemes: arithmetic mean
(Mean), and orientation-weighted average (Pond), and non-field perturbed !°
(NF). All values are in kcal/mol.

Substituent Mean Boltz vMF  Non-Perturbed!®

CH; -0.5661 0.1014 -0.4612 0.1260
SProp 1.0593 1.4271 1.3831 0.8790

A reasonable conclusion can be drawn from the isotropic electric field study: the use
of a non-oriented electric field can effectively modulate the stereoselectivity of reactions
with similar transition-state energies. However, this modulation is strongly influenced by
the nature of the substituent. Previously "indecisive" reactions—such as the Hurd-Nit SProp
case—did not undergo a complete inversion of stereoselectivity. Nevertheless, even in these
cases, the standard stereochemical outcome was reinforced.

These results suggest that isotropic electric fields represent a promising tool for stereo-
control in organic reactions, offering an experimentally feasible approach to applying invis-
ible catalysis. However, computational methods remain essential for predicting the favored

isomer, as this approach cannot universally dictate stereoselectivity at will.

5.2.4 Anchored Transition States by Thiolate Linkers on Gold Substrates

To overcome the experimental challenges associated with achieving precise alignment

between the electric field and the desired molecular axis 10-12-14.105

, a common strategy is to
restrict molecular rotation by anchoring the system to a surface—most notably through the
use of gold thiolate substrates '3, In this approach, the molecule is covalently bonded to a
gold surface via a thiol group, forming a robust and directional attachment that effectively
immobilizes the molecular framework.

This section explores the theoretical application of OEEFs to such surface-bound sys-
tems. By eliminating rotational degrees of freedom, these models allow for a more realistic
investigation of field-induced catalytic effects under experimentally accessible conditions.

Geometry optimizations of the thiolate-bound systems were performed with the gold atoms
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held fixed, using the same computational protocol as in the previous sections. This approach
was inspired by the work of Ramanan et al. .

Figure 5.25 shows the optimized structures of the Hurd-Est Ph transition states, each
anchored via a thiol group to a five-atom gold surface. It is important to note that bonding
occurs through the ester electron-withdrawing group, making this methodology inapplicable
to the Hurd-Nit rearrangement. The OEEF alignment was based on the gold surface, where
the Z-axis as aligned with the electric field in a menner to mimic the experimental conditions.

The results are shown in Figure 5.26.

Figure 5.25: Optimized structures of the Hurd-Est Ph axial transition state,
anchored via a thiol group to a five-atom gold surface, using the M06-2X/6-
311+g(d,p) / SDD level of theory.

Immediately, it is evident that the degree of stabilization is significantly higher than that
observed in the previous sections, reaching up to 2.00 x 10! kcal/mol for both rearrange-
ments. This pronounced effect is likely due to the increased polarizability of the gold sur-
face, which enhances the interaction with the OEEF and alters the molecular dipole moment
through substrate-induced polarization.

These results are consistent with the findings of Ramanan et al. 30 who demonstrated
that the gold substrate plays a significant role in the stabilization mechanism of the transition

state.
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Figure 5.26: OEEF stabilization in the Ph (Right) and CH3 (Left) Hurd-Est
rearrangements with magnitudes ranging from (—8.00 x 1073 to 8.00 x 1073
AU) for the E (blue) and Z (red) isomers. The energy of the field-free transition
state was deducted from the energy of the OEEF-applied transition states.

An important distinction between the CH3 and Ph anchored systems is the inversion of
their stabilization trends. The Ph isomer is stabilized by a negative electric field, whereas the
CHj; isomer is stabilized by a positive one. This phenomenon arises from differences in the
overall dipole moments of the transition states: the Ph isomer exhibits a positive k compo-
nent, while the CH3; isomer has a negative one. As a result, each structure is preferentially
stabilized by a field oriented in the direction opposite to its dipole moment, while initially
experiencing destabilization under the opposing field.

This provides a clear example of how the substrate can significantly modify the dipole
moment of the molecule, and thus influence its interaction with the OEEF. Notably, although
the direction and magnitude of stabilization differ, both systems eventually experience net
stabilization under any sufficiently strong field, once their dipole moments become anti-
aligned with the applied field.

By analyzing the AAG* values in Figure 5.27, it is evident that the Ph transition state un-
dergoes stereoselectivity modulation, despite exhibiting a clear preference for the Z isomer.
When compared to the non-substrate results, the gold surface alone is sufficient to reverse
the previously observed "unprecedented" E-selectivity of the unanchored Ph rearrangement,
highlighting the significant role of the substrate in governing the reaction outcome. The CH3
rearrangement, on the other hand, is not strongly affected by the substrate, as it maintains its

original preference for the E isomer.
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Figure 5.27: OEEF effect in the AAG* Ph (Right) and CH3 (Left) Hurd-Est
rearrangements with magnitudes ranging from (—8.00 x 1072 to 8.00 x 1073
AU) for the blue zone represents a E preference while the red zone represents a
Z preference. The thermally corrected Gibbs free energy was calculated using
373K as the temperature.

A point of interest lies in the reduced stereodifferentiation observed at a field strength
of 8.00 x 1073 a.u., which shows a stronger preference for the E isomer compared to its
6.00 x 1073 a.u. counterpart. As shown in Figure 5.26, this effect originates from the broken-
symmetry of the wave function at this field strength. This behavior is consistent with the
findings of Shaik !>, who noted that at sufficiently high field strengths, the dipole moment
can become non-zero, resulting in a loss of stereoselectivity. Nonetheless, this behavior is
unlikely to pose complications in practical applications, as experimental field strengths are
expected to remain well below the levels that produce this effect.

The influence of the gold thiolate linkers on the properties of the Hurd-Claisen reaction
was also evaluated by analyzing the Mulliken group charges of the molecular fragments de-
fined in Figure 5.28, as well as the total molecular dipole moment in both field-free condition
and under applied +F; fields, as shown in Figure 5.29. This analysis is conceptually inspired
by the work of Ramanan et al.3°, who emphasized the role of field-induced charge migration

and dipole modulation in governing reactivity and selectivity under OEEF.
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Figure 5.28: Molecular fragmentation scheme used to compute Mulliken
group charges. The fragments G1-G4 were defined to enable a detailed analy-
sis of charge redistribution under varying orientations and strengths of OEEFs.

In the absence of an external field, there is a clear charge separation more pronounced
between fragment G1 (gold cluster) and G2 (sulfur atom) but the separation extends from
the positively charged G3 (ethyl bridge) to the negatively charged G4 fragment (the reaction
center). We observed that this charge separation at F;, = 0 is more significant for the E-
than for the Z-isomer. Thus, the linkers introduces local dipoles whose electric fields are the
underlying reason for the inversion for Z-preference observed at F;, = 0 in Figure 5.27 for Ph-
substituted Hurd-Est rearrangement, showing also in the case of the reactions studied here
that the linker moieties may not remain innocent when OEEFs are applied on the system.°
Also, we note from the lower panels of Figure 5.29 that the total molecular dipole moment
at F;, = 0 is almost orthogonal to the external field in the E-isomer but that there is some
positive projection in the Z-isomer. These relative dipole orientations effectively explains

the initial destabilization of the transition state for F; > 0.
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Figure 5.29: Mulliken group charges of the molecular fragments defined in
Fig. 5.28 as a function of the OEEF for the (A) E and (B) Z-isomer of the
Ph-substituted Hurd-Claisen rearrangement. The lower panels show the pos-
itive direction of the external field (along z-axis) and the corresponding total
molecular dipole moments (in Debye) as a function of both strength and ori-
entation of the field (in 10~* a.u.) for each isomer.

Upon application of a positive electric field (Fz > 0), we observe a pronounced polar-
ization effect characterized by charge density shifting away from the reaction center (G4)
toward the Au cluster (G1). In contrast, the connecting groups (G2 and G3) exhibit only
modest changes, indicating limited participation in the polarization process. This trend is re-
flected in the shallow slopes of their charge-versus-field curves in Figure 5.29. Under Fz > 0,
the total dipole moment increases in magnitude and reorients in the direction of the field, but
the magnitude of the total dipole decreases accordingly.

When the field is reversed (Fz < 0), the direction of charge transfer is also reversed: G1
donates electron density to the other fragments, particularly toward the reaction core. As
a result, the total dipole moment projects in the negative z-direction and reaches a larger
magnitude compared to the Fz > 0 case. This enhancement arises from the more extensive

charge separation induced by the greater electron donation from the Au cluster. In all cases,
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the total dipole moment reorients to remain aligned with the direction of the applied exter-
nal electric field, reflecting the system’s intrinsic tendency to minimize electrostatic energy

through dipole-field alignment.
As a final remark, the use of a gold substrate to anchor the molecule offers a promising
avenue for the experimental application of OEEFs in the Hurd-Est rearrangement. It enables
modulation of reaction stereoselectivity, even in systems with previously well-defined selec-
tivity. This approach not only enhances the interaction between the OEEF and the transition

state, but also allows for experimentally achievable control over the field orientation.

5.3 Solvent Efect
The convergence of the dipole moment for the CH3 ester- and nitrile-containing Hurd-

Claisen rearrangements in EVE is shown in Figure 5.30. For the Hurd-Est rearrangement,
the initial dipole moment of 3.60 D rapidly increased to around 4.15 D, converging shortly
thereafter. The Hurd-Nit reaction follows the same trend, but with higher dipole moments

throughout.
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Figure 5.30: Convergence of the dipole moment of the £ — CH3 Hurd-Claisen
rearrangements in EVE, for both EWG, with the S-QM/MM solvation protocol

at 373 K and M062X/def2tzvpp level of theory.

This kind of dipole convergence is expected from the methodology, as the initial iteration
of the dipole moment (step 0) is performed with the molecule in vacuum, and the solvent is
added in the first MC step of the iteration. This results in a rapid increase in the dipole
moment due to the sudden addition of the solvent charge points. All studied systems showed

a similar behavior, with the dipole moment increasing in the first iteration step and then
converging to a final value after approximately five iteration steps. Tables 5.4 and 5.5 shows
the initial and final dipole moments for the studied systems. As all electrostatic convergences

were similar, the rest os this result were relegated to appendix A.2.
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Table 5.4: Initial and final dipole moments for the Hurd-Est systems.

AX EQ
System Initial (D)  Converged (D) System Initial (D)  Converged (D)
E-Et 3.6153 4.1139 Z-Et 3.274 3.7591
E-CHj 3.6456 4.146 Z-CHj 3.3115 3.787
E-SProp 3.6305 4.203 Z-SProp 3.2662 3.753
E-TBut 3.2308 3.7219 Z-TBut 3.2699 3.7481
E-Ph 3.7094 4.2601 Z-Ph 3.7071 4.2388
E-NH;Ph 3.7762 4.5097 Z-NH;Ph 2.8419 3.1969
E-NO,Ph 5.8917 6.577 Z-NO,Ph 9.2818 10.3612

Table 5.5: Initial and final dipole moments for the Hurd-Nit systems.

AX EQ

System Initial (D)  Converged (D) System Initial (D)  Converged (D)
E-Et 5.6788 6.3848 Z-Et 4.8342 5.5191
E-CHj; 5.6122 6.288 Z-CH3 5.0297 5.678
E-SProp 5.7014 6.4096 Z-SProp 4.7782 5.5168
E-TBut 5.5235 6.1713 Z-TBut 4.7502 5.4422
E-Ph 5.8605 6.5182 Z-Ph 4.5901 5.2213
E-NH,Ph 6.9179 7.8611 Z-NH;Ph 3.5564 3.974
E-NO,Ph 3.3619 3.6541 Z-NO,Ph 8.9043 9.9998

By analyzing the differences in bond length for the forming C—C bond and the breaking
C—O0 bond, we observe variations of approximately 0.002 A in both cases. These changes
depend on the solvent configuration and can be either positive or negative. However, at

the molecular scale, such variations are minimal and do not significantly impact the overall

structural stability, as shown in Figure 5.31.
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Figure 5.31: Convergence of the bond length of the £ — CH3 Hurd-Claisen
rearrangement in EVE, with the S-QM/MM solvation protocol at 373 K and
MO062X/def2tzvpp level of theory. The CO — O1 bond is the breaking bond,
while the C4 — C8 bond is the forming bond. The values are shown in A.

This kind of behavior is common on all studied systems, being then ester or nitrile con-
taining. Figure 5.32 shows the root mean square deviation (RMSD) between consecutive
geometries of the studied systems in EVE, with the S-QM/MM solvation protocol at 373 K
and M062X/def2tzvpp level of theory. By calculating the RMSD, we observe that geomet-
ric changes are, in general, significantly more pronounced under the influence of a strong
OEEF. While the RMSD induced by the OEEF is at 0.1 A, the RMSD for the S-QM/MM
solvation model is around 0.02 A, as shown in Figure 5.32. This substantial difference sug-
gests that the OEEF exerts a stronger perturbative effect on molecular geometry compared

to solvent-induced structural changes in the S-QM/MM solvation model.
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Figure 5.32: RMSD between consecutive geometries of the studied systems in
EVE, with the S-QM/MM solvation protocol at 373 K and M062X/def2tzvpp
level of theory.

Even with the exception — the ethyl system, which exhibits a higher RMSD at the fifth
iteration step, the geometric efects on the nitrile containing systems are significantly less
pronounced than those observed in the ester-containing systems. However, these geometric
changes are insignificant when compared to the OEEF perturbation, or the electronic pertur-
bation induced by the charge points, leading to the conclusion that, in the same way as the
field perturbation, the bulk of the energetic changes provided by the S-QM/MM solvation
protocol is electronic in nature.

under solvation — the geometric effects remain comparable in both cases. Notably,
weaker fields produce similar geometric displacements because charge points are mathe-
matically treated as perturbations to the one-electron integral. During optimizations, these
charge-induced perturbations effectively mimic the behavior of an applied electric field, lead-
ing to comparable structural effects.

Table 5.6 and Figure 5.33 present the Gibbs free energy differentiation between the two
isomers for the studied systems in EVE at 373 K, incorporating Grimme quasi-harmonic

corrections computed using the GoodVibes package %,

19

Additionally, the corresponding

non-solvated values reported by Oliveira'” are presented.
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Table 5.6: Gibbs free energy of activation (kcal - mol~") for the studied sys-
tems in EVE. The table is divided into two sections: Esters for the Hurd-Est
rearrangement and Nitriles for the Hurd-Nit rearrangement. The values for the

non-solvated systems are taken from Oliveira '°.

Esters Nitriles
System AGr,p AGH° | System AGh,, AGHY
CH; -2946 0.126 | CHj 1.761 -2.636
Et -1.684 0314 Et 1.072  -0.063
NH,Ph  3.865 5.396 | NH,Ph -1.301 -0.314
NO,Ph  -0.612 2.635 | NO,Ph -1.531 -0.879
Ph 17910 4.581 Ph 7271  -0.251
SProp -0.344 0.878 | SProp 5.454 0.251
TBut -1.263 0.126 | TBut 1.798 -4.455

Focusing on the Hurd-Est rearrangement, the solvation methodology led to significant
changes in stereoselectivity, with the E isomer being favored in most cases, except for the
NH,>Ph and Ph rearrangements. These two exceptions exhibit greater stabilization of the Z
transition state. In the first case, the charge point-induced dipole moment provides stronger
stabilization for the Z isomer based on dipole-dipole interactions; nonetheless, the effect
is not sufficient to overcome the already E-favored energetic barrier. This analysis can be
extended to many of the reactions studied here, serving as a rule of thumb to predict the
charge point interaction as a weak field. This finding suggests that charge points can signifi-
cantly influence the stabilization provided by the OEEF, acting as a barrier to dipole moment
changes and interactions. This behavior resembles the solvent screening effect described by
Dubey 3.
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Table 5.7: Dot product for normalized dipole moments of the studied Hurd-
Est systems in EVE and the global S-QM/MM solvation charge points; calcu-
lations were made at 373 K and M062X/def2tzvpp level of theory.

E isomers Dipole | Z isomers Dipole || Preference
CH3 0.481 CH3 -0.677 Z
Et 0.166 Et 0.624 E
NH2Ph  -0.604 | NH2Ph  -0.957 Z
NO2Ph  -0.299 | NO2Ph  -0.934 Z
Ph -0.208 Ph -0.301 Z
SProp 0.382 SProp -0.747 Z
TBut -0.048 TBut 0.234 E

A similar behavior is observed for the Hurd-Nit rearrangement, where the E isomer is
favored in most cases, except for the NHyPh and NO, Ph systems. In the latter, the Z isomer
is favored due to the charge point-induced dipole moment providing stronger stabilization
for the Z transition state, based on dipole-dipole interactions. It is important to note that not
all systems can be correctly evaluated by dipole-dipole interactions, as indicated by the red
lines in Tables 5.7 and 5.8. For these cases, where geometric effects are minimal, localized

solvent-solute interactions are the main cause of deviation.19©

Table 5.8: Dot product for normalized dipole moments of the studied Hurd-
Nit systems in EVE and the global S-QM/MM solvation charge points; calcu-
lations were made at 373 K and M062X/def2tzvpp level of theory.

E isomers Dipole | Z isomers Dipole | Preference

CH3 0.344 CH3 0.283 Z
Et -0.646 Et -0.657 E/Z
NH2Ph  -0.934 | NH2Ph 0.551
NO2Ph 0.618 NO2Ph  -0.837
Ph 0.294 Ph 0.761
SProp -0.442 SProp -0.092
TBut -0.932 TBut -0.893

M o ™ N

Figure 5.33 illustrates the difference in Gibbs free energy of activation for the studied

systems in EVE at 373 K, with Grimme quasi-harmonic corrections applied using the Good-

Vibes package '%°. The results in orange were taken from Oliveira %2,
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Figure 5.33: Difference in Gibbs free energy of activation for the studied
systems in EVE at 373 K, with Grimme quasi-harmonic corrections applied
using the GoodVibes package '
Oliveira %20

The results in orange were taken from

Novel studies on OEEF applications discuss the effect of solvent screening on the OEEF
- solute interaction.?>107:198 Thjs effect, as explained by Dutta Dubey et al.?3, arises from
the alignment of solvent molecules with the electric field, which in turn reduces the solute’s
ability to interact with the field via its dipole moment.

To better comprehend this effect, single-point field calculations at the M062X /def2tzvpp
level of theory were performed for the E and Z isomers of the Hurd-Claisen systems in EVE.
The transition states were aligned with the z-axis, following the reaction axis rule. The re-
sults, which illustrate the effective changes in stereoselectivity, are presented in Figure 5.34.

The MoleKing package was essential for the geometric operations involving the thousands
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of charge points used in this study, once again highlighting the package’s novelty in handling

charge point configurations.
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Figure 5.34: Single-point OEEF calculations for the solvated E and Z isomers
of the of the ester containing Hurd-Claisen systems in EVE. The S-QM/MM
solvation protocol with the ASEC-FEG approximation was employed at the
MO06-2X/def2tzvpp level of theory. The electric fields were applied from
—6.00 x 10™* t0 6.00 x 10~* a.u. according to the reaction axis rule.

The results show that, with the exception of the NH,Ph and Ph systems, the Z isomer
is favored in most cases of the Hurd—Est variation. As the magnitude of the electric field
increases, the electronic stabilization of the E isomer also increases. However, unlike the
trend observed in Figure 5.8, the CH3 system does not exhibit stereoselectivity inversion
under an OEEF. This is because the EVE charge points already provide greater stabilization
for the E isomer, shifting the natural preference from the axial stereoisomer to an equatorial
one, effectively tilting its previously “indecisive” barrier toward Z-selectivity. A similar
description applies to all ester-containing systems, where the bulk of the energetic change
arises from the charge point effects.

The phenyl-substituted reaction, as previously shown, favors the E isomer in the presence
of solvent. Both positive and negative fields promote a slight stabilization of the Z isomer.
Therefore, the presence of the electric field counteracts the aforementioned E stabilization by
altering the overall interaction between the charge points and the solute. However, the effect

is not strong enough to negate the CP-induced E stabilization, once again demonstrating
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the aptitude of the OEEF to modulate stereoselectivity only among closely related transition
states.

Figure 5.35 presents the results for the Hurd-Nit rearrangement. A clear contrast is
observed through the more prominent OEEF effect, with changes in AAG* reaching up to
1.0 kcal/mol more than in the Hurd-Est rearrangement. Nevertheless, the overall trend re-
mains the same, with solvation dictating the preferred stereoisomer and the OEEF merely
modulating the energetic barrier of the transition states. Interestingly, the Et rearrangement

shows great promise for stereoinversion under highly positive fields.

HE m60 m40 m20 p20 p40 E p60

AAG (kcal/mol)

: |

T T T T T T T
CHs Et NH,Ph NO,Ph Ph SProp TBut
Substituent

Figure 5.35: Single-point OEEF calculations for the solvated E and Z iso-
mers of the nitrile containing Hurd-Claisen systems in EVE. The S-QM/MM
solvation protocol with the ASEC-FEG approximation was employed at the
MO06-2X/def2tzvpp level of theory. The electric fields were applied from
—6.00 x 107* t0 6.00 x 10~* a.u. according to the reaction axis rule.

The significant changes in atomic charges introduced by the S-QM/MM methodology
exert a strong influence on the catalytic properties of the OEEF, effectively mimicking the
solvent screening effect. Thus, the S-QM/MM solvation protocol proves to be a valuable
tool for studying the OEEF in the Hurd-Claisen rearrangement at low computational cost.

These results demonstrate that the primary factor governing the interaction between tran-
sition states and electric fields is the dipole-field interaction. Consequently, employing a
solvation method that accurately captures the system’s dipole moment is essential for reli-

ably studying the OEEF in the Hurd-Claisen rearrangement.
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Chapter 6

Final Remarks

The effect of oriented external electric fields on the Hurd-Claisen rearrangement was
evaluated through a series of computational chemistry simulations. Two orientation rules
were applied: the Reaction Axis rule, which aligns the external electric field with the electron
flow, and the Molecular Axis orientation, which aligns the two most distant atoms of the
molecule along the Z-axis with the external electric field. The results showed that both axis
rules effectively induced stereochemical changes in the reaction mechanism.

By applying a negative Z-oriented OEEF to the CH3 substituent, the standard AX stereo-
preference was successfully shifted to an EQ preference due to stabilization of the transition
state by the external electric field. The heavier isobutyl-substituted rearrangements also ex-
hibited a shift in stereopreference under a positive field. The nitrile-containing Et and SProp
systems also underwent a shift in stereopreference, becoming E-dominant.

The molecular axis protocol proved, as expected, to be more reliable in stereocontrol,
as many closely related reactions underwent a shift in the preferred isomer, with lower
field strengths producing greater changes in the energy barriers—especially in the Hurd-Nit
variant. The simulations demonstrated significant potential for stereocontrol in “indecisive”
Hurd-Claisen rearrangements, defined as those with small differences in the stability of com-
peting transition states.

The application of the OEEF led to significant changes in reaction rates, as evidenced
by variations in the Gibbs free energy differences between the transition states and reactants
for the SProp, Et, and CH3 rearrangements. A negative reaction-axis-oriented electric field
catalyzed all studied reactions, whereas a positively oriented field strongly inhibited them
due to substantial stabilization of the reactants.

As a result of the simulations, the primary effect of the OEEF was the stabilization of
transition states through dipole-field interactions, while geometric changes played a passive
role. These structural adjustments primarily influenced the electronic distribution, ultimately
modifying the molecular dipole moment.

The effect of the solvent on the geometry of the transition state was also evaluated. It was
shown to be minimal, with the majority of the stabilization effect also arising from electronic

changes in the one-electron integrals rather than significant geometric distortions.
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By applying the reaction axis rule to the EVE-solvated systems, the solvent screening
effect—which reduces the effective magnitude of the field—was observed. Previously inde-
cisive transition states became Z-dominant. Nevertheless, the application of electric fields
was capable of inducing noticeable changes in reaction proportions, with energy variations
of up to 2 kcal/mol. However, the solvation effect led to a reduction in the effectiveness of
the OEEEF, as the solvent screening diminished the effective field strength.

Two additional computational protocols were envisioned to explore experimentally feasi-
ble OEEF applications. Firstly, a non-oriented (isotropic) external electric field showed great
promise as a tool for controlling reaction mechanisms. Statistically inspired calculations
demonstrated that this type of field was able to flip the stereopreference of three studied sys-
tems: the Hurd-Nit £t and Ph systems, and the CH3z-containing ester. By applying weighted
means to the Gibbs free energy differences between the transition states and reactants, it was
possible to observe a shift in the preferred isomer and emulate solute rotational freedom.
While direct "modulation” of stereoselectivity is not achievable by this method, changes in
the E /Z ratio are possible, depending on the electrostatic nature of the transition states.

Secondly, the well-discussed gold thiolate model was employed for the CH3 and Ph
Hurd—Est rearrangements, where a significant increase in the OEEF effect was observed,
along with a flip in both selectivities. The results suggest that using a gold surface to an-
chor the rotational degrees of freedom of reactive structures can be a promising strategy to
enhance the OEEF effect, potentially leading to more pronounced stereochemical control in
reactions, with an already well-established experimental protocol.

These findings highlight the potential of OEEFs as versatile tools for controlling reaction
mechanisms and stereoselectivity without relying on traditional catalysts. While the study
focused on Hurd-Claisen rearrangements, the methodologies developed here can be extended
to other pericyclic reactions, and even to complex biochemical systems where electric fields
play a functional role, with a low computational cost the hybrid S-QM/MM OEEF method
is a promising tool for the study of these systems.

A key methodological contribution of this thesis is the development of the MoleKing
module, which enabled the automation of molecular manipulations, significantly simplifying
the methodological challenges associated with theoretical studies involving OEEF calcula-
tions and QM/MM workflows, while enhancing computational efficiency and reducing the

potential for human error.
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6.1 Perspectives

* Apply the OEEF protocol to other Claisen-type rearrangements, such as the Echen-
moser and Johnson variants, to evaluate the generalizability of electric-field-induced

stereocontrol across mechanistically related systems.

* Generate reaction pathways for the Hurd-Claisen rearrangement with S-QM/ MM
charge points and OEEF by performing Free Energy Gradient calculations with elec-

tric field perturbations on the rearrangement products.

* Employ machine learning techniques to predict the influence of non-oriented exter-
nal electric fields on reaction stereoselectivity, enabling rapid screening of molecular

systems based on their electrostatic responsiveness.

* Perform a comprehensive characterization of the solvent screening effect on the stud-
ied systems by applying more robust explicit solvation models, such as those derived
from molecular dynamics simulations, where not only dispersion and induction inter-
actions are accounted for, but also the simultaneous influence of the external electric

field on the solvent environment is explicitly considered.
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Figure A.1: RMSD of the Hurd-Est rearrangement Transition state, in func-
tion of the OEEF. The extremely high RMSD values for same of the bulkier
molecues are due to the fact that the OEEF is not able to properly sample the
conformational space of these molecules.
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A.2 SQMMM Convergence
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Figure A.2: Dipole convergence of the CH3; Hurd-Est rearrangement Transi-
tion state, in EVE at 373K. This result were obtained at M062x/def2tzvpp

level of theory.
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Figure A.3: Dipole convergence of the £+ Hurd-Est rearrangement Transition
state, in EVE at 373K. This result were obtained at M062x/def2tzvpp level

of theory.
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Figure A.4: Dipole convergence of the SProp Hurd-Est rearrangement Tran-
sition state, in EVE at 373K. This result were obtained at M062x/de f2tzvpp

level of theory.
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Figure A.5: Dipole convergence of the 7But Hurd-Est rearrangement Tran-
sition state, in EVE at 373K. This result were obtained at M062x/de f2tzvpp

level of theory.
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Figure A.6: Dipole convergence of the Ph Hurd-Est rearrangement Transition

state, in EVE at 373K. This result were obtained at M062x/def2tzvpp level

of theory.
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Figure A.7: Dipole convergence of the NH, Ph Hurd-Est rearrangement Tran-
sition state, in EVE at 373K. This result were obtained at M062x/def2tzvpp
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Figure A.8: Dipole convergence of the NO, Ph Hurd-Est rearrangement Tran-
sition state, in EVE at 373K. This result were obtained at M062x/def2tzvpp

level of theory.
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Figure A.9: Dipole convergence of the CH3 Hurd-Nit rearrangement Transi-

tion state, in EVE at 373K. This result were obtained at M062x/def2tzvpp

level of theory.
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Figure A.10: Dipole convergence of the Et Hurd-Nit rearrangement Transi-
tion state, in EVE at 373K. This result were obtained at M062x/def2tzvpp
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Figure A.11: Dipole convergence of the Prop Hurd-Nit rearrangement Tran-
sition state, in EVE at 373K. This result were obtained at M062x/def2tzvpp

level of theory.
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Figure A.12: Dipole convergence of the 7 But Hurd-Nit rearrangement Tran-
sition state, in EVE at 373K. This result were obtained at M062x/de f2tzvpp

level of theory.
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Figure A.13: Dipole convergence of the Ph Hurd-Nit rearrangement Transi-
tion state, in EVE at 373K. This result were obtained at M062x/def2tzvpp

level of theory.
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Table A.1: Thermodinamic Data for the Reaction Axis CH3 Hurd-Est rear-
rangement with OEEF magnitude of —8.00 x 1073 to 8.00 x 1073 a.u. All

units are atomic units.

Iso  Sub Field E ZPE H gh-H T.S T.qh-S G(T) qh-G(T)
Z CH3 0 -576.95877  0.21203  -576.72617  -576.72812  0.07442  0.07217  -576.80059  -576.80029
Z CH3 m20 -576.95914 021209 -576.72647 -576.72849  0.07435 0.07210 -576.80083  -576.80058
Z CH3 md0 -576.96012 021212 -576.72745 -576.72940  0.07425  0.07203 -576.80170  -576.80143
Z CH3 m60 -57696171 021211 -576.72911 -576.73106 0.07417 0.07198 -576.80328  -576.80305
Z CH3 m80 -576.96393 021210 -576.73132 -576.73328 0.07409 007192 -576.80542  -576.80520
Z CH3 p20  -576.95902 021199 -576.72642 -576.72843 0.07444 0.07221 -576.80085  -576.80064
Z CH3 pd40  -576.95989 021187 -576.72734 -576.72936  0.07462  0.07235 -576.80196 -576.80170
Z CH3 p60  -576.96138 021166 -576.72896 -576.73104 0.07507 0.07262 -576.80403  -576.80366
Z CH3 p80  -576.96352 021153 -576.73122 -576.73330  0.07529  0.07278 -576.80651  -576.80608
E CH3 0 -576.95927  0.21213  -576.72660 -576.72849  0.07416  0.07209  -576.80076  -576.80058
E CH3 m20 -576.95946 021218 -576.72680 -576.72863 0.07404 0.07201  -576.80083  -576.80064
E CH3 md0 -576.96028 021220 -576.72761  -576.72944  0.07397  0.07196 -576.80158  -576.80140
E CH3 m60 -57696172 021218 -576.72905 -576.73095 0.07397 0.07194 -576.80302  -576.80289
E CH3 m80 -576.96379 021218 -576.73113 -576.73302  0.07392  0.07190  -576.80505  -576.80492
E CH3 p20 -576.95970 021204 -576.72709 -576.72899  0.07434 0.07221 -576.80144  -576.80119
E CH3 pd40  -576.96075 021195 -576.72821 -576.73016 0.07448 0.07230 -576.80269  -576.80246
E CH3 p60  -576.96244 021183 -576.72995 -576.73191 007461 0.07241 -576.80456  -576.80431
E CH3 p80  -576.96475 021167 -576.73239 -576.73434 0.07478 0.07255 -576.80718  -576.80689

Table A.2: Thermodinamic Data for the Reaction Axis Et Hurd-Est rearrange-

ment with OEEF magnitude of —8.00 x 10~ t0 8.00 x 10~ a.u. All units are

atomic units.
Iso Sub Field E ZPE H qh-H TS  Tgqh-S G(T) qh-G(T)
Z Et 0 -616.26693 023978  -616.00454  -616.00686  0.07914  0.07661 -616.08368  -616.08348
Z Bt m20 -61626731 023976 -616.00492 -616.00724 0.07928 0.07664 -616.08419  -616.08388
Z Et md0 -616.26834 023978 -616.00595 -616.00827 0.07919  0.07658 -616.08515  -616.08485
Z Et  m60 -61627005 023984 -616.00766 -616.00992 0.07888 0.07642 -616.08653  -616.08633
Z Bt m80 -61627242 023978 -616.01009 -616.01235 0.07889 0.07641 -616.08898  -616.08876
Z Bt p20  -61626722 023964 -616.00489 -616.00727 0.07938 0.07677 -616.08427  -616.08404
Z Bt pd0  -61626819 023945 -616.00598 -616.00842 0.07991  0.07707 -616.08589  -616.08549
Z Bt p60  -616.26986 0.23939 -616.00765 -616.01009 0.07974  0.07705 -616.08739  -616.08714
Z Et  p80  -61627223 023926 -616.01014 -616.01258 0.07998 0.07720 -616.09012  -616.08978
E Et 0 -616.26752 023988  -616.00500 -616.00751  0.07920  0.07647 -616.08420  -616.08398
E Et m20 -61626774 023993 -616.00523 -616.00767 0.07904 0.07639  -616.08427  -616.08406
E Bt m40 -61626864 0.23994 -616.00613 -616.00857 0.07899 0.07634 -616.08512 -616.08491
E Et m60 -61627021 023991 -616.00776 -616.01020 0.07905 0.07635 -616.08680 -616.08655
E Et m80 -61627246 023991 -616.01001 -616.01245 0.07896 0.07630 -616.08896  -616.08874
E Et p20 61626796 023982 -616.00551 -616.00802 0.07942 0.07658 -616.08493  -616.08460
E Et pd0  -61626909 023976 -616.00664 -616.00914 0.07952 0.07667 -616.08615 -616.08581
E Et p60  -61627090 023963 -616.00857 -616.01107 0.07961 0.07678 -616.08818 -616.08785
E Et p80  -616.27339 023945 -616.01119 -616.01369 0.07978 0.07693 -616.09096  -616.09062
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Table A.3: Thermodinamic Data for the Reaction Axis SProp Hurd-Est re-
arrangement with OEEF magnitude of —8.00 x 1073 to 8.00 x 1073 a.u. All
units are atomic units.
Iso  Sub Field E ZPE H gh-H T.S T.gh-S G(T) qh-G(T)
E SProp O -655.57728  0.26728  -655.28529  -655.28804  0.08368  0.08061  -655.36897  -655.36864
E  SProp m20 -655.57755 026728 -655.28556 -655.28831  0.08358  0.08054 -655.36914  -655.36885
E  SProp md0 -655.57858 0.26724 -655.28665 -655.28933  0.08370  0.08058  -655.37035  -655.36991
E  SProp m60 -655.58037 026719 -655.28850 -655.29118  0.08372 0.08057 -655.37222  -655.37176
E  SProp m80  -655.58293 026718 -655.29106 -655.29380 0.08365 0.08052 -655.37471  -655.37433
E  SProp p20  -655.57777 026721 -655.28584 -655.28852  0.08384 0.08072  -655.36968  -655.36924
E  SProp p40  -655.57901 026714 -655.28708 -655.28983 0.08394 0.08081 -655.37102  -655.37064
E  SProp p60  -655.58102 0.26704 -655.28915 -655.29190 0.08400 0.08089 -655.37316  -655.37278
E  SProp p80  -655.58379 026686 -655.29204 -655.29485 0.08420 0.08104 -655.37624  -655.37590
Z  SProp 0 -655.57650  0.26733  -655.28451  -655.28689  0.08316  0.08056  -655.36767  -655.36745
Z  SProp m20  -655.57694 026736 -655.28494 -655.28732  0.08309 0.08048  -655.36803  -655.36781
Z  SProp md40  -655.57809 026737 -655.28610 -655.28854 0.08306  0.08043 -655.36916  -655.36897
Z SProp m60  -655.57997 0.26733 -655.28804 -655.29042  0.08293  0.08036 -655.37096  -655.37078
Z  SProp m80  -655.58255 0.26730 -655.29068  -655.29306 0.08274  0.08026  -655.37342  -655.37333
Z  SProp p20  -655.57678 0.26727 -655.28485 -655.28723  0.08330  0.08065 -655.36815  -655.36788
Z  SProp p40  -655.57779 026714 -655.28592  -655.28836  0.08354  0.08082  -655.36946  -655.36918
Z SProp p60  -655.57956  0.26698 -655.28775 -655.29025 0.08377 0.08100 -655.37152  -655.37125
Z  SProp p80  -655.58209 0.26681 -655.29040 -655.29297 0.08416 0.08123  -655.37457  -655.37420

Table A.4: Thermodinamic Data for the Reaction Axis Tbut Hurd-Est rear-

rangement with OEEF magnitude of —8.00 x 1073 to 8.00 x 1073 a.u. All

units are atomic units.
Iso Sub  Field E ZPE H gh-H TS  Tgh-S G(T) qh-G(T)
Z TBut 0 -694.88014  0.29452  -694.55886  -694.56136  0.08717  0.08436  -694.64603  -694.64572
Z  TBut m20  -694.88088 0.29453 -694.55959 -694.56209 0.08718  0.08434  -694.64677  -694.64643
Z  TBut m40  -694.88234 029455 -694.56106 -694.56356 0.08705 0.08424 -694.64810  -694.64780
Z  TBut m60  -694.88454  0.29453 -694.56331 -694.56581 0.08697 0.08418  -694.65028  -694.64999
Z  TBut m80  -694.88746 029448 -694.56629 -694.56879 0.08693 0.08414  -694.65322  -694.65293
Z  TBut p20  -694.88014 029447 -694.55885 -694.56142 0.08728 0.08445 -694.64614  -694.64587
Z  TBut p40  -694.88088 0.29442  -694.55965 -694.56216 0.08734 0.08452 -694.64700  -694.64668
Z  TBut p60  -694.88237 029432 -694.56120 -694.56371  0.08752 0.08465 -694.64872  -694.64836
Z  TBut p80  -694.88462 029417 -694.56351 -694.56608 0.08774 0.08481 -694.65126  -694.65089
E TBut 0 -694.88150  0.29511  -694.55997  -694.56259  0.08660  0.08338  -694.64657  -694.64597
E  TBut m20 -69488218 029511 -694.56064 -694.56333 0.08657 0.08334 -694.64721  -694.64667
E  TBut m40 -694.88368 0.29508 -694.56220 -694.56483 0.08655 0.08330 -694.64876  -694.64813
E  TBut m60 -69488600 029498 -694.56459 -694.56733  0.08680 0.08339  -694.65138  -694.65072
E  TBut m80 -694.88916 0.29486 -694.56780 -694.57061 0.08731  0.08360 -694.65511  -694.65421
E  TBut p20  -69488164 029502 -694.56011 -694.56280 0.08689 0.08356 -694.64700  -694.64636
E  TBut p40  -694.88262 029488 -694.56115 -694.56389 0.08713 0.08374 -694.64828  -694.64764
E  TBut p60  -694.88444 029476 -694.56309 -694.56577 0.08721  0.08385 -694.65030  -694.64963
E  TBut p80  -69488711 029456 -694.56588 -694.56857 0.08746 0.08405 -694.65334  -694.65262
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Table A.S: Thermodinamic Data for the Reaction Axis IsoBut Hurd-Est re-
arrangement with OEEF magnitude of —8.00 x 1073 to 8.00 x 1073 a.u. All
units are atomic units.

Iso Sub Field E ZPE H gh-H T.S T.gh-S G(T) gh-G(T)
E  IsoBut 0 -694.88339  0.29515 -694.56174 -694.56479  0.08799  0.08420 -694.64973  -694.64899
E  IsoBut m20 -694.88369 0.29514 -694.56204 -694.56515 0.08802  0.08417 -694.65006  -694.64932
E  IsoBut md40  -694.88477 029509 -694.56312 -694.56629 0.08834  0.08429 -694.65145  -694.65058
E  IsoBut m60 -694.88666 0.29506 -694.56506 -694.56818  0.08932  0.08475  -694.65438  -694.65293
E  TsoBut m80  -694.80038 0.29539 -694.56861 -694.57160 0.08764 0.08387 -694.65625  -694.65547
E  IsoBut p20  -694.88387 0.29510 -694.56222 -694.56533  0.08812  0.08430 -694.65033  -694.64963
E  TsoBut pd40z -694.88513 029500 -694.56354 -694.56665 0.08832 0.08443 -694.65185 -694.65108
E  IsoBut p60z -694.88717 029491 -694.56564 -694.56875 0.08833  0.08449 -694.65397  -694.65324
E  IsoBut p80  -694.80000 0.29472 -694.56858 -694.57176  0.08859  0.08467 -694.65717  -694.65643
Z TsoBut 0 -694.88282  0.29510  -694.56116  -694.56427  0.08786  0.08428  -694.64902  -694.64855
Z  IsoBut m20  -694.88295 0.29507 -694.56135 -694.56441  0.08795 0.08430 -694.64930  -694.64871
Z  TsoBut md40  -694.88386 029515 -694.56227  -694.56526 0.08773  0.08415 -694.64999  -694.64940
Z  IsoBut m60  -694.88555 0.29520 -694.56396 -694.56695 0.08745 0.08397 -694.65141  -694.65092
Z  TsoBut m80  -694.88803 029522 -694.56643  -694.56936  0.08728 0.08386 -694.65371  -694.65322
Z  IsoBut p20  -694.88348  0.29495 -694.56195 -694.56506 0.08814  0.08447 -694.65009  -694.64953
Z  TsoBut pd40  -694.88494 029483  -694.56347 -694.56658 0.08834  0.08463  -694.65180  -694.65121
Z  IsoBut p60  -694.88720 0.29467 -694.56579  -694.56902  0.08856  0.08479  -694.65435  -694.65381
Z  IsoBut p80  -694.89027 0.29444  -694.56904 -694.57228  0.08890  0.08501  -694.65794  -694.65729
Table A.6: Thermodinamic Data for the Reaction Axis Ph Hurd-Est rearrange-
ment with OEEF magnitude of —8.00 x 107 t0 8.00 x 10~ a.u. All units are
atomic units.
Iso Sub Field E ZPE H gh-H TS  Tgh-S G(T) qh-G(T)
E Ph 0 -768.69021  0.26387  -768.40078  -768.40377  0.08655 0.08276  -768.48733  -768.48652
E Ph  m20 -768.69062 026393 -768.40113 -768.40412 0.08636 0.08264 -768.48748  -768.48676
E Ph  m40 -768.69185 0.26389 -768.40242 -768.40542 0.08639 0.08263 -768.48881  -768.48805
E Ph  m60 -768.69392 0.26383 -768.40456 -768.40755 0.08646  0.08265 -768.49102  -768.49020
E Ph  m80 -768.69685 0.26378 -768.40754 -768.41053 0.08653 0.08266 -768.49407  -768.49319
E Ph  p20  -768.69063 026374 -768.40126 -768.40431 0.08682 0.08292  -768.48807  -768.48722
E Ph p40  -768.69188 0.26367 -768.40258 -768.40563 0.08688 0.08299 -768.48946  -768.48862
E Ph  p60  -768.69398 026356 -768.40474 -768.40779 0.08698  0.08309 -768.49171  -768.49088
E Ph p80  -768.69694 026339 -768.40776 -768.41087 0.08723 0.08327 -768.49499  -768.49414
Z Ph 0 -768.68220  0.26351  -768.39295  -768.39613  0.08813  0.08357 -768.48108  -768.47970
Z Ph m20 -768.68265 0.26356 -768.39334 -768.39652 0.08830 0.08358 -768.48165  -768.48010
Z Ph m40  -768.68490 0.26332 76839578 -768.39901  0.08779 0.08338 -768.48356  -768.48239
Z Ph m60 -768.68719 0.26335 -768.39807 -768.40124 0.08752 0.08323 -768.48559  -768.48448
Z Ph m80 -768.69022 026334 -768.40116 -768.40434 0.08748 0.08319 -768.48865  -768.48753
Z Ph p20  -768.68270 0.26349 -768.39345 -768.39656 0.08771 0.08344 -768.48117  -768.48000
Z Ph p40  -768.68411 026333 76839499 -768.39810 0.08817 0.08375 -768.48316 -768.48185
Z Ph p60  -768.68646 0.26319 -768.39740  -768.40057 0.08820 0.08383 -768.48560  -768.48440
Z Ph p80  -768.68974 0.26296 -768.40087 -768.40398 0.08829 0.08398  -768.48916  -768.48796
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Table A.7: Thermodinamic Data for the Reaction Axis NH,Ph Hurd-Est re-
arrangement with OEEF magnitude of —8.00 x 1073 to 8.00 x 1073 a.u. All
units are atomic units.

Iso Sub Field E ZPE H gh-H T.S T.gh-S G(T) gh-G(T)
E NH2 0 -824.05252 027995  -823.74465  -823.74789  0.09144  0.08731  -823.83609  -823.83520
E NH2 m20  -824.05211 0.27993  -823.74425 -823.74749  0.09141 0.08731  -823.83566  -823.83479
E NH2 m40  -824.05266 0.27992  -823.74486  -823.74803  0.09143  0.08728  -823.83629  -823.83531
E NH2 m60  -824.05416 0.27982  -823.74642  -823.74966  0.09156  0.08737  -823.83798  -823.83702
E NH2 m80  -824.05665 0.27980 -823.74891  -823.75215 0.09159 0.08736  -823.84050  -823.83951
E NH2 p20 -824.05386  0.27991  -823.74600  -823.74924  0.09162  0.08742  -823.83762  -823.83666
E NH2 p40 -824.05618  0.27986  -823.74831  -823.75161  0.09167 0.08748  -823.83998  -823.83909
E NH2 p60 -824.05948 027971  -823.75174  -823.75504  0.09198  0.08768  -823.84372  -823.84272
E NH2 p80 -824.06386  0.27949  -823.75624  -823.75960  0.09227  0.08792  -823.84852  -823.84752
Z NH2 0 -824.04345  0.28828  -823.72777  -823.73112  0.09146  0.08681  -823.81923  -823.81793
Z NH2 m20  -824.04318 0.28840 -823.72744  -823.73076  0.09085  0.08645 -823.81830 -823.81721
Z NH2 m40  -824.04407 0.28829  -823.72841  -823.73177 0.09126  0.08662  -823.81968  -823.81838
Z NH2 m60  -824.04604 0.28834  -823.73085 -823.73378 0.08820  0.08498  -823.81905  -823.81877
Z NH2 m80  -824.04879 0.28826  -823.73364 -823.73660  0.08831  0.08506  -823.82196  -823.82165
Z NH2 p20 -824.04493  0.28818  -823.72931  -823.73266  0.09142  0.08688  -823.82073  -823.81954
Z NH2 p40 -824.04759  0.28801  -823.73206  -823.73544  0.09167 0.08707  -823.82374  -823.82251
Z NH2 p60 -824.05144  0.28782  -823.73603  -823.73946  0.09199  0.08728  -823.82802  -823.82674
Z NH2 p80 -824.05665  0.28752  -823.74139  -823.74488  0.09270  0.08778  -823.83409  -823.83267

Table A.8: Thermodinamic Data for the Reaction Axis NO,Ph Hurd-Est re-
arrangement with OEEF magnitude of —8.00 x 1073 to 8.00 x 1073 a.u. All
units are atomic units.

Iso Sub Field E ZPE H gh-H T.S T.gh-S G(T) gh-G(T)
Z NO2 0 -973.20001 026617  -972.90436  -972.90857  0.09836  0.09197  -973.00272  -973.00054
Z NO2 m20 -973.20188 0.26620 -972.90622 -972.91044  0.09844  0.09198 -973.00466  -973.00242
Z NO2 m40  -973.20465 0.26622  -972.90899  -972.91320 0.09848  0.09199  -973.00747  -973.00520
Z NO2 m60  -973.20835 0.26625 -972.91270 -972.91685 0.09798  0.09175 -973.01068  -973.00860
Z NO2 m80 -973.21302 0.26621 -972.91742  -972.92157 0.09802 0.09177 -973.01545 -973.01334
zZ NO2 p20 -973.19903 026612  -972.90338  -972.90765 0.09841  0.09202 -973.00179  -972.99967
Z NO2 p40 -973.19897  0.26598  -972.90338  -972.90765  0.09960  0.09262  -973.00298  -973.00027
Z NO2 p60 -973.19995  0.26608  -972.90436  -972.90857  0.09804  0.09196  -973.00240  -973.00052
Z NO2 p80 -973.20198  0.26585  -972.90651  -972.91078  0.09813  0.09209  -973.00464  -973.00287
E NO2 0 -973.20518  0.26656  -972.90934  -972.91331  0.09667 0.09112  -973.00601  -973.00443
E NO2 m20 -973.20680 0.26655 -972.91096  -972.91499  0.09665 0.09111 -973.00761  -973.00610
E NO2 m40  -973.20940 026652  -972.91362 -972.91765 0.09660  0.09109 -973.01021  -973.00873
E NO2 m60  -973.21300 026645 -972.91728 -972.92131 0.09668 0.09113  -973.01397  -973.01245
E NO2 m80  -973.21767 0.26642  -972.92202  -972.92605 0.09661  0.09111 -973.01863  -973.01716
E NO2 p20 -973.20449  0.26650  -972.90872  -972.91268  0.09672 0.09116  -973.00543  -973.00385
E NO2 p40 -973.20473  0.26638  -972.90902  -972.91304 0.09703  0.09134  -973.00604  -973.00438
E NO2 p60 -973.20588  0.26629  -972.91022 -972.91425 0.09714 0.09142  -973.00736  -973.00567
E NO2 p80 -973.20793 026617  -972.91234  -972.91637 0.09720 0.09147  -973.00953  -973.00784
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Table A.9: Thermodinamic Data for the Reaction Axis CH3 Hurd-Nit rear-
rangement with OEEF magnitude of —8.00 x 1073 to 8.00 x 1073 a.u. All

units are atomic units.

Iso  Sub Field E ZPE H gh-H T.S T.qh-S G(T) qh-G(T)
Z CH3 0 -402.01002  0.14080 -401.85444  -401.85514  0.05989 0.05944 -401.91433  -401.91458
Z CH3 m20 -402.01062 0.14085 -401.85505 -401.85572 0.05979  0.05935 -401.91483  -401.91507
Z CH3 m40 -402.01177 0.14090 -401.85616 -401.85684 0.05973  0.05929 -401.91589  -401.91613
Z CH3 m60 -402.01346 0.14093 -401.85785 -401.85852 0.05967 0.05924  -401.91752  -401.91776
Z CH3 m80 -402.01570 0.14095 -401.86010 -401.86077 0.05962  0.05919 -401.91972  -401.91996
Z CH3 p20  -402.00992 0.14076 -401.85440 -401.85507 0.05986  0.05943  -401.91426  -401.91450
Z CH3 p40  -402.01036 0.14069 -401.85487 -401.85554 0.05988  0.05946  -401.91475  -401.91500
Z CH3 p60  -402.01132 0.14061 -401.85589  -401.85656 0.05992  0.05950 -401.91581  -401.91606
Z CH3 p80  -402.01280 0.14050 -401.85744 -401.85811 0.05998  0.05957 -401.91741  -401.91768
E CH3 0 -402.00646  0.14107 -401.85076  -401.85137  0.05945 0.05907 -401.91021  -401.91044
E CH3 m20 -402.00690 0.14111 -401.85120 -401.85178 0.05937  0.05900 -401.91057  -401.91078
E CH3 md40 -402.00787 0.14114 -401.85214 -401.85275 0.05935 0.05898 -401.91149  -401.91173
E CH3 m60 -402.00937 0.14114 -401.85367 -401.85428 0.05934  0.05896 -401.91302  -401.91325
E CH3 m80 -402.01142 0.14112 -401.85572 -401.85636 0.05936  0.05897 -401.91507  -401.91532
E CH3 p20  -402.00652 0.14101 -401.85085 -401.85149 0.05947  0.05910 -401.91032  -401.91059
E CH3 p40  -402.00709 0.14094 -401.85148 -401.85210 0.05953  0.05915 -401.91101  -401.91125
E CH3 p60  -402.00817 0.14085 -401.85263 -401.85324 0.05958  0.05921 -401.91220  -401.91244
E CH3 p80  -402.00976 0.14075 -401.85428 -401.85488 0.05963  0.05927 -401.91391  -401.91416

Table A.10: Thermodinamic Data for the Reaction Axis Et Hurd-Nit rear-

rangement with OEEF magnitude of —8.00 x 1073 to 8.00 x 1073 a.u. All

units are atomic units.
Iso Sub Field E ZPE H gh-H TS  Tgh-S G(T) qh-G(T)
Z E 0 44131439 0.16880  -441.12872  -441.13009  0.06636  0.06434  -441.19508  -441.19443
Z Bt m20 -441.31543 0.16896 -441.12974 -441.13102  0.06491 0.06365 -441.19464  -441.19467
Z Et  m40  -44131717 0.16900 -441.13147 -441.13269 0.06458 0.06356 -441.19605 -441.19624
Z Bt m60 -441.31950 0.16903 -441.13383  -441.13496  0.06433  0.06346 -441.19816  -441.19842
Z Et  m80  -441.32248 0.16900 -441.13681 -441.13800  0.06444  0.06351 -441.20125 -441.20152
Z Bt  p20  -441.31428 0.16887 -441.12865 -441.12990  0.06498  0.06371 -441.19363  -441.19360
Z Et  pd0  -441.31488 0.16885 -441.12930 -441.13046  0.06462 0.06355 -441.19392  -441.19401
Z Et  p60  -44131613 0.16880 -441.13062 -441.13175 0.06460 0.06351 -441.19521  -441.19526
Z Et  p80  -441.31805 0.16870 -441.13262 -441.13375 0.06473  0.06357 -441.19735  -441.19732
E E 0 44131472 0.16885  -441.12921  -441.13037  0.06456  0.06358  -441.19377  -441.19395
E Et m20 -44131514 0.16890 -441.12960 -441.13072  0.06440 0.06349  -441.19400  -441.19422
E Et m40 -44131614 0.16892 -441.13059 -441.13172 0.06441 0.06349 -441.19500  -441.19522
E Et m60 -441.31770 0.16892 -441.13216 -441.13328  0.06441 0.06349 -441.19656  -441.19678
E Et m80 -441.31985 0.16887 -441.13437 -441.13553  0.06448 0.06352 -441.19884  -441.19905
E Et p20  -441.31484 0.16880 -441.12936 -441.13052  0.06457 0.06360 -441.19392  -441.19412
E Et pd0  -44131551 0.16874 -441.13006 -441.13122  0.06458 0.06364 -441.19464  -441.19485
E Et p60  -44131671 0.16867 -441.13132 -441.13244  0.06455 0.06365 -441.19587  -441.19610
E Et p80  -441.31847 0.16856 -441.13313  -441.13426  0.06466 0.06375 -441.19779  -441.19802
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Table A.11: Thermodinamic Data for the Reaction Axis SProp Hurd-Nit re-
arrangement with OEEF magnitude of —8.00 x 1073 to 8.00 x 1073 a.u. All

units are atomic units.

Iso  Sub Field E ZPE H gh-H T.S T.gh-S G(T) qh-G(T)
E SProp O -480.62455  0.19627  -480.40952  -480.41092  0.06900 0.06773  -480.47852  -480.47866
E  SProp m20  -480.62500 0.19628  -480.40997  -480.41137 0.06901 0.06772  -480.47898  -480.47909
E  SProp md40  -480.62614 0.19627 -480.41115 -480.41255 0.06900 0.06770 -480.48015  -480.48024
E  SProp m60  -480.62801 0.19623  -480.41304 -480.41448  0.06905 0.06770  -480.48209  -480.48217
E  SProp m80  -480.63063 0.19615 -480.41572 -480.41719 0.06922 0.06777 -480.48494  -480.48496
E  SProp p20  -480.62476  0.19622  -480.40977 -480.41117 0.06898 0.06775 -480.47874  -480.47892
E  SProp p40  -480.62564 0.19615 -480.41070 -480.41208 0.06901 0.06781  -480.47972  -480.47988
E  SProp p60  -480.62716 0.19607 -480.41225 -480.41363 0.06904 0.06787 -480.48130  -480.48150
E  SProp p80  -480.62931 0.19597 -480.41450 -480.41584 0.06908 0.06794  -480.48358  -480.48378
Z SProp 0 -480.62414  0.19620  -480.40908  -480.41051 0.06939  0.06794  -480.47847  -480.47846
Z  SProp m20  -480.62514 0.19624  -480.41008 -480.41152 0.06918  0.06781  -480.47927  -480.47933
Z  SProp m40  -480.62680 0.19624 -480.41177 -480.41320 0.06911 0.06778  -480.48088  -480.48099
Z  SProp m60  -480.62908  0.19622  -480.41409  -480.41552 0.06897 0.06770  -480.48306  -480.48322
Z  SProp m80  -480.63205 0.19619  -480.41709  -480.41852  0.06901  0.06772  -480.48609  -480.48624
Z  SProp p20  -480.62379 0.19616  -480.40876  -480.41020 0.06957 0.06803  -480.47834  -480.47823
Z  SProp p40  -480.62434  0.19610  -480.40931  -480.41072 0.07001  0.06828  -480.47932  -480.47899
Z  SProp p60  -480.62592 0.19616 -480.41092 -480.41224 0.06928 0.06788  -480.48020  -480.48012
Z  SProp p80  -480.62825 0.19611 -480.41332  -480.41463 0.06926 0.06785  -480.48258  -480.48248

Table A.12: Thermodinamic Data for the Reaction Axis 7but Hurd-Nit re-

arrangement with OEEF magnitude of —8.00 x 1073 to 8.00 x 1073 a.u. All

units are atomic units.
Iso Sub  Field E 7ZPE H gh-H TS  TghS G(T) qh-G(T)
Z TBut 0 -519.93498  0.22338  -519.69072  -519.69212  0.07294  0.07168  -519.76366  -519.76380
Z  TBut m20 -519.93586 0.22343 -519.69160 -519.69294 0.07274 0.07158 -519.76433  -519.76452
Z TBut md0 -519.93743 0.22347 -519.69317 -519.69445 0.07246 0.07143  -519.76563  -519.76588
Z  TBut m60 -519.93974 0.22346 -519.69548 -519.69682  0.07246  0.07144 -519.76794  -519.76826
Z TBut m80 -519.94275 0.22347 -519.69855 -519.69977 0.07235 0.07137 -519.77090 -519.77114
Z  TBut p20  -519.93484 0.22329 -519.69064 -519.69204 0.07319  0.07179 -519.76383  -519.76383
Z  TBut p40  -519.93552 0.22317 -519.69138 -519.69278  0.07357 0.07199 -519.76494  -519.76477
Z  TBut p60  -519.93719 0.22316 -519.69305 -519.69445 0.07346  0.07193  -519.76651  -519.76638
Z  TBut p80  -519.93977 0.22314 -519.69569  -519.69703 0.07341  0.07190 -519.76910  -519.76893
E TBut 0 -519.92884  0.22392  -519.68434  -519.68574  0.07236  0.07100 -519.75670  -519.75674
E  TBut m20 -519.92991 0.22393 -519.68540 -519.68681 0.07231  0.07094 -519.75771  -519.75775
E  TBut md0 -519.93175 0.22389 -519.68731 -519.68871 0.07239  0.07096 -519.75970  -519.75967
E  TBut m60 -519.93441 022377 -519.69003 -519.69156 0.07267 0.07107 -519.76270  -519.76263
E  TBut m80 -519.93888 0.22427 -519.69419 -519.69578 0.07246  0.07076  -519.76665 -519.76654
E  TBut p20  -519.92854 0.22388 -519.68404 -519.68544 0.07242 0.07105 -519.75645 -519.75649
E  TBut p40  -519.92898 0.22377 -519.68454 -519.68594 0.07255 0.07116 -519.75709  -519.75710
E  TBut p60  -519.93017 0.22364 -519.68578 -519.68719  0.07275 0.07132 -519.75854  -519.75851
E  TBut p80  -519.93209 0.22346 -519.68782 -519.68923  0.07291 0.07146 -519.76073  -519.76068
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Table A.13: Thermodinamic Data for the Reaction Axis IsoBut Hurd-Nit re-
arrangement with OEEF magnitude of —8.00 x 1073 to 8.00 x 1073 a.u. All

units are atomic units.

Iso  Sub Field E ZPE H gh-H T.S T.gh-S G(T) qh-G(T)
E IsoBut 0 -519.93042  0.22400 -519.68573  -519.68756 0.07376  0.07187  -519.75949  -519.75943
E  IsoBut m20 -519.93080 0.22396 -519.68610 -519.68800 0.07396 0.07195 -519.76007  -519.75995
E  IsoBut m40 -519.93195 022391 -519.68732 -519.68922 0.07452 0.07220 -519.76184  -519.76141
E  IsoBut p20  -519.93075 022399 -519.68606 -519.68789 0.07366 0.07182 -519.75972  -519.75972
E  IsoBut pd0  -519.93177 022394 -519.68714 -519.68897 0.07364 0.07183 -519.76078  -519.76081
E  IsoBut p60  -519.93346 0.22388 -519.68890 -519.69067 0.07361  0.07184 -519.76250  -519.76251
E  IsoBut p80  -519.93582 0.22378 -519.69131 -519.69308 0.07358 0.07186 -519.76488  -519.76494
Z IsoBut 0 -519.93584  0.22394  -519.69109  -519.69304  0.07426  0.07219  -519.76535 -519.76524
Z  IsoBut m20 -519.93639 0.22401 -519.69158 -519.69353 0.07407 0.07211 -519.76565 -519.76564
Z  IsoBut m40  -519.93769 0.22404 -519.69288 -519.69483 0.07398  0.07206 -519.76686  -519.76689
Z  IsoBut m60 -519.93976 0.22405 -519.69495 -519.69684 0.07391 0.07203 -519.76886  -519.76887
Z  IsoBut m80  -519.94259 0.22405 -519.69784 -519.69967 0.07382 0.07199 -519.77167 -519.77166
Z  TsoBut p20  -519.93605 022387 -519.69130 -519.69331 0.07442 0.07226 -519.76572  -519.76558
Z  IsoBut p40  -519.93703 0.22382 -519.69234 -519.69436 0.07454 0.07232  -519.76688  -519.76668
Z  IsoBut p60  -519.93881 0.22370 -519.69418 -519.69626 0.07487  0.07249  -519.76905  -519.76875
Z  IsoBut p80  -519.94143 022350 -519.69692  -519.69900 0.07560 0.07290  -519.77252  -519.77190
Table A.14: Thermodinamic Data for the Reaction Axis Ph Hurd-Nit rear-
rangement with OEEF magnitude of —8.00 x 1073 to 8.00 x 1073 a.u. All
units are atomic units.
Iso Sub Field E ZPE H gh-H TS  TghS G(T) qh-G(T)
E Ph O 259373719 0.19290  -593.52472  -593.52637 0.07176  0.06995  -593.59648  -593.59632
E Ph m20 -593.73775 0.19294 -593.52523  -593.52694  0.07171 0.06990 -593.59693  -593.59684
E Ph  m40 -593.73911 0.19291 -593.52665 -593.52836 0.07172  0.06989  -593.59836  -593.59825
E Ph  m60 -593.74129 0.19287 -593.52880  -593.53060 0.07176  0.06990  -593.60065  -593.60050
E Ph m80 -593.74435 0.19283 -593.53195 -593.53366 0.07179 0.06990 -593.60374  -593.60356
E Ph p20  -593.73737 0.19282 -593.52491 -593.52662 0.07183 0.07001 -593.59674  -593.59663
E Ph  pd0  -593.73830 0.19272 -593.52590 -593.52761 0.07189  0.07008 -593.59779  -593.59769
E Ph p60  -593.73996 0.19266 -593.52761 -593.52932  0.07192 0.07013  -593.59954  -593.59945
E Ph p80  -593.74233 0.19259 -593.53005 -593.53170 0.07196 0.07018  -593.60200 -593.60188
Z Ph 0 -593.73736  0.19253  -593.52502  -593.52685 0.07244  0.07047  -593.59747  -593.59732
Z Ph m20 -593.73805 0.19255 -593.52577 -593.52754 0.07229 0.07037  -593.59806  -593.59790
Z Ph md40  -593.73954  0.19254 -593.52726  -593.52910  0.07240  0.07037  -593.59966  -593.59947
Z Ph m60 -593.74184  0.19250 -593.52956  -593.53145 0.07258 0.07041  -593.60214  -593.60186
Z Ph m80  -593.74502 0.19245 -593.53280 -593.53470 0.07312 0.07060 -593.60592  -593.60530
Z Ph  p20  -593.73744 0.19252 -593.52510 -593.52693  0.07249  0.07051 -593.59758  -593.59744
Z Ph  pd0  -593.73832 0.19244  -593.52604 -593.52787 0.07268 0.07064  -593.59872  -593.59851
Z Ph  p60  -593.74001 0.19236 -593.52772  -593.52956  0.07303  0.07085  -593.60076  -593.60040
Z Ph  p80  -593.74258 0.19227 -593.53036 -593.53220 0.07365 0.07120  -593.60402  -593.60340
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Table A.15: Thermodinamic Data for the Reaction Axis NH,Ph Hurd-Nit
rearrangement with OEEF magnitude of —8.00 x 1073 to 8.00 x 1073 a.u. All
units are atomic units.
Iso Sub  Field E ZPE H gh-H TS  Tgh-S G(T) qh-G(T)
E NH2 0 -649.10008  0.20894  -648.86918  -648.87114  0.07668  0.07455 -648.94587  -648.94568
E NH2 m20 -649.09980 0.20893 -648.86891 -648.87086 0.07673  0.07457 -648.94564  -648.94543
E NH2 m40 -649.10042 020902 -648.86952 -648.87142 0.07655 0.07441 -648.94608  -648.94583
E NH2 m60 -649.10199 020888 -648.87116 -648.87311 0.07688 0.07465 -648.94803  -648.94776
E NH2 m80 -649.10457 0.20884 -648.87380 -648.87575 0.07697 0.07471 -648.95076  -648.95046
E NH2 p20 -649.10119 020894 -648.87030 -648.87225 0.07665 0.07454 -648.94695  -648.94630
E NH2 pd0  -649.10314 020894 -648.87224 -648.87413 0.07665 0.07457 -648.94889  -648.94871
E NH2 p60  -649.10589 0.20890 -648.87500 -648.87695 0.07672 0.07462 -648.95171  -648.95157
E NH2 p80  -649.10945 020881 -648.87862 -648.88057 0.07682 0.07470 -648.95544  -648.95527
Z NH2 0 -649.10029  0.20855 -648.86958  -648.87165 0.07749  0.07512 -648.94707  -648.94678
Z NH2 m20 -649.10003 0.20848 -648.86938 -648.87146 0.07752 0.07517 -648.94690  -648.94662
Z NH2 m40 -649.10071 020841 -648.87006 -648.87219 0.07756 0.07518 -648.94762  -648.94737
Z NH2 m60 -649.10233 020838 -648.87174 -648.87381 0.07767 0.07521 -648.94941  -648.94902
Z NH2 m80 -649.10492 020824 -648.87445 -648.87659 0.07815 0.07538 -648.95260 -648.95197
Z NH2 p20  -649.10150 0.20858 -648.87073 -648.87280 0.07759 0.07518 -648.94831  -648.94798
Z NH2 pd0  -649.10373 020861 -648.87296 -648.87497 0.07775 0.07527 -648.95071  -648.95024

Table A.16: Thermodinamic Data for the Reaction Axis NO,Ph Hurd-Nit

rearrangement with OEEF magnitude of —8.00 x 1073 to 8.00 x 1073 a.u. All

units are atomic units.
Iso Sub  Field E ZPE H gh-H TS  Tgh-S G(T) qh-G(T)
Z NO2 0 -798.25187  0.19529  -798.03312  -798.03592  0.08245  0.07884  -798.11556  -798.11477
Z NO2 m20 -798.25366 0.19528 -798.03490 -798.03771 0.08243  0.07880 -798.11734  -798.11651
Z NO2 md0  -798.25632 0.19522 -798.03763  -798.04050  0.08269  0.07887  -798.12032  -798.11936
Z NO2 p20  -798.25091 0.19525 -798.03216 -798.03497 0.08254 0.07892  -798.11470  -798.11389
Z NO2 pd0  -798.25076 0.19521 -798.03207 -798.03482  0.08265 0.07901 -798.11473  -798.11382
Z NO2 p60  -798.25143  0.19508 -798.03281 -798.03555 0.08290 0.07916 -798.11571  -798.11472
Z NO2 p80  -798.25296 0.19498 -798.03433  -798.03714 0.08330 0.07940 -798.11763  -798.11654
E NO2 0 79825068  0.19555 -798.03187  -798.03449  0.08195  0.07844  -798.11382  -798.11294
E NO2 m20 -798.25255 0.19554 -798.03374 -798.03642 0.08193 0.07843 -798.11567  -798.11486
E NO2 m40 -798.25541 0.19549 -798.03666 -798.03935 0.08194  0.07843 -798.11860 -798.11778
E NO2 m60 -798.25932  0.19547 -798.04057 -798.04332 0.08199 0.07845 -798.12256  -798.12176
E NO2 m80 -798.26434 0.19541 -798.04565 -798.04840 0.08216 0.07853 -798.12781  -798.12693
E NO2 p20  -798.24977 0.19550 -798.03096 -798.03364 0.08182 0.07840  -798.11278  -798.11205
E NO2 pd0  -798.24979 0.19544 -798.03104 -798.03367 0.08195 0.07848 -798.11299  -798.11215
E NO2 p60  -798.25074 0.19541 -798.03199 -798.03461 0.08190 0.07848  -798.11389  -798.11308
E NO2 p80  -798.25259 0.19532 -798.03390 -798.03653  0.08208  0.07858 -798.11599  -798.11511
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A.4 Principal Contributions of the Thesis

This section summarizes the main contributions of the thesis. There were two publican-
tions, one 72 as the first author and another 19 as a contributor author. Both publications
were made in international journals of relevance in the field of theoretical Chemistry. The
first page of each article is included in this section. Additionally, as one of the main objec-
tives of the thesis was the development of the python package MoleKing, the registration of
the package under Instituto Nacional de Propriedades Intelectuais (INPI) was made, and is

included in this section.



Downloaded viaUNIV FED DE GOIAS on June 6, 2025 at 21:49:32 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

THE JOURNAL OF

PHYSICAL
CHEMISTRY

A JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JPCA

Theoretical Model of Polarization Effects on Third-Order NLO
Properties of the Stilbazolium Derivative Crystal

Mateus R. Barbosa, Igor S. Duarte Costa, Thiago O. Lopes, Clodoaldo Valverde,
Daniel F. Scalabrini Machado,* and Heibbe Cristhian B. de Oliveira®

Cite This: J. Phys. Chem. A 2022, 126, 8901-8909

I: I Read Online

ACCESS |

Ll Metrics & More |

Article Recommendations ‘

@ Supporting Information

ABSTRACT: The linear and nonlinear properties of the stilbazolium derivative,
2-[2-(3-hydroxy-4-methoxy-phenyl)-vinyl]-1-methyl-pyridinium naphthalene-2-
sulfonate dihydrate crystal (VSNS), were investigated using an iterative
electrostatic embedding scheme and density functional theory (DFT). The dipole
moment and second hyperpolarizability of the VSNS molecule are sharply
influenced by its crystalline phase. Standard DFT global hybrids such as B3LYP
and MO6 are strongly benefited by the effects of crystalline polarization. The

THIRD ORDER NLO PROPERTIES

CHARGE EMBEDDING POLARIZATION EFFECTS

performance can be further improved by making small changes in the amount of
Hartree—Fock exchange included in the hybrid, delivering good hyperpolarizability and spectroscopy.

1. INTRODUCTION

Nonlinear optics (NLO) is the field of science devoted to
studying the interactions of intense electromagnetic fields with
matter. The outputs of these interactions are electromagnetic
fields with a different frequency, phase, and polarization to
those of the input field. Originally, the NLO targets were
inorganic-based salts, but in modern applications, organic-
based architectures are particularly interesting because of their
idiosyncrasies such as an ultrafast response time (due to the
delocalized nature of the 7-extended electrons), photothermal
stability, and greater synthetic flexibility." As a result, these
organic “NLO-phores” find potential applications in various
technological domains including light emission transistors
composed of charge-transfer polymers,” organic photodiodes
for imaging,’ photon microscopy,” second harmonic gener-
ation,” and two-photon absorption.

Organic single crystals are now common when investigating
new materials with broad applicability in the realm of NLO
devices.” The r-electronic delocalization in, for example,
aromatic fragments, of these organic NLO-phores, can give
rise to specific strong noncovalent interactions such as 7-
stacking, thus greatly increasing their packing density and
ultimately leading to large nonlinear responses.” ~ One family
of these organic crystals, which are highly studied, are the
stilbazolium derivatives, mainly due to their good crystal
growth, satisfactory performance in NLO, and crystal trans-
parency in the vis—NIR region, in most cases, very desirable
for applications in optoelectronics.”” "' Therefore, theoretical
approaches aiming at describing the electronic features
responsible for good NLO properties of stilbazolium
derivatives can be an invaluable tool both to predict and/or
understand practical experimental investigations in the realm
of NLO and photonics.

© 2022 American Chemical Society

WACS Publications

8901

From a theoretical standpoint, the microscopic quantity
related to the third-order NLO properties measured
experimentally is the molecular second hyperpolarizability, y,
which measures the nonlinear distortion of the electronic
distribution resulting from the perturbation of an external
electric field. Single-molecule quantum-mechanical (QM)
calculations may not generate results comparable to the
experimentally observed quantities when the measurements are
performed in condensed phases. In these cases, the explicit
inclusion of the surrounding environment would benefit such
calculations. However, this added complexity of the QM
calculations has a high computational cost, meaning low-cost
alternatives are imperative.

One such alternative has been successfully employed for
molecular crystals, taking advantage of the periodicity of the
molecular packing. It is the so-called self-consistent or iterative
supermolecular point charge embedding scheme.”™"* Using
this iterative process, the effects of the polarized medium on
the electrical properties of the molecular crystals are properly
described. The point charge embedding approach is used to
better simulate the crystal environment by generating the
correct crystalline electrostatic Coulomb potential in the
region with quantum-mechanical treatment. The electrostatic
crystal potential that is experienced by each atom in a molecule
in the infinite crystal lattice is simulated with a finite self-
consistently derived array of point charges.'> This polarization
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Deciphering Stereoselectivity in Hurd-Claisen
' Rearrangements: A Comprehensive Study of Electrostatic
Interactions from Shubin’s Energy Decomposition Analysis

Ana Gabriela Coelho Oliveira®,” Mateus Rodrigues Barbosa*,”

Pedro Henrique Ferreira Matias*,™ Charlley Anchieta Lourenco Silva*,

+ [b]

Daniel Francisco Scalabrini Machado®,” Angelo Henrique de Lira Machado*,*™ and

Heibbe Cristhian Benedito de Oliveira™®

In this study, we explore the stereoselectivity of Hurd-Claisen
Rearrangements, focusing on the influence of two electron-
withdrawing groups and eight diverse substituents. Utilizing
the Curtin-Hammett principle, we performed energy calcula-
tions for reactions, products, and transition states using the
M062X/def2TZVPP compound model. Our analysis reveals that
kinetic factors predominantly dictate the reaction equilibrium. A
key aspect of our research is the application of Shubin’s energy
decomposition analysis to optimized transition states, high-
lighting the significant role of electrostatic interactions in

Introduction

The Claisen rearrangement is a powerful tool in organic
synthesis to build new C—C bonds."™ Due to the concerted
pericyclic mechanism of this reaction, a new C=C bond is
stereoselectively installed in the product. Its Hurd variant is a
two-step reaction in which an allylic alcohol is converted in situ
to its allyl enol ether, that sequentially rearranges to the
product. Recently, we reported the unprecedented E-stereo-
selectivity on the Hurd-Claisen rearrangement of Morita-Baylis—
Hillman (MBH) adducts prepared from aldehydes and alkyl
acrylates.” To explore the scope of this stereoselective way of
preparing trisubstituted C=C bonds, we employed the Hurd-
Claisen reaction with the MBH adduct prepared from benzalde-
hyde and acrylonitrile. In contrast to the results obtained from
the reaction with ester-containing adducts, the Hurd-Claisen
with the nitrile-containing adduct yielded the rearrangement
product in high stereoselectivity of Z/E=99:1 (Scheme 1).
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determining stereoselectivity. We further dissected each tran-
sition state into four fragments: the electron-withdrawing
groups (CO,Et, CN), the Hurd group (H), various substituents
(CH,, Et, SProp, TBut, IsoBut, NH,Ph, NO,Ph, Ph), and the central
fragment. This fragmentation approach enabled an in-depth
analysis of group dipole moments, providing insights into the
electrostatic forces at play. Our findings shed light on the
intricate mechanisms driving stereoselectivity in Hurd-Claisen
Rearrangements and enhance the understanding of molecular
interactions, offering valuable implications for organic synthesis.

@ Hurd-Claisen rearrangement with ester-containing MBH adducts.

OH
B COLR!
R COsR4 EtO” ™ RN CO2
Hg(OAc), CHO
R'=Etou Bu 110°C,24-30h E-selectivity
R = alkyl or aryl

@ THIS WORK: Hurd-Claisen rearrangement with a nitrile-containing MBH adduct.

on Ph

- Et0: X -CN
Ph)\w Hg(OAc), CHO
120°C,24h Z-selectivity

Scheme 1. Hurd-Claisen rearrangement of Morita-Baylis-Hillman (MBH)
adducts.

Similar results have been reported to the Johnson-Claisen and
the Eschenmoser-Claisen rearrangements of the nitrile-contain-
ing MBH adducts.*” These results suggest that the origin of this
change in the stereochemical outcome of the Claisen-like
rearrangements of MBH adducts is closely related to structural
properties of the electron-withdrawing group of the MBH
adducts.

It is critical to note that there is no significant influence of
the catalyst, mercury acetate, on the diastereomeric TS's
responsible for the formation of products in the Hurd-Claisen
rearrangement of MBH adducts. This observation was assessed
by adding excess metallic mercury to the reaction. Monitoring
the reaction’s progress revealed a curve consistent with the
reaction trend observed in the absence of metallic mercury.”
These observations suggest that, despite the Lewis base sites

© 2024 Wiley-VCH GmbH
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A.5 Parallel Contributions of the Thesis

During the development of the thesis, some parallel contributions were made. These
contributions are not directly related to the main objectives of the thesis, but they are relevant
in the field of theoretical Chemistry. Both contributions are publications 109 and 110 as a

contributor author. The first page of each article is included in this section.
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ABSTRACT: 2,1,3-Benzothiadiazole (BTD) derivatives show
promise in advanced photophysical applications, but designing
molecules with optimal desired properties remains challenging due
to complex structure—property relationships. Existing computa-
tional methods have a high cost when predicting precise
photophysical characteristics. Machine learning with Morgan
fingerprints was employed to forecast BTD derivative maximum
absorption and emission wavelengths. Three flavors of machine
learning models were applied, namely, Random Forest, LigthGBM,
and XGBoost. Random forest achieved R* values of 0.92 for
absorption and 0.89 for emission, validated internally with 10-fold
cross-validations and externally with recent experimental data.
SHapley Additive exPlanations (SHAP) analysis revealed critical

1 (9) Molecular Fingerprint

i

i y 19) i

i Q i

1 - o

1 g “ i

i 5/5)

T Hoo . H - BB J Random Forest

User-Friendly Web App

design insights, highlighting the tertiary amine presence and solvent polarity as key drivers of red-shifted emissions. By the
development of a web-based predictive tool, the potential of machine learning to accelerate molecular design is demonstrated,
providing researchers a powerful approach to engineer BTD derivatives with enhanced photophysical properties.

B INTRODUCTION

2,1,3-Benzothiadiazole (BTD) derivatives have attracted
significant attention due to their versatile photophysical
properties and potential applications across various scientific
and technological domains. These heterocyclic systems,
featuring a fused thladlazole ring and strong electron-
withdrawing capac1ty, ® have been widely explored in organic
photovoltalcs, optoelectronics,” and as fluorescent probes in
bioimaging,”” among other applications (Flgure 1). BTD-
based ﬂuorophores, known for their brlghtness, large Stokes
shifts,”’? and strong intramolecular charge transfer (ICT)
1nteract10ns,11_13 have demonstrated remarkable utility in
fields where precise photophysical behavior is paramount.
These derivatives often form ordered crystalline packings and
can be tuned structurally to achieve the desired optical outputs.
Such adaptability has led to their incorporation in devices
requiring finely controlled emission spectra,'* as well as their
application in advanced fluorescence imaging, including the
selective staining of mitochondria in cancer cell lines.">™"”
Despite the promise of BTD analogues, identifying optimal
candidates with target photophysical characteristics frequently
relies on iterative synthetic efforts, extensive experimental
screenings, or high-level computational chemistry. Traditional
quantum chemical protocols, although insightful, can be
expensive and time-consuming,'”"* limiting their routine use

© XXXX The Authors. Published by
American Chemical Society

WACS Publications

for rapid compound discovery. This challenge is compounded
by the subtle interplay of substituents, solvent polarity, and
molecular conformation on the electronic transitions governing
absorption and emission.'® Consequently, there is a need for
more accessible, efficient, and systematic strategies to predict
photophysical properties without relying exclusively on
expensive or specialized computational tools.

In recent years, machine learning (ML) methodologies have
emerged as powerful alternatives for predicting molecular
properties with reduced computational demands.'® By
leveraging large data sets and pattern recognition capabilities,
ML models can correlate structural features with observed
properties, bypassing the necessity for explicit quantum
chemical descriptor calculations.””*" A particularly successful
approach involves representing molecules through molecular
fingerprints (e.g, Morgan or MACCS), which encode the
presence or absence of specific substructures as binary
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Abstract: The iconic caged shape of fullerenes gives rise to a series of unique chemical and physical
properties; hence a deeper understanding of the attractive and repulsive forces between two bucky-
balls can bring detrimental information about the structural stability of such complexes, providing
significant data applicable for several studies. The potential energy curves for the interaction of
multiple van der Waals buckyball complexes with increasing mass were theoretically obtained within
the DFT framework at wB97xD/6—31G(d) compound model. These potential energy curves were
employed to estimate the spectroscopic constants and the lifetime of the fullerene complexes with
the Discrete Variable Representation and with the Dunham approaches. It was revealed that both
methods are compatible in determining the rovibrational structure of the dimers and that they are
genuinely stable, i.e., long-lived complexes. To further inquire into the nature of such interaction,
Bader’s QTAIM approach was applied. QTAIM descriptors indicate that the interactions of these
closed-shell systems are dominated by weak van der Waals forces. This non-covalent interaction
character was confirmed by the RDG analysis scheme. Indirectly, QTAIM also allowed us to confirm
the stability of the non-covalent bonded fullerene dimers. Our lifetime calculations have shown that
the studied dimers are stable for more than 1 ps, which increases accordingly with the number of
carbon atoms.
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1. Introduction

Fullerenes, also known as buckyballs, are hollow polyhedral molecules constituted of
sp2-hybridized covalently bonded carbon atoms, with the faces made up of a combination
between pentagons and hexagons [1-3]. They were originally predicted by Osawa in
1970 [1] and first synthesized in 1985 by Kroto and co-workers [2]. The iconic caged shape
of buckyballs gives rise to interesting chemical properties, such as trapping small molecules
inside fullerenes [4,5], organometallic fullerenes acting as hydrogen adsorbents [6], and en-
dohedral doping with metals resulting in high electrical conductivity [7]. The unique phys-
ical and chemical properties of fullerenes attracted a lot of attention aimed at their possible
applications to organic electronics. For example, as components of photovoltaic cells [8,9],
for the development of sensors employed for the capture of pollutants [10,11], or for elec-
tron transport through self-assembled monolayers of functionalized fullerenes [12,13]. In
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