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Résumé

Les catalyseurs de type oligomères bioinspirés à base d’urée de formes hélicoïdales
(foldamères d’urée) se sont avérés être des alternatives robustes aux catalyseurs
asymétriques organométalliques. Ces catalyseurs organiques permettent des réac-
tions qui conduisent à la formation de liaisons C-C avec une énantiosélectivité ex-
trêment élevée et des charges aussi faibles que des rapports molaires catalyseur
chiral/substrats de 1:10 000. Cependant, malgré les connaissances acquises sur
la performance catalytique de ces foldamères d’urée, le mécanisme réactionnel à
l’échelle atomique dans lequel il intervient ainsi que l’identification des paramètres
structuraux qui font leur excellente énatiosélectivité ne sont pas encore bien compris.
L’objet de cette thèse est de participer à élucider ces aspects par les outils de la mod-
élisation moléculaire au niveau quantique. Cette étude se focalise sur l’étude d’une
réaction type catalysée par ces foldamères : l’addition conjuguée d’un composé 1,3-
dicarbonyl pronucléophile à des nitroalcènes. À cette fin, l’étude est réalisée en trois
partie : i) Une analyse de reconnaissance moléculaire des composants du système à
partir d’une procédure d’optimisation globale qui a révélé la modalité d’encrage la
plus probable des deux réactifs sur le foldamère. ii) La modélisation du profil én-
ergétique de ces structures qui a révélé l’excellente énantiosélectivité du catalyseur
ainsi que la chiralité des molécules formées en excellent accord avec les données ex-
périmentales. Ainsi et en retour, ces observations conduisent à valider le mécanisme
d’encrage proposé préalablement. iii) L’identification des paramètres électroniques
et structuraux à la base de l’énantiocontrôle et en conséquence des propositions
d’amélioration des performances par “design moléculaire”. Les résultats présentés
ici se veulent d’une part servir de base théorique à l’amélioration des propriétés
catalytiques de ces foldamères et d’autre part sur un plan plus méthodologique
à une modalité d’investigation théorique pour des processus catalytiques à portée
éminemment sociétale puisque qu’elle renvoie à la proposition de solutions pour
l’environnement (par exemple la synthèse de polymères biosourcée) et l’énergie (par
exemple le stockage chimique de l’hydrogène).
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Abstract

Bioinspired urea-based oligomers that fold with high fidelity (foldamers) have been
shown to be robust alternatives to asymmetric organometallic catalysts. These
organic catalysts facilitate reactions that lead to the formation of C-C bonds
with extremely high enantioselectivity and loadings as low as 1:10000 chiral cat-
alyst/substrates molar ratios. However, despite the insights gained on the catalytic
performance of these urea foldamers, the atomistic scale reaction mechanism in
which they are involved, as well as the identification of the structural parameters
related to their excellent enatioselectivity are not yet well understood. The aim of
this thesis is to participate in the elucidation of these aspects by the tools of molec-
ular modeling at the quantum level. This study focuses on the study of a typical
reaction catalyzed by these foldamers: the conjugate addition of a pronucleophilic
1,3-dicarbonyl compound to nitroalkenes. To this end, the study is carried out in
three parts: i) A molecular recognition analysis of the components of the system
based on a global optimization procedure which revealed the most probable anchor-
ing modes of the two substrates on the catalyst; ii) The modeling of the energy
profile of these structures which revealed the excellent enantioselectivity of the cat-
alyst as well as the chirality of the molecules formed in excellent agreement with the
experimental data. Thus, and in return, these observations lead to the validation
of the previously proposed anchoring mechanism. iii) The identification of the elec-
tronic and structural parameters at the basis of the enantiocontrol and consequently
proposals for improving the foldamers catalytic performance by "molecular design".
The results presented here are intended, on the one hand, to serve as a theoretical
basis for the improvement of the catalytic properties of these foldamers, and on the
other hand, in a more methodological level, to a theoretical investigation modality
for catalytic processes with eminently societal scope since it refers to the proposal of
solutions for the environment (e.g. the synthesis of bio-based polymers) and energy
(e.g. the chemical storage of hydrogen).
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Introduction

Stereoselective synthesis is defined by the International Union of Pure and Applied
Chemistry (IUPAC) as “a chemical reaction (or reaction sequence) in which
one or more new elements of chirality are formed in a substrate molecule and
which produces the stereoisomeric (enantiomeric or diastereoisomeric) products in
unequal amounts” [1]. This constitutes a widely utilized, important, and under
heavy investigation process in chemistry, which finds application in plenty of every
day use materials, cosmetics, drugs, etc.

The Pharmaceutical Industry is one of the fields where stereoselective synthesis
plays an important role, because the different enantiomers or diastereomers of a
molecule often have different biological activity. Therefore, the use of a wrong
stereoisomer could lead to disastrous results.

Precisely in the progress of this industry it is found a picture of the evolution
and understanding of stereoselective synthesis throughout the years. There exists
reports from the tragic cases of administration of (S)-Thalidomide to pregnant
women in the 1960s, and the nearly 90% of synthetic chiral drugs being racemic in
the early 1990s, to the 123 billion US dollars single-enantiomer compounds market
valuation by the 2000s [2], this last jump influenced by the “chiral switch” [3, 4]. By
2010, almost 70% of the new drugs introduced in the market were single-enantiomer
ones, and in 2015, only one of the U.S. Food and Drug Administration (FDA)
approved chiral drugs was not enantiomerically pure [5] (from a set of 45).

The problem related to the development of enantiomerically pure substances
is that the enantiomers have, in theory, the same energy, therefore, favoring
one or the other in a mixture is not always a simple task [6]. To synthetically
obtain substances with only one stereoisomer, several approaches could be used:
(i) enantioselective catalysis, which is performed using chiral catalysts [7–9]; (ii)
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Introduction 2

chiral auxiliaries, which are organic compounds coupling to a starting material
to form a new compound which can then undergo diastereoselective reactions via
intramolecular asymmetric induction [10]; (iii) biocatalysis, which makes use of
biological compounds, ranging from isolated enzymes to living cells, to perform
chemical transformations [11]; (iv) enantioselective organocatalysis, which is similar
to enantioselective catalysis, but this time the catalysts is and organic compound
[12, 13]; and (v) chiral pool synthesis, where a readily available chiral starting
material is manipulated through successive reactions to obtain the desired target
molecule. From them, one may infer that catalysis is of common use in the
obtention of stereoisomerically pure substances. Indeed, catalysis is effective for a
broader range of transformations than any other method of stereoselective synthesis.

Applications of enantioselective catalysis (also known as asymmetric catalysis)
have considerably grown together with the efforts to alleviate the pollution and en-
vironmental disasters the extended exploitation of petroleum and its derivatives has
brought with it. Petroleum sourced plastics are all around us, and their degradation
process once they are wasted is extremely difficult. They generally end in landfills
or in the oceans, where they split into microplastics posing a serious danger to the
life of many species, including our own. Vinyl polymers are the most significant
class of petroleum sourced plastics [14], with over 3000 formulations commercially
available which include a wide spectrum of properties and applications [15]. The
introduction of everyday use materials capables to completely degrade into nature,
and be produced from renewable bio-resources, will considerably help to solve the
problems derived from vinyl polymers waste, and thus contribute to a sustainable de-
velopment. However, to their widespread utilization they must be competitive with
current petroleum derived plastics. On these grounds considerable advances have
been made with, for example, the stereoselective polymerization of the α-methylene-
γ-butyrolactone (MBL) polymer, which is a 10 years old biosourced vinyl monomer
with thermal properties superior to petroleum-sourced plastics [16].

Nevertheless, the use of renewable, biomass-sourced and biodegradable materials
have to overcome many obstacles to extend to a large scale production, and replace
its petro-chemical counterparts. To be successful, the manufacturing processes of
these polymers must become more cost-effective, and they must diversify their end-
of-use [17]. Some examples of degradable polymers with defined stereochemistry
as replacement of polypropylene, polystyrene, and other commodity polyolefins, are
polylactide, polymenthide, and polyhydroxyalkanoates. Precisely the polylactide



Introduction 3

(PLA) is the most widely recognized renewable polymer [18], which can be obtained
from corn sugar, potatoes, and sugar cane [19] by polymerization processes. In turn,
polymerization is supported by the use of stereoselective organocatalysts capables to
induce the necessary mechanisms of reaction. Therefore, some key factors defining
the obtention or not of a competitive material, are the efficiency and efficacy of the
catalysts utilized.

Examples of catalysts commonly applied in organocatalysis are the conjoined
thiourea-amine [20], the (–)-sparteine [21], among others. They are small molecules
with the ability to provide catalytic activities with > 98% of monomer conversion
within 0.5h to 2.0h with 0.5 mol % and 1 mol % mass concentration of the catalyst,
respectively [22].

Furthermore, the progressive accumulation of information in the study of en-
zymes has served as inspiration for the design of high performance synthetic asym-
metric catalysts. These catalysts, which are small to medium size foldamers,1 have
been proven to retain interesting enzyme’s properties as the modularity and tun-
ability, and also provide attractive stereo-, chemo-, and site-selectivity [24–27]. This
is the case of neutral N,N’-linked helical foldamers conformed by urea type units in
their backbone, which have been reported to enantioselectively catalyze challeng-
ing C-C bond-forming reactions with concentrations 400 times lower than common
small molecule bifunctional catalysts [28, 29].

These foldamers have great characteristics to perform exceptionally in
biomimetic catalysis, exhibiting long-range conformational order (e.g., helical), prop-
erty which can not be reproduced by small molecules. Yet, little progress has been
made in the direction of enantioselective catalysis with such molecules.

All the mentioned asymmetric catalysts, from the small molecule bifunctional
catalysts to the foldamers, have increasingly gained attention through the last
decades due to their suitability as mono- and bis-(thio)ureas H-bond donor catalysts,
and thus have been extensively studied [30–39]. However, these systems continue
to be a challenge in terms of structure and function correlation. For example, ques-
tions related to the catalyst-substrates interactions, mechanisms of reaction, and
improvement of the results are to the date without answers. An effort to under-
stand the basic phenomena involved in these molecules catalytic properties could
be of great help for the development and scaling up to the commercial level of the

1The definition of foldamers here employed is that proposed by Hill et al. [23] as “any oligomer
that can fold into a well-defined conformation in solution, the structures of which are stabilized by
a collection of noncovalent interactions between non-adjacent monomer units”
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needed renewable, biomass-sourced, and biodegradable polymers substituting the
petroleum derivatives.

Foldamer 1 (see Figure 1a) was employed as catalyst in a conjugated addition
synthesis, where it was supposed to act on nitroalkenes, and in conjunction with the
influence of an achiral base on 1,3-dicarbonyl substrates would lead to γ-nitro car-
bonyl adducts through this synergistic nucleophile/electrophile strategy (see Figure
1b) [29]. In the presence of an achiral Brønsted base such as Et3N or DIPEA, and
using toluene as solvent, it was observed that:

1. The helix conformation of the foldamers has a direct influence on the reactivity
and enantioselectivity of the reactants, being both properties very poor in the
1-mer and 2-mer foldamers (unfolded due to their length) and increasingly
favorable when increasing the number of residues of the foldamer.

2. The number of residues is a crucial parameter: 5-mer and 6-mer foldamers pre-
sented remarkable reactivity and enantioselectivity, but shorter chain lengths
failed in doing so.

3. Not only the first (thio)urea but also the second plays a fundamental role in
the catalytic activity of the foldamer (marked as “site [1]” and “site [2]” in
Figure 1a, respectively).

4. The needed concentration of catalyst are extremely low, in the range of 1:1000
to 1:10000 catalyst/substrate ratio.
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Figure 1. Heptaurea representation of the foldamers studied by Bécart et al.
[29] to evaluate its catalytic properties in the addition of 1,3-dicarbonyl to ni-
troalkenes.
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However, from the obtained results further questions have raised, as for example,
(i) which is the exact role of the first two ureas in the catalytic process? (ii) Why
is the helical shape determinant in the catalytic process? (iii) Why only 5 and
6 residues long foldamers are able to catalyze the C-C bond formation with high
enantiocontrol? (iv) Could longer foldamers (7 to 10 residues long) still retain the
same selectivity than those in the range of 5 to 6 residues?

The objective of this investigation is to rationalize the role of chiral aliphatic
N,N’-linked oligourea foldamers like 1 as catalyst taking as model reaction the
conjugated addition of 1,3-dicarbonyl to nitroalkenes to support and explain
insightful experimental findings previously reported by Bécart et al. [29]. Some
authors have already employed these mentioned results in their exploration of
chiral organocatalysts [40–45, for example], however no theoretical study oriented
to explore the systems and essay to answer the basic questions raised by them
has been found by the authors. This lack of theoretical investigations has also
been recognized (and demanded) by various authors as an obstacle to the full
development of these environmentally friendly technologies [46]. The use of compu-
tational chemistry could significantly help to better understand these novel systems.

In this direction, Computational Chemistry has increasingly become a valuable
tool for the prediction and development of catalysts, nowadays some authors even
place it as “an essential component of catalyst design” [47]. Computational chemistry
is a branch of chemistry that uses computer simulation to assist in solving chemical
problems. It uses methods of theoretical chemistry, incorporated into computer
programs throughout numerical chemistry, to calculate the structures and properties
of all sort of chemical systems. Using these techniques makes possible to describe
catalytic process as, for example, the mechanisms and their selectivity for different
products, trough the study of the system’s transition states.

In fact, starting from the first organocatalytic reaction studied computation-
ally back in the early 2000 [48–50], the use of computational methods has evolved,
and today it is not only possible to rationalize the reactions but also predict and
propose the catalysts characteristics [51]. Recent investigations prove it, with the
study of the reaction between enoldiazoacetamide and N-methylindole [52], the use
of catalysis in the epoxidation of olefin [53], the use of Noyori-Ikariya chiral molec-
ular ruthenium complex as catalyst [54], the enantioselectivity relationship for the
asymmetric addition of diethylzinc to benzaldehyde [55], just to cite some examples.

Nevertheless, taking into account (i) the large size of the system, (ii) the num-
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ber of molecules involved, and (iii) the importance of an accurate description of
the noncovalent interactions due to its key role in organocatalytic processes, many
challenges arise in the investigation of systems like that represented in Figure 1.
Perhaps the most important challenge to overcome is the determination of the most
stable configuration of the system’s components (molecules) ones with respect to the
others. Furthermore, the employment of accurate computational methods usually
involve a large demand of computational resources, which quickly grow with the
number of atoms of the system.

In this investigation it is used a home-made Global Optimization algorithm
which is capable to identify the most stable arrangements obtained from a system
composed by several bodies. Furthermore, in some parts it was decided to
employ Density Functional Theory with some additional ingredients as an implicit
solvent model to reproduce the experimental conditions and empirical dispersion
corrections to account for better description of the long range interactions between
the molecules under query. In some other parts, mainly where large computational
resources were needed, it was decided to keep the Density Functional Theory for
the description of the reactive region of the system, and simulate the non-reactive
region with a more computationally efficient semi-empirical method. Additionally
to this paragraph light overview of the main ideas employed in the manuscript to
computationally study the catalytic system, Chapter 1 provides a deeper analysis
on the theories and methods employed.

This manuscript is structured in four chapters. Chapter 1 briefly describes the
methods and theories upon which the computational chemistry calculations fur-
ther developed in other chapters are supported by. The theoretical foundations of
Quantum Chemistry are discussed, along with the most widely currently employed
methods to numerically obtain information of the phenomenon taking place at the
molecular level in quantum systems. Furthermore, discussions on the selection of
the functional and basis sets adequate to describe organocatalytic processes, the use
of a solvent, and long-range interaction corrections are exposed. Also, subjects on
finding the global minimum of a molecular cluster and the molecular recognition
process are treated. Finally, a review on the limits and previous applications of
these methods to problems similar to the one being treated here has been devel-
oped, with the final results of defining which method was better suited to carry out
our computations.

The specific catalytic systems under investigation is presented and characterized
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in Chapter 2. There, we have used most of the theoretical annotations made in
Chapter 1 to study the molecular recognition process between the catalyst and
the substrates, identifying the preferred position of each molecule with respect to
the others throughout a Global Optimization procedure. With that information,
the analysis of the nature of the system’s main interaction has also been carried
out. This chapter answers to some fundamental questions that the experimental
results had raised, providing insights of the molecular recognition process between
catalyst and substrates. However, when dealing with enantioselective catalysis, the
computation of the energetic profile and the estimation of the enantiocontrol is
mandatory.

Chapter 3 is devoted to the analysis of the energetic profiles of the catalyzed
reactions. In it, the structures obtained in Chapter 2 from the Global Optimization
procedure have been utilized to determine its associated transition states. This study
has additionally been carried out varying the number of residues of the foldamer, to
identify any possible dependence between this parameter and the enantiocontrol.

Nevertheless, the identification of the key parameters influencing the enantio-
control in the foldamers was missing at this point. To that end, several studies of
different properties were carried out to correlate the enantiocontrol with geometri-
cal parameters of the foldamer and the interactions strength between catalyst and
substrates.

With the description of the catalytic system made up to this point, in Chapter
4 we undertake the dicey adventure of modifying the original foldamer to identify
how changes to its backbone and side-chains may vary the outcome of the reaction
and thus the foldamer’s catalytic properties.

Finally, this manuscript is complemented by a series of Appendixes, some of
which are dense enough to take a space on the main body. However, it was decided
to isolate the information in these appendixes because despite being important to
the investigation, they are indirectly related to the solution of the problems faced,
and would have momentarily break the idea of the analysis.



Chapter 1

Theoretical tools and state of the art

On July 5th, 1687, was published Isaac Newton’s series “Mathematical Principles of
Natural Philosophy”, where its Law of Universal Gravitation and Laws of Motion
were presented. As these theories describe and predict so precisely the movement of
macroscopic objects, and no experimental results were in disagreement with them
at the time, they were taken as granted for more than two centuries. The classical
behavior of a system was completely described by knowing its initial state.

However, by the end of the XIX century, some new phenomena involving micro-
scopic objects were not finding explanations on Newton’s Classical Mechanics. On
December 14th, 1900, at the German Society of Physics, Max Plank presented its
theory for the balck-body radiaton problem, suggesting that the emission and absorp-
tion of light by substance does not take place continuously, but by small quantized
portions. This idea shaken the whole Classical Mechanics, and is is today known
as the beginning of Quantum Mechanics: the set of laws describing the behavior of
small particles as electrons and nuclei of atoms.

The use of quantum mechanics to explore chemistry problems is know as Quan-
tum Chemistry, and it finds applications in all branches of chemistry. For example,
organic chemists estimate stabilities of molecules and investigate reaction mecha-
nisms with it, inorganic chemists use ligand field theory, analytical chemists use
spectroscopy methods, and biochemists study ezyme-substrate interactions.

The present chapter concisely touches the theories, methods, and tools that
will be employed throughout the rest of the manuscript to investigate the catalytic
system composed by foldamers like 1, and the triethylamine achiral Brønsted base,
in challenging C-C bond formation reactions.

8
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1.1 The Schrödinger equation

To describe the sate of a system in quantum mechanics it is necessary the use of a
function of its particles’ coordinates and the time called wave function or state
function Ψ = Ψ(r1, r2, r3, . . . , t). This function contains all possible information
about the system, and evolves in time according to the following expression (for a
one-particle, one-dimensional system):

− ~
i

∂Ψ(x, t)

∂t
= − ~2

2m

∂2Ψ(x, t)

∂x2
+ V (x, t)Ψ(x, t) (1.1)

where m is the mass of the particle, i =
√
−1, ~ ≡ h/2π (h being Plank’s constant),

and V (x, t) represents the potential energy of the system. The generalization to a
many-particles, many-dimensions system is straightforward.

When the potential energy is not dependent on time, the wave function can be
separated in terms of coordinate and time as

Ψ(x, t) = f(t)ψ(x) (1.2)

Substituting equation (1.2) into (1.1) results in an equation for the evolution of
time

df(t)

f(t)
= −iE

~
dt (1.3)

and other for the evolution of the coordinate[
− ~2

2m

d2

dx2
+ V (x)

]
ψ(x) = Eψ(x) (1.4)

where E is a constant with energy dimensions, which is postulated to be the total
energy of the system, and the term enclosed in square brackets is an operator known
as Hamiltonian Ĥ. Equation (1.4) is the time-independent Schrödinger equation,
and it is the one we refer to when mentioning the term “Schrödinger equation”
hereafter.

The objective of Quantum Mechanical Computations is to solve the Schrödineger
equation Ĥψ = Eψ. In simple situations, as the particle in a one-dimensional
box and the hydrogen atom, the equation of the system is separated into different
uncoupled equations involving only one variable, which are much simpler to solve
than equation (1.4). However, for more complex systems, it is not possible to make
the variables separation procedure, and the exact solution cannot be obtained. Take
a system formed by M nuclei and N electrons, the non relativistic Hamiltonian
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becomes into

Ĥ =−
M∑
k

~2

2mk

∇2
k −

N∑
i

~2

2me

∇2
i +

N∑
i

N∑
j>i

e2

|ri − rj|

−
M∑
k

N∑
i

Zke
2

|Rk − ri|
+

M∑
k

M∑
l>k

ZkZle
2

|Rk −Rl|

(1.5)

where Rk, mk, and ∇2
k are the vector position of nuclei, the mass of the nuclei, and

the Laplacian operating on nuclei coordinates, respectively. The same is applied for
the electrons with ri, mi, and ∇2

i .

Equation (1.5) reflects the presence of attraction pairwise terms between the
electrons and the nuclei, and repulsive nuclei-nuclei electron-electron pairwise in-
teractions. This correlation between the particles is the main reason why exact
solutions for systems other than the hydrogen atom are impossible to obtain. In
order to extend the theory to more complex systems, it is necessary to include sim-
plifications and approximations [56]. Nevertheless, care must be taken because the
roughest the approximations are, the less accurate a method will be with respect to
the exact solution of equation (1.4)

1.1.1 Born-Oppenheimer approximation

The Born-Oppenheimer (BO) approximation [57] assumes that the motion of atomic
nuclei and electrons in a molecule can be separated. As the masses of the nuclei
are considerably higher than the masses of the electrons, during the time of an
electronic motion cycle, the change in nuclear configuration is negligible, thus, to
a high-quality approximation, the electrons are moving in a field of fixed nuclei.
This approximation makes possible to suppress the kinetic energy of the nuclei
represented in the first term of equation (1.5), and consider as a constant the nuclei-
nuclei repulsive interaction represented in the last term. As any constant added to
the a Hamiltonian operator only changes the values of the total energy and has no
effect on the wave functions, the nuclei repulsion term can be dropped thus obtaining
the Schrödinger equation for the electronic motion

Ĥelecψelec(r, R) = εelec(R)ψelec(r, R) (1.6)

with

Ĥ = −
N∑
i

~2

2me

∇2
i +

N∑
i

N∑
j>i

e2

|ri − rj|
−

M∑
k

N∑
i

Zke
2

|Rk − ri|
(1.7)
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and R = {R1,R2, . . .}, r = {r1, r2, . . .}. As can be seen both the electronic wave
function ψelec and the pure electronic energy εelec depend parametrically on the nuclei
positions. The electronic contribution to the total energy is then obtained as

εtot(R) = εelec(R) +
M∑
k

M∑
l>k

ZkZle
2

|Rk −Rl|
(1.8)

It is time now to consider nuclear motions. According to our picture, the electrons
move much faster than the nuclei, thus it is reasonable to think that the nuclei
move in an average field of the electrons in which the total energy εtot(R) provides
a potential for the nuclear motion. Hence the Schrödinger equation for the nuclear
motion is

Ĥnucψnuc(R) = Eψnuc(R) (1.9)

where

Ĥnuc = −
M∑
k

~2

2mk

∇2
k + εtot(R) (1.10)

and E is the total energy of the system that includes electronic, vibrational, ro-
tational and translational energy. The nuclear wave function ψnuc describes the
vibration, rotation, and translation of the system. Reached this point, we can in-
troduce the concept of potential energy surface (PES): a PES is a surface defined
by εtot over all nuclear coordinates on which the nuclei evolve. Note that hereafter
the PES will be identified as V .

Briefly, within the BO approximation the problem of finding the solution to the
Schrödinger equation is twofold. First, one solves the electronic equation for a grid of
different nuclei orientations, thus obtaining the PES. Second, the nuclear equation is
solved using the PES obtained in the previous step. Finally, the total wave function
is

ψ(r, R) = ψelec(r, R) · ψnuc(R), (1.11)

This approximation considerably simplifies the solution process of the
Schrödinger equation, because ψelec(r, R) and ψnuc(R) can be solved independently.

1.2 Approaches to describe atomistic systems

Nowadays, four families of methods have been constantly evolving to practice the
computation of behaviors at the atomistic scale despite of the barriers imposed by
the complexities of the Schrödinger equation, and provide adequate answers to the
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questions faced by the researchers:

1. molecular mechanics (MM),

2. semiempirical (SE),

3. ab initio (QM), and

4. Density Functional Theory (DFT).

Molecular Mechanics (MM) methods are the less close to the exact solution of
equation (1.4), but also those more efficient in computational resources. They treat
molecules as composed by a collection of balls (the atoms) which are held by springs
(bonds). Knowing initially the position of the atoms of a given system, and the
force field which acts upon them, it is possible to determine the infinitesimal move
of the particles from the resolution of Newton’s equations, and therefore the future
evolution of a system for several millions of such computations. Note that the energy
of the system is not computed by the resolution of the Schrödinger equation, but
obtained from a mathematical expression depending on the position of the atoms
and the empirical estimation of the strength of their interactions, called force field.
Some examples of widely utilized MM force fields are AMBER [58] (organic systems),
CHARMM [59, 60] (organic systems), OPLS-AA [61, 62] (organic materials), UFF
[63] (most atoms of the periodic table), and GUPTA [64] (nanoalloys).

Semiempirical calculations try to solve the Schrödinger equation, but uses a set of
experimental values to parameterize the complex integrals rising from the electrons
correlation. This provides more accurate results, but with higher computational
resources consuption than MM. Further details are provided in section 1.3 on the
following page.

On the other hand, ab initio (QM) calculations do solve the electronic
Schrödinger equation without any parametrization, but using approximations as
the Born-Oppenheimer and taking ψ as an antisymmetrized product of one-electron
spin-orbitals using a finite (and hence incomplete) basis set. The results obtained
by this method are the energy and a wavefunction. Theoretically, the wavefunction
contains all the information related to a system, and thus all its properties can be
obtained.

Finally, the Density Functional Theory (DFT) [65–68] avoid the complexities
of dealing with the wave function by computing the molecular electron probability
density ρ. With this information it is possible to obtain the molecular electronic
energy and various properties without computing the molecular wave function [56].
The method is further detailed in section 1.5 on page 16.
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Here it is pointed out that ab initio methods are categorized as first principle
methods, i.e. a method developed on the basis of a physical theory and constants
only, without any additional input. Similarly, as the Density Functional Theory was
also developed only on the basis of physical theories, then it can be categorized under
the first principle bracket. Nevertheless, a debate in this subject is commonly open
due to the fact that currently employed functionals during practical applications
of DFT include parameters which were not determined from first principles, but
empirically.

In some situations, mainly where the systems under study are exigent in com-
putational time and resources due to their complexity, the above methods can be
mixed. The application of Quantum Mechanics methods (QM) in the region of the
system which influences the property(ies) under observation, in conjunction with
MM methods applied to a region with low influence is a viable approach to save
computational resources while at the same time the results obtained are usually in
agreement with more exact theoretical treatments [6]. This approach is known as
QM/MM, however, QM/Semiempirical (QM/SE) are also possible viable methods
which can even be more accurate than QM/MM. QM/SE methods will be employed
for the analysis of several systems in the present investigation.

In next sections some of the above mentioned methods will be further described.

1.3 Semiempirical methods

Semiempirical calculations modify Hartee-Fock calculation (see section 1.4) by intro-
ducing functions with empirical parameters. Within this framework, certain pieces
of information, such as two electron integrals, are approximated or completely omit-
ted. In order to correct for the errors introduced by omitting part of the calculation,
the method is parameterized by curve fitting in a few parameters or numbers, in
order to give the best possible agreement with experimental data.

The merit of semiempirical calculations is that they are much faster than the
ab initio calculations. The demerit of semiempirical calculations is that the results
can be slightly defective. If the molecule being computed is similar to molecules
in the database used to parameterize the method, then the results may be very
good. If the molecule being computed is significantly different from anything in the
parameterization set, the answers may be very poor.

One of the earliest semiempirical approaches in quantum chemistry was the π-
electron method of Hückel [69], developed in the 1930s to treat planar conjugated
hydrocarbons. Since then, significant advances have been made, and the methods
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with practical relevance nowadays include AM1 [70], OM3 [71], PM6 [72] and PM7
[73].

AM1 methods started to develop in the mid 80’ as an attempt to correct the
errors observed in the core repulsion functions of the Modified Neglect of Diatomic
Overlap (MNDO) [74, 75] semiempirical method. In their approach, the total energy
of the molecule Emol

tot was given by the sum of the electronic Eel and the repulsions
Ecore

AB between the cores of atoms A and B (see equation (1.12)),

Emol
tot = Eel +

∑∑
AB

Ecore
AB (1.12)

but the various terms in the Fock matrix related to the electronic energy and the
core repulsions were not evaluated analytically. These terms were determined either
from experimental data or from semiempirical expressions which contained numerical
parameters which can be adjusted to fit experimental data. Then, the difference
between AM1 and MNDO is that the latter utilizes equation (1.13) while the former
uses equation (1.14) to compute the Ecore

AB energy.

Ecore
AB = ZAZBγSS

[
1 + e−αARAB + eαBRAB

]
(1.13)

Ecore
AB = ZAZBγSS [1 + F (A) + F (B)] (1.14)

where
F (A) = exp(−αARAB +

∑
i

KAi
eLAi

(RAB−MAi
)2), (1.15)

F (B) = exp(−αBRAB +
∑
j

KBj
eLBj

(RAB−MBi
)2), (1.16)

γSS are the two-electron, two-center integrals, and ZA and ZB the atomic number
of atoms A and B, respectively. All other values are parameterized.

On the other hand, OMx methods have an explicit representation of Pauli ex-
change repulsion, which was shown to improve the description of conformational
properties and noncovalent interactions of the systems. Furthermore, the OMx -D
[76] strategy is to keep the OMx formalism and parameters unchanged, adding the
effects of empirical dispersion terms (see section 1.8 on page 22).

Finally, the PM6 and PM7 methods cover essentially the whole periodic table
and can be used to compute both molecular and solid-state properties. They are
basically a MNDO method with the Ecore

AB energy improved, just like AM1. In the
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case of PM6, for example, the core repulsion functions are defined by equation (1.17).

Ecore
AB = ZAZBγSS

[
1 + xAB e

−αA(RAB+0.0003R6
AB)
]

(1.17)

1.4 Hartree-Fock method

One of the simplest and widely known ab initio method to solve the electronic
Schrödinger equation ψelec(r, R) is the Hartree-Fock (HF) method [77]. It is based
on a simple approximation in which the electronic wave function is given by a Slater
determinant [78] of N spin-orbitals χi

ψ0(χ1, χ2, . . . ,χN) =
1√
N !

∣∣∣∣∣∣∣∣∣∣
χ1(χ1) χ1(χ2) . . . χ1(χN)

χ2(χ1) χ2(χ2) . . . χ2(χN)
...

... . . . ...
χN(χ1) χN(χ2) . . . χN(χN)

∣∣∣∣∣∣∣∣∣∣
(1.18)

where the variables χ include both coordinates of space and spin.

The differential equations for finding the Hartree-Fock orbitals have the form

F̂(i)χi = εiχi (1.19)

where χi is the ith spin-orbital, the operator F̂(i) is the effective mono-electron
Hartree-Fock Hamiltonian known as the Hartree-Fock operator, and the eigen-
value εi is the orbital energy of spin-orbital i.

F̂(i) = −1

2
∇2
i −

M∑
k

Zk
ri −Rk

+ νHF (i) (1.20)

The term νHF (i) is the average potential experienced by the ith electron due
to the presence of the other electrons. Essentially, the HF method replaces the
many-electron problem by a one-electron problem in which the electron-electron
repulsion is treated in an averaged way. Since the HF potential νHF (i) depends on
the spin-orbitals of the other electrons, equation (1.19) is not linear and must be
solved iteratively. This iterative procedure is called the self-consistent field method.

In 1951, Roothaan proposed representing the Hartree-Fock orbitals as linear
combinations of a complete set of known functions, called basis functions. The
accuracy of the HF calculation will be highly determined by the size of the basis set
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selected to expand the spin-orbitals, but even for an infinite basis set there will be
a difference between HF limit and the exact energy of the system. This energy is
know as correlation energy, and usually represents the 1% of the total energy.

Ecorr = Eexact − EHF (1.21)

This quantity is considerably large for the study of chemical processes, specially
when weak interactions as Van der Waal’s are predominant in the system. There
exist many alternatives to surpass this inconvenient, DFT being one of them.

1.5 Density Functional Theory

In the basic formulation of DFT the energy functional is written as

E[ρ] = Te[ρ] + VNe[ρ] + Vee[ρ] (1.22)

where Te is the sum of the electronic kinetic energy, VNe is the interaction energy
of the electronic cloud with an external potential, and Vee is the electron-electron
repulsion. However, only the second term in equation (1.22) can be easily calculated:

VNe[ρ] =

∫
ρ(r) ν(r) dr (1.23)

being ν(r) generally the potential associated with the atomic nuclei.

An strategy to overcome this issue is to re-write equation (1.22) as

E[ρ] = TS[ρ] + VNe[ρ] + J [ρ] + (Te[ρ]− TS[ρ] + Vee[ρ]− J [ρ]) (1.24)

introducing the functional J [ρ] which represents the interaction energy of a classical
electron cloud with itself:

J [ρ] =
1

2

∫ ∫
ρ(r) ρ(r′)

|r− r′|
dr dr′ (1.25)

Ts[ρ] is the kinetic energy of electrons in a fictitious system which has the same
electron density ρ as the real system, but in which there is no electron-electron
interactions. Also, the term in parenthesis in equation (1.24) is defined as the
exchange-correlation energy functional of an interacting system with density ρ(r):

Exc[ρ] = Te[ρ]− TS[ρ] + Vee[ρ]− J [ρ] =

∫
ρ(r) εxc(ρ(r)) dr (1.26)



1.5. Density Functional Theory 17

where εxc(ρ) is the exchange-correlation energy per electron of a uniform electron
gas of density ρ.

Finally, substituting equations (1.23), (1.25), and (1.26) into equation (1.24),
and subject to the condition ∫

δρ(r) dr = 0 (1.27)

it’s possible to obtain∫
δρ(r)

{
ϕ(r) +

δTS[ρ]

δρ(r)
+ µxc(ρ(r))

}
dr = 0, (1.28)

where
ϕ(r) = ν(r) +

∫
ρ(r′)

|r− r′|
dr (1.29)

and
µxc(ρ) =

d (ρ εxc(ρ))

dρ
(1.30)

is the exchange and correlation contribution to the chemical potential of a uniform
gas of density ρ.

In agreement with Hohenberg et al. [65], given ϕ and µ, it’s possible to obtain the
ρ(r) which satisfy these equations by solving the one-particle Schrödinger equation{

−1

2
∇2 + [ϕ(r) + µxc(ρ(r))]

}
ψKSi (r) = εi ψ

KS
i (r) (1.31)

considering

ρ(r) =
N∑
i=1

|ψKSi (r)|2 (1.32)

and N the number of electrons in the system.

All this formalism presented so far has to be solved self-consistently, beginning
with a guessed value of ρ(r) which makes possible to construct ϕ(r) and µxc from
equations (1.29) and (1.30), respectively. Then, by using equations (1.31) and (1.32)
a new and improved ρ(r) is determined, leading to another cycle of the self-consistent
field.

Note that the KS orbitals ψKS are not real orbitals, and thus they do not corre-
spond to any real physical system. Their only function in the theory is to provide
an adequate mapping between kinetic energy and density.

However, the exchange-correlation energy εxc is still missing from the analysis,
and it is needed to compute equation (1.30). Clearly stated, the analytical form
of this quantity is, to this day, unknown. In fact, due to the complexity of the
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exchange-correlation term, only guesses have been made, and nobody knows what
the exact expression for εxc is. Let us explore some of these approximations.

Local density approximation (LDA)

This approximation is based on the assumption that electrons could be analyzed
as an homogeneous gas in a box with periodic boundary conditions. This way it
is possible to establish a dependence of εxc on the dimensions of the box and the
properties of the gas. Note that the electron density in a molecule is inhomogeneous,
but within an infinitesimal of the volume it can be assumed as homogeneous. Then,
the exchange-correlation energy can be obtained as a product of the infinitesimal
volumes and the exchange-correlation energy density from the homogeneous gas
theory [79, pp. 687].

Due to the local character of the approximation is why it is known as Local
Density Approximation (when the ρ dependence is used), or Local Spin Density
Approximation (LSDA) when the dependence is further split into α and β spin
functions ρα and ρβ, respectively.

General gradient approximation (GGA)

The following approximations take a step further compared to LDA, and assume
that εxc may not have only a local dependence, but also may depend on the vicinity
of the analyzed point. This means that ρ(r) will also be dependent of its gradient
at point r:

εGGAxc = εLSDAxc +

∫
Bxc(ρα, ρβ,∇ρα, ∇ρβ) dr (1.33)

where Bxc is carefully selected to maximize correspondence between experiment and
theory [80].

The GGA approximation poorly describes the Van der Waals and other long
range interactions due to its quasi-local character. This represents a problem when
systems as biomolecules and catalyst are studied, due to the importance of these
weak interactions for the associated chemical processes [47, 81, 82].

Hybrid functionals

In order to improve the description of chemical systems, and to surpass the inconve-
niences of the HF and DFT methods, hybrid approaches have been developed [83].
The hybrid functionals are composed of a combination of exchange-correlation terms
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from other functionals and theories, as well as parametrizations from experimental
observations. Despite this mixed nature might rise some suspicion, they have been
proven as a pragmatic solution capable to describe at an acceptable extent complex
chemical processes in organic molecules.

The B3LYP [84–87] exchange-correlation functional posses a mixed nature, as it
is composed by small portions of energies computed with different methods [79, pp.
689].

εB3LY P
xc = εLSDAxc + 0.20(EHF

x −ELSDA
x ) + 0.72EB88

x + 0.81ELY P
c + 0.19EVWN

c (1.34)

It includes LSDA energy, the Hartee-Fock exchange energy (EHF
x )1, the Becke

[88] exchange potential (EB88
x ), the Lee-Young-Parr correlation potential (ELY P

c )
[89, 90], and a further addition of the Vosko-Wilk-Nusair potential (EVWN

c ) [91].

Another widely used functional is M06-2X [92], which is a member of successive
families of functionals developed by Truhlar and co-workers. It is a highly parame-
terized hybrid meta-GGA functional intended for main-group thermochemistry and
noncovalent interactions. The expression of the hybrid exchange-correlation energy
can be generally written as follows:

Ehyb
xc =

X

100
EHF
x +

(
1− X

100

)
EDFT
x + EDFT

c (1.35)

where EHF
x is the nonlocal Hartree-Fock exchange energy, X is the percentage of

Hartee-Fock exchange in the hybrid functional, EDFT
x is the local DFT exchange

energy, and EDFT
c is the local DFT correlation energy.

For the specific case of the M06-2X functional, X = 54, the correlation energy
is the sum of opposite-spin (αβ) and parallel-spin (αα and ββ) electrons terms, as
represented in equation (1.36)

EM06−2X
c = Eαβ

c + Eαα
c + Eββ

c , (1.36)

being Eσσ
c highly parameterized integrals [92].

Finally, the exchange energy is defined by the integral represented in equation
(1.37)

EM06−2X
x =

∑
σ

∫ [
F PBE
xσ (ρσ,∇ρσ) f(wσ)

]
dr (1.37)

where F PBE
xσ (ρσ,∇ρσ) is the exchange energy density of the PBE [80] exchange

1In fact, this HF energy term is in reality the KS exchange energy, as the KS Slater determinant
is used and not HF’s.
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model, and f(wσ) is the spin kinetic-energy-density enhancement factor.

1.6 Basis functions

Most quantum mechanics methods begin the calculation by choosing a set of n basis
functions {χj}, which are used to express the Molecular Orbitals (MOs) φi as a
linear combination of atomic orbitals (LCAO)

φi =
n∑
j

cijχj (1.38)

where c is a coefficient associated to each basis function. The functions {χj} are
commonly represented using either Slater type orbitals (STOs) or Gaussian type
orbitals (GTOs). The use of each type of orbital depends on the system’s particu-
larities. STOs are physically the best choice as they are solutions to the Schrödinger
equation of hydrogen-like atoms, and decay exponentially far away from the nu-
cleus. However, calculations of integrals over STO functions require considerable
computational time. On the other hand, GTOs lack physical meaning but are more
computationally efficient.

Nowadays, there exist hundreds of basis sets, and an agreed terminology is used
to describe and identify them:

• A minimal basis set consists of one STO for each inner-shell and valence-shell
AO of each atom.

• A double-zeta (DZ) basis set is obtained by replacing each STO of a minimal
basis set by two STOs that differ in their orbital exponents ζ.

• A triple-zeta (TZ) basis set replaces each STO of a minimal basis set by
three STOs that differ in their orbital exponents.

• A split-valence (SV) basis set uses two (or more) STOs for each valence AO
but only one STO for each inner-shell (core) AO. An SV basis set is minimal
for inner-shell AOs and double zeta (or triple zeta or ...) for the valence AOs.

• Split-valence sets are called valence double zeta (VDZ), valence triple-
zeta (VTZ), ... according to the number of STOs used for each valence AO.

Other terms can be added to the basis sets to account more quantum effects.
For example the polarization of the AO due to their distortion in shape and centers
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of charge are taken into account adding STOs basis functions whose l quantum
numbers are greater than the maximum l of the valence shell of the ground-state
atom. This is represented by one or two stars accompanying the basis set name, like
6-31G** (note that 6-32G(d,p) is an equivalent notation).

It is also possible to improve the description of anions, lone pairs, Hydrogen
Bonds, etc., by improving the description of the AO at large distances from the
nuclei. This is achieved with the use of diffuse functions, which are denoted with one
or two plus sign by the side of the basis function name (6-31+G, for example). One
“+” sign means that diffuse functions will be included in all atoms but hydrogen,
whereas two “+” signs means that also in the hydrogen are included the diffuse
functions.

1.7 Basis set superposition error

The energy resulting from the interactions between the fragments of a system is
known as binding energy BE. Let’s imagine a system composed by two fragments
A and B, then the binding energy can be expressed as

BE = Eab
AB − (Ea

A + Eb
B) (1.39)

where Eab
AB is the energy of the dimer AB at its minimum energy computed using

the total basis set (denoted as ab). Ea
A and Eb

B are the minimum energies of the
monomers A and B, computed utilizing only the basis set of each fragment a and b,
respectively.

However, in the study of weakly bound clusters, an artificial strengthening of
intermolecular interactions is often observed, and the BE can not be correctly pre-
dicted: this phenomena is known as “basis set superposition error” (BSSE) [93]. As
a monomer A approaches monomer B, the dimer can be artificially stabilized as
monomer A utilizes the extra basis functions from monomer B to describe its elec-
tron distribution, and vice versa. Clearly, this only takes place when the monomers
are at a relatively close distance, as at long distances the overlap integrals are too
small and thus the stabilization effect is lost. This distance dependent inconsistency
is the source of the BSSE. Even if this inconsistency could be eliminated, there
would remain errors due to the fact that the basis set is incomplete (known as “basis
set incompleteness error” (BSIE)). Note that the only way to perfectly prevent this
errors is using a complete basis set, which is not possible. To solve this problem,
Boys et al. [94] proposed a method called “Counterpoise correction” (CP).
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The BSSE can be computed as

BSSE = Eab
A∗ + Eab

B∗ − (Ea
A∗ + Eb

B∗) (1.40)

where Eab
A∗ is the energy of monomer A at its equilibrium geometry in the dimer AB,

computed using the dimer basis set ab and taking the monomer B as an arrangement
of ghost atoms (similarly for the Eab

B∗ term). Ea
A∗ is the energy of the monomer A

at its equilibrium geometry in the dimer AB using the basis set a (similarly for the
Eb
B∗ term).

Then, the corrected binding energy using the Counterpoise method and consid-
ering evolution in the monomers geometries as they approach to each other can be
expressed as

BECP = BE −BSSE

= Eab
AB − (Ea

A + Eb
B)− (Eab

A∗ + Eab
B∗) + (Ea

A∗ + Eb
B∗)

(1.41)

Equation (1.41) can be simplified if the geometries of the monomers do not evolve
after the adsorption, and it’s re-written as:

BECP
no evol = Eab

AB − (Eab
A∗ + Eab

B∗) (1.42)

1.8 Empirical dispersion corrections

Despite the selection of a large basis set, DFT methods are not capable to cor-
rectly describe noncovalent interactions, which are related to long range electron-
correlation. However, chemical phenomena as enantioselectivity could be related to
long range interactions between molecules bulky groups [6]: attractive (p-stacking,
van der Waals, etc.) or repulsive (conventional steric repulsion). It is clear that fur-
ther improvements to DFT in order correct the dispersion-related energy are needed,
and the use of dispersion-corrected models is mandatory [95–98] for an improved de-
scription of noncovalent interactions (specially Van der Waals forces).

One approach to include dispersion correction in DFT computations is the use
of the M06 family methods, which are heavily parameterized to describe these kind
of interactions. Another approach is to add a dispersion energy term to the energy
computed with any other DFT functional.

Stefan Grimme et. al. [99–101] have proposed a dispersion corrected energy de-
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scribed by the following equation

EDFT−D3(BJ) = EKS−DFT − Edisp, (1.43)

where EKS−DFT is the usual self-consistent KS energy obtained by the DFT method
used, and Edisp is the dispersion correction as a sum of two- and three-body energies,
then

Edisp =
1

2

∑
n=6,8

∑
A 6=B

sn
CAB
n

Rn
AB

fd,n(RAB) +
1

6

∑
A 6=B 6=C

CABC
9

R9
ABC

fd,9(RABC , θABC) (1.44)

In equation (1.44), Becke-Johnson (BJ) damping functions fd,n [102–104] are
utilized to avoid (i) near singularities for small RAB and (ii) double-counting effects
of correlation at intermediate distances. Furthermore, sn are the scaling factors;
CAB
n are the dispersion coefficients of nth order between atoms A and B (similarly

for CABC
n in the case of three atoms); RAB is the distance between atoms A and B;

θABC is the internal angle of the triangle ABC; and RABC is the mean distance of the
three distances between atoms A, B, and C. The coefficients CAB

6 are estimated from
a set of Time Dependent Density Functional Theory (TD-DFT) [105] computations,
and the CAB

8 coefficient are computed from CAB
6 values.

The damping functions are described by

fd,n=6,8(RAB) =
Rn
AB

Rn
AB + fn

fn = a1

√
CAB

8

CAB
6

+ a2,

(1.45)

where a1 and a2 are free fit parameters introduced by BJ.

In the literature, these corrections are specified following the methodology em-
ployed. For example, if the hybrid B3LYP functional is corrected with the third
revision of Grimme’s dispersion terms and the original damping is used the method-
ology would be referred as B3LYP-D3. Furthermore, if the BJ damping functions
are involved, it would be called B3LYP-D3(BJ).

1.9 Method and the basis set selection

With all the possible combinations of methods and basis sets currently available
to carry out DFT computations, the correct selection to describe the system un-
der investigation can be a tricky task, and at the moment there is no universal
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method/basis set combination.

In the study of small metal-catalytic systems, for example, Dub et al. [54] used
M06-2X with Grimme’s D3 correction and the def2-TZVP basis set [106, 107] to
study the Noyori-Ikariya asymmetric transfer hydrogenation of ketones; Wang et al.
[55] used HF/6-31G and a single point refinement with B3LYP/6-31+G** for the
study of the asymmetric addition of diethylzinc to benzaldehyde; Pounder et al. [108]
used B3LYP-D3(BJ) functional with the double-ζ def2SVP basis set [106, 107] in
the study of the mechanism and origin of enantioselectivity in the rhodium-catalyzed
asymmetric ring-opening reactions of oxabicyclic alkenes with organoboronic acids;
and Wen et al. [52] studied the enantioselectivity of the asymmetric [3+2]-annulation
between N-methylindole and enoldiazoacetamide catalyzed by prolinate-coordinated
dirhodium using a DFT/Semiempirical approach, with B3LYP-D3(BJ)/6-31G(d) in
the reactive region of the system and PM6-D3 in the other atoms.

In organocatalysis, Wåhlander et al. [109] have used M06/6-31+G* and a sin-
gle point energy refinement with 6-311+G* basis set in the investigation of phos-
phoramides as an interesting alternative to the thiourea motif in organocatalysts;
Sakai et al. [110] employed the B3LYP-D3(BJ)/6-311++G** and M06-2X/6-31G**
chemical models to develop studies on the asymmetric Michael Addition of α-
aminomaleimides to β-nitrostyrenes using an organocatalyst derived from Cinchona
alkaloid; and the list grows in number and variety [111–118, for example].

According to the studies presented in the previous paragraphs, combinations of
B3LYP, the M06 family, and double- and triple-ζ basis sets are without a doubt the
more recurrent model chemistry used in organo- and metal-catalysis. Furthermore,
Burns et al. [119] carried out an extensive benchmarking of several model chemistry
tailored mainly to noncovalent interactions, arriving at very similar conclusions.

Finally, regarding the selection of the basis set, Witte et al. [120] proved that
even the massive aug-cc-pV5Z basis was plagued by BSSE. Thus, a double-ζ basis
set, including polarization and diffuse terms, in conjunction with D3 corrected func-
tionals will be enough for the description of catalytic and noncovalent interactions
dominated systems.

1.10 The influence of a solvent

In chemistry, a solution is a special type of homogeneous mixture composed of
two or more substances. In such a mixture, a solute is a substance dissolved in
another substance, known as a solvent. For example, the homogeneous catalysis is a
process where the catalysts and the substrates are in the same phase, and they both
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constitutes a solute which is dissolved into a solvent. The selection of the solvent
has the capacity to influence properties such as chemical reactivity and molecular
association throughout solubility, stability and reaction rates. Thus, choosing the
appropriate solvent allows for thermodynamic and kinetic control over a chemical
reaction, which is closely related to the performance of a catalyst.

To deal with the influence of a solvent in Computational Chemistry, two main
strategies can be followed. First, the solvent molecules can be explicitly represented
in the system, which of course will considerably increase the time and resources in
quantum computations, therefore, this approach is generally reserved for Molecular
Mechanics treatments of the system. However, there is a second possibility, which do
not represents the solvent explicitly, but treats it as a continuum medium influencing
the solute. This way, the electronic structure problem for a molecule in a liquid is
reduced to the size of the solute of interest. Continuum solvation models represent
a solvated molecule inside a molecule-sized and -shaped electrostatic cavity which
contains the largest possible part of the solute charge distribution within it, exclud-
ing the solvent [121]. In the electrostatic theory of dielectric media, the medium
is associated with a relative permittivity, which is a scalar function of position for
isotropic nonhomogeneous media. In practice, the relative permittivity is usually
equated to the bulk solvent static dielectric constant outside the solute cavity and
to a smaller value inside the cavity.

Several methods have been designed to develop the continuum solvation for-
malism in practical computations [122], as for example the Polarizable Continuum
Model (PCM) [123–125], the Onsager method [121, 126–130] and the SMD method
[131].

1.11 Global optimization and organocatalysis

In the theoretical investigation of relatively small molecules, a good initial guess of
the system’s geometry is easily constructed with current state of the art software.
This initial guess can be further perfected through a local minimum optimization
procedure applied on the potential energy surface obtained from the atomic coor-
dinates of the molecule. However, when an assembly of few to several millions of
structural units such as independent atoms or molecules is meant to be studied
(such assembly is known as chemical cluster [132, 133]), the initial position of each
structural unit with respect to the others can not be guessed any more, as it would
constitute a significant oversimplification of the problem.

In a cluster, there exists numerous ways of arranging the structural units that
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leads to local minimum on the PES. The most abundant isomer in the ensemble of
structures at low temperature will be the local minimum with lowest energy, which
is known as global minimum. Finding the global minimum of a chemical cluster is
what Global Optimization (GO) methods [134] are designed to accomplish.

As the number of minima rises exponentially with increasing cluster size, find-
ing the global minimum can be very difficult. It has been found that “traditional”
Monte Carlo (MC) and Molecular Dynamics (MD) Simulated Annealing (SA) ap-
proaches often encounter difficulties finding global minima for particular types of
interatomic interactions such as the short ranged Morse potential [135]. For this
reason, other types of algorithms, like genetic and basin hopping algorithms [136,
137], for example, have found increasing use in the area of finding global minima for
clusters.

A global minimization should be able to find the globally minimal function value,
irrespective of the starting point. To be sure of having found the global optimum
of a function, one must have visited all search space. For continuous variables, and
without further “tricks”, this would entail an infinite number of function evaluations
already in a one-dimensional case. Hence, global optimization is all about finding
clever ways to “judge” finite patches of search space without visiting all points in
them.

In practice, it turns out that deterministic global minimization often is extremely
expensive, to the point of infeasibility [134]. Fortunately, stochastic algorithms using
certain problem-solving heuristics can frequently be employed to quickly find minima
with function values not too far above the global minimum in a small fraction of the
time needed for a deterministic search for the true global minimum.

Marchal et al. [138] proposed an algorithm for finding the most stable isomers for
any clusters, called Global Search Algorithm for Minima exploration (GSAM). It has
two main steps: (i) the generation of the initial guesses, and (ii) the selection scheme,
and full optimization of the stable structures followed by the computation of their
vibrational properties. The scheme used in this study to obtain the initial guesses
is based on the generation of several possible shapes for a given cluster, followed by
the selection part of the algorithm applied to those generated structures.

The selection part is composed by three partial optimizations, each of them
having normally allowed between 30 to 50 optimization cycles following the Berny
optimization [139, 140] algorithm as implemented in the Gaussian 16 Rev. C.01 code
[141]. Immediately after each optimization step, two discarding processes are ap-
plied to the structures. First, the structure with lower energy is taken as reference,
and an energy threshold is applied to all other structures, removing those that do
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not meet the established criteria. Generally, the energy threshold starts at around
40 kcal/mol in the first partial optimization, and it is decreased to ∼ 20 kcal/mol

and 10 kcal/mol in the second and the third partial optimizations, respectively. It
is generally observed that this process removes at least the 30% of structures that
entered it.

In second place, the normed quadratic difference between two geometries inside
a given set of structures (Dij) is computed following equation (1.46), furthermore
discarding a substantial number of structures which would have lead to the same
stationary point (∼ 5%), based on the criteria presented in equation (1.47) and the
Minkowsky metric [142].

Dij =

(∑
α

|Qiα −Qjα|2

maxkl |Qkα −Qlα|2

)1/2

(1.46)

structure i with respect to
structure j


discarded if Dij < 1%

selected if Dij > 1%

(1.47)

The remaining configurations at the end of the 3 partial optimization processes
are then fully optimized and their harmonic frequencies are computed in order to
ensure their stability.

This GSAM algorithm has been implemented in the house made code also called
GSAM (Inter Deposit Digital Number: FR.001.450001.000.S.P.2010.000.31235), and
has been proven as an efficient global search algorithm of minima exploration for
finding the most stable isomers of chemical clusters, validating the algorithm and
code with a test-case in the Sin (n=3,15) cluster [138]. Further publications [143–
146] related to the structures of nucleic acid bases demonstrated that the algorithm
is indeed well suited for the study of small to medium organic systems, successfully
finding the global minimum for them. The GSAM code will be used in the present
study to find the most stable arrangements of our targeted molecular cluster, which
is composed by four fragments: the catalyst, the achiral Brønsted base, and the
two substrates. Note that precisely due to the small number of fragments in our
system, Global Optimization approaches like the Genetic Algorithm [147] could not
be efficiently used, as they are designed for larger numbers of fragments.

Despite (or maybe due to) GO of clusters employing first principle methods for
the computation of energy is much more challenging than the local optimization of
chemical structures, the field have witnessed a vertiginous development in the last
30 years [148]. Nowadays, several software, in addition to GSAM, include the ability
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to carry out GO: PDECO [149], GEGA [150], CALYPSO [151], and ABCluster [152,
153] are just some examples.

The application of these algorithms have been gratefully welcomed in several
research fields as the exploration of new materials [154–157], the calculation of
thermodynamic properties [158–160], and revealing catalysis mechanisms both in
homogeneous [161–163] and heterogeneous [164–166] systems. Normally the global
optimization process is carried out employing a force field to speed up the localiza-
tion of the global minimum, followed by a quantum mechanics computation which
refines the final structures for the determination of properties.

Additionally, sub-fields of global optimization have evolved, being Molecular
Docking one of the most extensively reported in the bibliography. Molecular Dock-
ing is supported by the use of force fields in the computation of energy, and therefore
finds applications in the study of nanoparticles [167], drug discovery [168], and many
other areas related to large molecular systems. Some of the software employed to
carry out molecular docking studies are GOLD [169, 170], AutoDock [171], and
DARWIN [172].

In organocatalysis, Phillips et al. [173] made recently an extensive review on the
relation between noncovalent interactions and catalytic properties. Furthermore, in
2015 Žabka et al. [174] published another review with the aim to give the investiga-
tors an overview of the methods utilized for mechanistic investigations in hydrogen-
bonding organocatalysis. However, no reference to global optimizations were found
in these reviews despite relatively complex catalytic systems were explored.

When studying the catalyst-substrates interactions, the chemical intuition in the
positioning of the substrates with respect to chiral primary amine-guanidines lead
Avila et al. [175] to theoretically support their investigation. They conclude that pri-
mary amine-guanidines, prepared by a simple monoguanylation of enantiomerically
pure trans-cyclohexane-1,2-diamines act as organocatalysts in the enantioselective
conjugate addition of isobutyraldehyde to nitroalkenes leading to enantiomerically
enriched γ-nitroaldehydes. However, no global optimization techniques were utilized
in the study for the identification of the PES global minimum.

Also Ding et al. [176] have recently demonstrated that H-bond donors can play
a key role in controlling diastereoselectivity in a catalytic enantioselective reaction.
They studied a highly enantioselective diastereodivergent asymmetric Michael ad-
dition of α-azido ketones to nitroolefins. Here, despite they theoretically studied
reactions involved the catalyst and two substrates, one more time the global mini-
mum was assumed from chemical intuition, and no global optimization was carried
out. This pattern seems to repeat indefinitely in the literature [177–180].
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A MM conformational search in the most important dihedral angles of the
molecule to explore the global minimum is generally the method employed for inves-
tigations tailored to the study of the catalyst [181–185]. However, works where the
global minimum is searched not only for the catalyst but for the catalyst-substrates
system at the QM level of theory are missing from the literature, to the knowledge
of the author. In that case, a conformational search generally would be an oversim-
plification as the system could have non-intuitive global minimum. A GO procedure
will undoubtedly be the choice for relatively complex chemical clusters.

Furthermore, in the investigation of catalytic systems MM is not descriptive
enough for the noncovalent interactions, which dominate and determine the molec-
ular recognition process in organocatalysis. For this reason a DFT based GO is
compulsory to obtain adequate results.

1.12 Procedure to identify the transition states

Once the reactants are identified by a Global Optimization and/or a Conforma-
tional Search process, to find the transition states an approximate geometry of them
could be predicted from chemical intuition. Latter requesting an optimization to a
first-order saddle point in the software employed would lead to the localization of
the system’s correct transition state geometry. However, taking into account the
complexity of the systems here investigated and the number of bonds, angles, and
dihedrals involved in the description of their geometry, predicting a transition state
structure which is actually close to the real one is a very unlikely task to succeed
on.

Nevertheless, a second approach is to perform a relaxed scan of the potential
energy surface (V ) along the two reactive atoms, which in our case will increasingly
get closer the reactive carbons by steps of -0.05Å, generally starting from a distance
around the 3.7Å (which is characteristic of the reactants geometries found in Chapter
2), and with a lower boundary correspondent to a short carbon-carbon bond (around
1.20Å). Successive shortenings of the C-C distance will start to transit an energy
profile similar to that represented in Figure 1.1. This process will scale upwards
the activation energy barrier, and once the quadratic region is reached after the
change in convexity of the curve, the maximum energy geometry can be selected
as a very close “guessed” structure to the system’s transition state. Then, the first
order saddle point of the potential energy surface is found from a Newton-Raphson
procedure (see below) using the “guessed” structure as initial point.

The referred adjustment of the geometry is developed with an improved version
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Figure 1.1. Schematic representation in 2 dimensions of the reaction coordinate
of a generic simple reaction.

of the Berny algorithm [139, 140] in the Gaussian 16 Rev. C.01 software, which
follows the general principles of finding a stationary point. In the first place, the
Self Consistent Field (SCF) [186] (or some other) method to approximately solve
the Schrödinger equation to find V at the guessed initial geometry is used. With
these calculated values, the 3N − 6 nuclear coordinates are changed to a new set
that is likely to be closer to the stationary point than the initial set, and the SCF
V , its gradient ~∇V , and its Hessian2 are calculated at this new structure. Using
the results of the new calculation, a further improved set of nuclear coordinates is
calculated, and the SCF calculation is repeated at the new geometry. The process
is repeated until ~∇V differs negligibly from zero, indicating that a stationary point
(at which ~∇V is zero) may have been found.

An efficient way to find if ~∇V ≈ 0 is the Newton-Raphson method, which ap-
proximates the function by a Taylor-series expansion that is terminated after the
quadratic terms, and uses accurately evaluated first and second partial derivatives
of the function (which occur in the linear and quadratic terms of the Taylor series).
However, due to the extremely large time required for the calculation of the Hes-
sian matrix in first principle computations, modifications to the Newton-Raphson
method are introduced in order to manage these inefficiencies. These methods are
known as quasi-Newton-Raphson, and one does not calculate the Hessian directly,
but instead starts with an estimation of it and gradually improves this estimation

2The Hessian of a function f : Rn → R, with independent variable a vector x ∈ Rn in such a
way that f(x) ∈ R and all its second derivatives exists, is a square n×n matrix formed by the set

of f second derivatives (Hf )i,j =
∂2f

∂xi∂xj
.
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using gradient information calculated at each step in the optimization cycle.

Finally, to identify what kind of stationary point has been found, it is essential to
test the nature of the stationary point found by the geometry optimization. This is
done by doing a vibrational-frequency calculation at the geometry found (i.e. using
the Hessian matrix information). For a minimum, all the calculated frequencies will
be real. For a first-order saddle point (transition state), one calculated frequency
will be imaginary [56].

Now, if a close structure to the products of the reaction is known in addition to
that of the reactants, it is also possible to employ in Gaussian either the QST2 or the
QST3 (which additionally requires an initial guess of the transition state structure).
These methods, implemented by H. B. Schlegel and coworkers [187, 188], uses a
quadratic synchronous transit approach to get closer to the quadratic region of the
transition state and then uses a quasi-Newton or eigenvector-following algorithm
to complete the optimization. Nevertheless, practice and previous experiences in
our group shows that the application of QST2 or QST3 methods is frequently not
fruitful, because these methods only converge efficiently when provided with an
empirical estimate of the Hessian and suitable starting structures in the Gaussian
implementation, which are difficult to guess.

In this investigation, the approach utilizing the relaxed scan and the further
user defined input of the guessed structure of the transition state resulting from it
to the Berny algorithm implemented in the Gaussian 16 Rev. C.01 package will be
employed.

1.13 Interaction forces in organocatalysis

Molecular structure is determined by covalent, noncovalent, and electrostatic inter-
actions, the latter two being the driving force in most biochemical processes. Two
or more atoms can share electrons to form covalent bonds, building molecules with
totally different physical and chemical properties than the conforming parts. This
kind of interactions were described by Lewis [189] even before the quantum theory
of chemical bonds, and today we have a correct understanding of the underlying
processes in the formation and rupture of covalent chemical bonds. On the other
hand, two atoms/molecules can interact through a nonreactive channel, where bonds
are neither made nor broken. This last kind of interactions is known as noncovalent
interactions, and were first identified by van der Waals [190] in 1873. They play a
determinant role [191] in the structure of liquids, solvation phenomena, structure of
biomolecules such as DNA and proteins, molecular recognition processes, etc.



1.14. Molecular recognition analysis and techniques 32

For example, in organocatalysis noncovalent interactions determine the outcome
of organocatalytic reactions [82, 192–195], as they determine the molecular recogni-
tion process between substrates and catalysts. This class of interactions comprises a
wide range of energies, and mainly encompasses hydrogen bonding, Van der Waals
forces, and π-effects. Their difference with covalent interactions is that they do not
involve the sharing of electrons between the atoms.

Hydrogen bonding

The dipole-dipole interaction established between an electronegative atom and an
hydrogen atom which is bind to another electronegative atom is known as hydrogen
bond (HB or H-bond). This interaction has predominantly an electrostatic nature,
and its energy range is lower than covalent interactions, but higher than Van der
Waals interactions. Nowadays the HB’s nature is subject of an ongoing debate [196],
and it may be seen as a complex interplay between different energy components:
dispersion, orbital interactions, electrostatic interactions, etc.

Van der Waals interactions

A description for Van der Waals forces was first presented by J. D. van der Waals
on its doctoral dissertation in 1873 [190]. They are a long range force present in all
systems, and involves permanent or induced dipoles (or multipoles). Dipole dipole,
dipole-induced dipole, and London dispersion are examples of Van der Waals forces.

π-effects

π-effects can be broken down into numerous categories, including π-π interactions,
cation-π and anion-π interactions, and polar-π interactions. In general, π-effects
are associated with the interactions of molecules with the π-systems of conjugated
molecules such as benzene. These interactions are usually observed when the ring
is rich (or lacking) in π electrons, and the second molecule (which can be another
ring) is lacking (rich) in π electrons, and they approach enough each other.

1.14 Molecular recognition analysis and techniques

Theoretical computations from first principle methods require a post treatment of
the estimated wave function to turn these computations into parameters able to
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rationalize and understand the chemical behavior of the system. Usually, the infor-
mation needed is no more than energies, molecular properties, and a description of
the intra- and inter-molecular interactions.

Differently from covalent interactions, which are mostly established in the vicin-
ity of a 2Å distance, the noncovalent interactions act on distances as large as tens of
Angstroms, and their identification is not straightforward due to long-range intrinsic
error related to current computational methods.

Several theories and methods have been developed to reveal the presence of non-
covalent interactions in the analysis of molecular systems, as well as to identify,
measure, and characterize their energy components. Computation of the electro-
static potential of the molecules, Non-Covalent Interactions (NCI) [81], Integrated
Gradient Model (IGM) [197], Quantum Theory of Atoms in Molecules (QTAIM)
[198–200], and Natural Bond Orbitals (NBO) [201–207] are just a few of the op-
tions, each of them having advantages, disadvantages, and limitations. A more de-
tailed description of these methodologies can be found below, in section “Revealing
noncovalent interactions”.

Electrostatic potential

The electrostatic potential expresses the net electrical effect of the nuclei and elec-
trons of a molecule at any point r, and it is given rigorously by equation (1.48):

V e(r) =
∑
A

ZA
|RA − r|

−
∫
ρ(r′) dr′

|r′ − r|
(1.48)

being ZA the charge on nucleus A, located at RA, and ρ(r′) the total electronic
density.

The sign of V e(r) in any particular region depends upon whether the effects of
the nuclei or the electrons are dominant there. Sites reactive toward electrophiles
can be identified and ranked by means of the local minima (V e

min), whereas the
maxima of V e(r) on the molecular surface (V e

S,max) serve the same purpose for nu-
cleophilic attack. Several investigations [208–210] have shown that V e

min and V e
S,max

correlate well with hydrogen-bond-accepting and -donating tendencies, respectively,
in solute-solvent interactions. Also, they identified a set of molecular descriptors
which can be related to the Electrostatic Potential Surface (ESP) values on the sur-
face of the molecule: density, boiling point, surface tension, heats of vaporization
and sublimation, impact sensitivity, diffusion constant, viscosity, solubility, solvation
energy, etc.
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Furthermore, Murray et al. [211] proved that the electrostatic potential on a
molecular surface can also be used to characterize a quantitative measure of the
degree of charge separation in the molecule, and its tendency to interact with other
molecules.

Revealing noncovalent interactions

Many methods exists to evaluate the hydrogen bonds strength and separate each
component contribution to its total energy, for example NBO, QTAIM, NCI,
Symmtry-adapted perturbation theory SAPT [212–216], and more. However each
of them has advantage, drawbacks, and specific applications.

For the description of hydrogen bonds, the use of NBO is not accurate in common
situations, because the main nature of these bonds is electrostatic and this compo-
nent can not be faithfully revealed by the E(2) energy resulting from Second Order
Perturbation Theory Analysis of the Fock Matrix in NBO Basis. Additionally, it
has been proved by Stone [217] that the charge-transfer component of HBs cannot
be correctly described by E(2) value. However, it can still be used to measure the
relative strength of stabilizing interactions due to orbitals overlap. For example,
in the case of analyzing HBs, the interaction between the lone pair (LP, in NBO
nomenclature) of an Oxygen donor and the σ∗ orbital of a N–H bond (BD*, in NBO
nomenclature) are those we would be interested in to search for E(2) energies.

On the other hand, methods like NCI and IGM will provide accurate results de-
scribing noncovalent interactions and hydrogen bonds. The noncovalent interaction
(NCI) method, which is also known as reduced density gradient (RDG) method, is
very popular for studying weak interaction. In its approach, the first step is to find
a way to distinguish weak interaction regions from other regions in the molecular
system . From the table 1.1 it can be identified that if only the regions where the
value of reduced density gradient function (see equation (1.49)) is in the range of
0 ∼medium are preserved, then “Around nuclei” and “Boundary of molecule” regions
will be shielded.

For the remaining regions (“Around chemical bond” and “Weak interaction re-
gion”), if only the region where ρ(r) is small is kept, then only weak interaction
region will be revealed. With this region isolated, one can then assign a color scale
based on the values of ρ and discriminate between strong attraction, Van der Waals
interactions, and strong repulsion.

RDG(r) =
1

2(3π2)1/3
· |∇ρ(r)|
ρ(r)4/3

(1.49)
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Around
nuclei

Around
chemical
bond

Weak
interactions

region

Boundary of
molecule

|∇ρ(r)| Large 0 ∼ minor 0 ∼ small Very small ∼
small

ρ(r) Large Medium Small 0 ∼ small

RDG(r) Medium 0 ∼ minor 0 ∼ medium Medium ∼
very large

Table 1.1. Criteria followed to isolate the noncovalent interactions from other
kind of interactions present in a molecular system using the NCI method.

To describe the Integrated Gradient Model method, let’s analyze the H2

molecule. The atomic density in free-state of each atom along the molecular axis
is shown as represented in Figure 1.2a. There, the gradient of the atomic density
of the two atoms in the interatomic region have opposite signs, therefore, in the
gradient of promolecular density (the curve g in Figure 1.2b), the contribution from
the two atoms largely cancel with each other in the region between the two atoms.
Note that at the midpoint of the two hydrogens, g is exactly zero, such point corre-
sponds to bond critical point (BCP, further described below) in AIM theory under
promolecular density.

In Figure 1.2b, gIGM is the IGM type of gradient, and it is calculated as sum of
absolute value of density gradient of each atom in their free-states; in other words,
phase is completely ignored and thus the density gradient originating from various
atoms never cancel with each other. Due to this feature, gIGM is upper limit of g.

Furthermore, the δg function in Figure 1.2b is defined as the difference between
gIGM and g. It can be seen that δg is non-zero in the atom interaction region,
and has maximum value at the BCP position. Clearly, δg could be used to reveal
interaction regions just like the reduced density gradient, and it is precisely the
approach followed by the IGM method. In addition, the magnitude of δg in the
interaction region has close relationship with the interaction strength. In general
case, gIGM and δg may be defined as follows:

g(r) =

∣∣∣∣∣∑
i

∇ρi(r)

∣∣∣∣∣ (1.50)

gIGM(r) =

∣∣∣∣∣∑
i

abs [∇ρi(r)]

∣∣∣∣∣ (1.51)

δg(r) = gIGM(r)− g(r) (1.52)
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Figure 1.2. Schematic representation of the treatment to the density in the
Integrated Gradient Model.

In other direction, Bader proposed a topological analysis for analyzing electron
density in “atoms in molecules” (AIM) theory, which is also known as “the quantum
theory of atoms in molecules” (QTAIM) in its work “Atoms in molecules: a quantum
theory” [198]. Further developments have extended this technique to other real space
functions, like the first topology analysis research of electron localization function
for small molecules presented by Silvi et al. [218]. In topology analysis language,
the points at where the gradient norm of a function is zero (except at ±∞) are
called critical points (CPs). Furthermore, CPs can be classified into four categories
accordingly to how many eigenvalues of the Hessian matrix of the real space function
are negative.

(3,-3): All three eigenvalues of the Hessian matrix of the function are negative,
namely the local maximum. For the electron density analysis and for heavy
atoms, the position of (3,-3) are nearly identical to nuclear positions, hence
(3,-3) is also called nuclear critical point (NCP).

(3,-1): Two eigenvalues of Hessian matrix of the function are negative, namely
the second-order saddle point. For electron density analysis, (3,-1) generally
appears between attractive atom pairs and hence commonly called as bond
critical point (BCP).

(3,+1): Only one eigenvalue of Hessian matrix of the function is negative, namely
first-order saddle point (like transition state in potential energy surface). For
electron density analysis, (3,+1) generally appears in the center of ring system
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and displays steric effect, hence (3,+1) is often named as ring critical point
(RCP).

(3,+3): None of eigenvalues of Hessian matrix of the function are negative, namely
the local minimum. For electron density analysis, (3,+3) generally appears in
the center of cage system (e.g. pyramid P4 molecule), hence is often referred
to as cage critical point (CCP).

In this work, our attention will be mainly attracted by BCP, as they are capable
to identify the attraction between two atoms, and therefore the noncovalent inter-
actions and hydrogen bonds. In fact, Emamian et al. [219] showed that the strength
and energy composition of hydrogen bonds can be predicted based on electron den-
sity at the Bond Critical point (BCP) for a broad range of neutral and charged
molecules. However, in some intramolecular weak H-bonds this method will not
provide accurate results, as the BCPs are not always clearly identified [220], reason
why it must be followed for other analysis capable to corroborate its results. Never-
theless, QTAIM has a strong practical significance in most cases and thus constitutes
one of the most commonly used methods for H-bonds analysis.

The method proposed by Emamian et al. is reliable and the cost is very low. It
is based in two equations for predicting H-bond binding energy (BE). For neutral
complexes it is

BE = −223.08× ρbcp + 0.7423, (MAPE = 14.7%) (1.53)

and for charged complexes

BE = −332.34× ρbcp − 1.0661, (MAPE = 10.0%) (1.54)

being BE expressed in [kcal/mol] and ρbcp in [a.u.].

Here the mean absolute percentage error (MAPE) is used to portray the magni-
tude of error in the established linear regressions, and it is defined as

MAPE =

∑∣∣∣∣yact − ypreyact

∣∣∣∣
n

× 100% (1.55)

The criteria used to define the strength of the H-bond is presented in Table 1.2
for both neutral and charged systems.

However, this method to determine H-bond strength has some drawbacks. For
example, the author selected a benchmark of small molecules where the interactions
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Type of
complex Strength BE Major nature

Neutral Very weak > −2.5 kcal/mol
Dispersion +
Electrostatics

Weak to
medium from −2.5 to −14.0 kcal/mol Electrostatics

Charged Medium from −11.0 to −15.0 kcal/mol Electrostatics

Strong < −15.0 kcal/mol
Electrostatics +
Induction

Table 1.2. H-bonds classification criteria for both neutral and charged complexes.
Taken from [219].

between sites were only H-bonds, which could increase the error for larger molecules.
Also the computations were made with the B3LYP-D3(BJ)/ma-TZVP methodology,
thus the use of a much poorer model chemistry will also increase the error bar.

The second drawback is easily solved, by using an appropriate methodology.
The first drawback, on the other hand, could be considerable difficult for large and
complex systems. One viable approach is to determine the main nature of the
interaction between two atoms using the ρBCP obtained from the QTAIM analysis,
employing the Nakanishi criteria [221, 222], and then compute the H-bond binding
energy only on those interactions which result as H-bonds.

Furthermore, if a deeper investigation of the interaction is needed, the SAPT
method has to be used. It decompose the energy into four main components: ex-
change, electrostatic, dispersion, and induction. This way the contribution of each
component can be measured and the nature of the interaction completely charac-
terized.



Chapter 2

Molecular recognition processes

The objective of Chapter 2 is to describe at the DFT level of theory the molecular
recognition processes between the foldamers and the substrates (see Figure 2.1),
utilizing the tools provided by Computational Chemistry presented in Chapter 1.

(a) Foldamer
(catalyst)

(b) Nitroolefin
(electrophile)

(c) Deprotonated
dimethylmalonate

(nucleophile)

(d) Protonated
Triethylamine

(base)

site [1]

site [2]

+ + + =

Figure 2.1. Structure of the foldamer-based chiral catalyst (hexaurea 2) is
represented in subfigure (a). The studied reaction involves the (1E )-3-methyl-
1-nitrobut-1-ene as nitroolefin (b) and the deprotonated dimethylmalonate (c),
the last being deprotonated by the triethylamine (d).
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2.1 Introduction

Defined sequences and folding (e.g. protein tertiary structure) are two of the main
attributes of biopolymers that determine their specific and highly diverse function-
alities (transport, sensing, signaling, energy storage, catalysis, etc.). In enzymes,
precise organization of active-site side chains in the 3D space, participation of co-
factors, electrostatic interactions are inherent elements mediated by a folded yet
dynamic backbone which contribute to facilitate the interaction with the substrate
and stabilize transition states, ultimately leading to catalytic activity [223, 224].
Inspired by protein structures, small and medium size synthetic folded strands have
received increasing interest as chiral catalysts because, on the one hand, they are
modular and scalable and, on the other hand, they may retain some key features of
enzymes such as high reactivity and stereo-selectivity but also chemo-selectivity and
site-selectivity. This is particularly true for synthetic α-peptides which were found
to be well-suited as chiral catalysts for a broad range of asymmetric transforma-
tions [24–27]. Concurently, foldamers (non natural oligomers with defined folding
patterns) which exhibit both sequence tunability and folding predictability have
gained increasing interest as scaffolds for catalyst design [225]. In these systems,
the active site generally consists of an array of spatially arranged functional side
chains and can also involve main-chain functional groups well-organized through
folding. This is the case of chiral aliphatic N,N’-linked oligoureas, a class of helical
foldamers previously reported to catalyze enantioselective C-C bond-forming reac-
tions, in which main chain (thio)urea NH groups located at the positive pole of the
helix macrodipole are available to bind and activate substrates [28, 29]. This system
actually shows similarities with the well-studied helical polypeptides developed as
catalysts for Juliá-Colonna epoxidations in which the four N-terminal amide NH
groups not engaged in intramolecular H-bonds are involved as H-bond donor groups
with the substrates [226, 227].

Oligourea hexamer 1 which contains seven urea linkages (Figure 2.2) was found
to catalyze the conjugate addition of 1,3-dicarbonyl substrates to nitroalkenes in
high yield and enantioselectivity at remarkably low catalyst/substrate molar ratios
in the presence of an achiral Brønsted base such as Et3N or DIPEA [29]. In this
paper, it was observed that the chain length of the foldamer was a crucial parame-
ter in terms of reactivity and enantiocontrol. Whereas the helically folded 6-residue
long oligourea (1) and the related 5-mer (2) show remarkable catalytic properties,
oligomers with shorter chain lengths were much less effective in terms of enanti-
ocontrol. Structure-activity relationship studies further confirmed that the helix
conformation of the oligourea foldamer is a major determinant of their catalytic



2.1. Introduction 41

activities, and that the second (thio)urea site is as important as the first. Related
hybrid oligomers consisting of a short oligourea segments fused at the N-terminus
of a short helical peptide have also been used to catalyze similar reactions [42, 228,
229].

Figure 2.2. Formulae of helical foldamers 1 and 2, X-ray structure of 1 and their
use as H-bond donor chiral catalysts in the enantioselective conjugate addition
of 1,3-dicarbonyl compounds to nitroalkenes [29].

Mono- and bis-(thio)urea H-bond donor catalysts [31–39] have been studied ex-
tensively and in many cases, detailed computational investigations have been con-
ducted on these small molecules to explore the catalytic processes at the atomistic
level, mainly by finding the related transitions states [36–38, 109–112, 114–116].
In contrast, the mechanism of synergistic activation with oligourea foldamer-based
catalysts has not yet been investigated from a theoretical point of view to the knowl-
edge of the author. Our aim in this chapter is thus to use computational chemistry
to study the catalytic-binary system composed by the chiral H-bond donor foldamer
catalyst/achiral Brønsted base, by asking the following questions: What kind of
interactions occur between the reactants and the foldamer catalyst? What is the
role of the helical shape in the catalytic process? Which is the influence of the
catalyst on the capability of the reactants to react? To that end, the properties of
the foldamer catalyst as a function of its chain length, as well as the interactions
between the catalyst and reaction substrates were carefully investigated at the DFT
level of theory.
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Finally, it has to be pointed out that when enantioselective catalysis is the subject
of an investigation, the Transition States related to each enantiomer are definitely a
compulsory requirement. However, in molecular clusters, preliminary studies capa-
ble to identify the key Transition State are required; once it is located the calculation
can be often limited to computing this particular species [6].

The molecular recognition is of central importance in bio- and organocatalysis,
relying on non-covalent interactions such as hydrogen bonding, stacking, van der
Waals interactions, etc. [230]. A deep understanding of the system’s interactions
and arrangements between the helical foldamer, the Brønsted base, and the two
substrates is critical to obtain comprehensively characterization of the problem we
are facing. From this information it will be possible to interrogate the system about
enantiomeric excess (ee), reaction pathways, etc.

2.2 The computational method employed

The heptaurea (6-mer) was optimized from the experimental X-ray structures
(CCDC accession codes 1534525) [29]. Starting with this 6-mer, the other struc-
tures were deduced as follows: from the heptaurea, we removed one residue at a
time and optimized the resulting structure, obtaining this way the hexaurea (5-mer,
2), pentaurea (4-mer), and so on. We then duplicated the backbone of the heptaurea
and connected the two resulting helices, to generate the 12-mer molecule. Finally,
we followed the previously mentioned procedure of removing residues one by one
and optimizing until we obtained the octaurea (7-mer), completing this way a set
of 12 foldamers (see Figure A.1 in Appendix A for their formulae).

The most stable binding sites were found from Global Optimization procedures
(see section 1.11) employing the hexaurea 2. Some additional possible conformers
were found from the most stable species previously obtained, mainly focusing on the
functional groups close to the reactive region of the catalysts, as for example the
rotation of the 3,5-bis(trifluoromethyl)phenyl group. Molecular geometry optimiza-
tions were performed with the Gaussian 16 Rev. C.01 software [141], using DFT
with the B3LYP-D3 functional and 6-31G(d,p) basis set. Additionally, a diffuse
function was specified for O, N, F, and the negative charged carbon of the mal-
onate anion atoms (hereafter 6-31“+”G(d,p)). The SMD variation of the Polarizable
Continuum Model (PCM) using the integral equation formalism variant (IEFPCM)
solvent model [131] was set in all the optimizations with toluene, and Solvent Acce-
sible Surface (SAS) representing the solute-solvent boundary. The temperature in
all simulations was set to 298.15 K, in agreement with the experiments.
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The lowest energy structures of the systems composed of the malonote (i.e.
dimethylmalonate) and/or nitroalkene (i.e. (1E )-3-methyl-1-nitrobut-1-ene) bind-
ing onto the hexaurea catalyst 2 [29] were obtained by the Global Search Algorithm
of Minima (GSAM) interfaced with the Gaussian 16 program for computations of
the energies and gradients. The GSAM procedure consists of a random process of
structure generation followed by an iterative process. For each iteration the struc-
tures are partially optimized (typically 30 cycles of optimization) and sorted from
their relative energy with respect to the most stable structure of the set and re-
fined from their topological differences. Generally, the iterative process consists in 4
steps in which the relative energetic criterion that selects the structures for the next
step is successively tightened, typically from 100 to 20 kcal/mol. This allows to
decrease by 30-60% the number of the structures for the next step of optimization.
The final structures are then fully optimized. Our choice to apply the B3LYP-
D3 functional, together with the 6-31“+”G(d,p) basis set, stems from our previous
experience, which showed that this combination leads to good agreement between
experimental and theoretical vibrational spectra of different types of hydrates [143,
145] and structure of micro hydrated nucleic acid basis [144]. Nevertheless, regard-
ing the effect of basis sets [120], functionals [119] and the estimation of interatomic
molecular interactions by DFT, all the energies of the low-lying isomers reported in
the present manuscript were fully re-optimized with the B3LYP-D3/6-311“+”G(d,p)
and M06-2X/6-31“+”G(d,p) model chemistry.

Moreover IGM and QTAIM analysis were performed with Multiwfn [231] soft-
ware, while NBO analysis was perform with Gaussian software.

2.3 Towards the global minimum of the system

The global optimization search (see section 1.11) which involves the helical foldamer,
both reactants ((1E )-3-methyl-1-nitrobut-1-ene as electrophile and deprotonated
dimethylmalonate as nucleophile) and the achiral base (triethylamine) was first per-
formed using the hexaurea 2 (Figure 2.1). As depicted in Figures 2.3 and 2.4, which
show the most energetically stable conformers, this numerical process found that
only the two first urea groups (denoted as sites [1] and [2] in the figures) can
accommodate the reactants.

Among the possible configurations, the site [2] is generally more favorable for
the electrophilic species ((1E )-3-methyl-1-nitrobut-1-ene) and leads to a stabiliza-
tion of about 18 kcal/mol (Figure 2.3) while the nucleophilic species (deprotonated
dimethylmalonate) tends to be astride on the two sites with a stabilization of about
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31 kcal/mol (Figure 2.4). However, when the two reactants are considered together
for binding on the foldamer, the nucleophilic species appears to bind clearly and
exclusively on site [1], as stated in Figure 2.5. This clearly reveals a bifunctional
activation of the catalyst from the two first sites.

Figure 2.3. Binding energies (in kcal/mol) of the nitroalkene (electrophile) on
the hexaurea catalyst 2. Here [1] and [2] represent the two binding sites of the
catalyst.

Figure 2.4. Binding energies (in kcal/mol) of the deprotonated malonate (nucle-
ophile) on the hexaurea catalyst 2. Here [1] and [2] represent the two binding
sites of the catalyst.
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Figure 2.5. Binding energies (in kcal/mol) of the deprotonated malonate (nu-
cleophile) and the nitroalkene (electrophile) on the hexaurea catalyst 2. Here
[1] and [2] represent the two binding sites of the catalyst.

The three structures of Figure 2.5 were obtained (i) by considering the most sta-
ble situation of Figure 2.4 (nucleophile in astride position) in which the nucleophile
species was placed on sites [1] and [2] and (ii) by considering the most stable
structure of Figure 2.3 in which the electrophilic species binds on site [2]. When
the electrophile is placed in the vicinity of site [2], it is then observed that the
nucleophile moves form the astride position to site [1] during the local optimiza-
tion process. Note that the three model chemistry used revealed the same pattern:
the B3LYP-D3 results overbound for a few kcal/mol with respect to their M06-2X
counterparts, and no sensitive deviations are found with the use of a triple zeta basis
set as already found in the literature [119, 120]. Moreover, our computations show
that the deprotonation of the malonate by the achiral base is sensitively favored in
presence of the catalyst at 300 K (see Figure 2.6).

Overall, these results are consistent with experimental 1H-NMR data of 1 ob-
tained upon successive addition of malonate, triethylamine, and nitrostyrene by
Diane Bécart, Gilles Guichard, and coworkers at the University of Bordeaux (see
Figures A.4–A.8 in Appendix A). This shows that under the conditions used (for
solubility issues, spectra were recorded in a mixture of acetonitrile-[d3]/DMSO-[d6]
(88:12 v/v)) : (i) the deprotonated malonate interacts with the catalyst, more than
the cognate malonate, (ii) this interaction involves site [1], and (iii) triethylamine
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Figure 2.6. Discrepancies (in kcal/mol) between energies of the malonate and
its deprotonated form in presence of its base, with and without the catalyst.

critically controls the interaction process because nitrostyrene and malonate alone
do not lead to significant modification of the spectrum of 1.

Furthermore, one can note that the most energetically favored structural position
may also, from a structural point of view, favor C-C bond formation reaction between
the two reactants since the corresponding C-C distance for this optimized structure
is calculated at 3.69 Å.

Concerning the Basis Set Superposition Error (BSSE) associated to the B3LYP-
D3/6-31“+”G(d,p) results presented in Figures 2.3–2.5, it was computed an average
error of 7 kcal/mol (see Table 2.1). Despite the BSSE value is relatively high, it
is almost the same in all cases. Therefore, subtracting the BSSE energy from the
Binding Energy reported in Figures 2.3–2.5 will result in almost the same binding
energy values, and exactly the same order of the structures in terms of relative
energy.

Finally, we tested the influence of the diffuse function on the results. To this end,
we computed the values in Figure 2.5 with the B3LYP-D3/6-31G(d,p) methodology
(see the last column in Table 2.1). It was observed that if the diffuse function is
not present the changes in Binding Energy are considerable if compared with those
obtained by B3LYP-D3/6-31“+”G(d,p). Taking also into account that the results
with B3LYP-D3/6-311“+”G(d,p) fit their double-ζ counterpart, the fundamental
role of the diffuse function on the correct description of these systems is revealed.
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No. structure B3LYP-D3/6-31“+”G(d,p) BSSE B3LYP-D3/6-31G(d,p)

1 -52.38 7.50 -64.86
2 -46.39 7.11 -57.37
3 -45.53 6.56 -58.92
4 -43.40 6.49 -54.17

Table 2.1. BSSE of the B3LYP-D3/6-31“+”G(d,p) model chemistry, and the
influence of the diffuse function on the results presented in Figure 2.5 (structure
1 being the most stable). All quantities are in kcal/mol. Note that there are 4
structures reported in this Table, and only 3 structures appears in Figure 2.5.
This is because structure 3 in this table has been removed from the figure in
order to gain in clarity.

2.4 Nature of the interactions

We next wondered about the nature of the stabilizing interactions between the reac-
tant and the catalyst, i.e. whether the interactions are more of orbital or electrostatic
nature.

2.4.1 Non-covalent interactions

Figure 2.7 illustrates the non-covalent interactions between the foldamer and the
different substrates obtained by IGM and QTAIM methods (see section 1.14). Four
complexes were considered: a) the most stable structure of the nitroalkene on the
catalyst, binding on site [2] ; b) the most stable structure of the deprotonated
malonate on the catalyst, astride on the sites [1] and [2] ; c) the second most
stable structure of the deprotonated malonate, binding on the site [1]; d) the most
stable structure of the nitroalkene binding on site [2] and the malonate binding on
site [1].

The nitroalkene was found to bind to site [2] by means of two H-bonds, while a
region of Van der Waals interactions rises around the 3,5-bis(trifluoromethyl)phenyl
group (see Figure 2.7a). Differently, the malonate ester binds to the catalyst exclu-
sively using an array of H-bonds, i.e. five for the complex shown in Figure 2.7b and
two for the complex shown in Figure 2.7c. In any case, it is observed that the av-
erage interaction energy by hydrogen bond is about 4 kcal/mol, which is relatively
strong and would have predominantly an electrostatic nature, as generally observed
in biomolecules [81]. The results obtained with M06-2X were equivalent (see Figure
2.7d).
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(d) Nitroalkene [2] and deprotonated malonate [1]

aB3LYP-D3/6-31"+"G(d,p)
cM062X/6-31"+"G(d,p)

E(1) = -3.1
E(2) = -2.7

E(1) = -4.2
E(2) = -3.5
E(3) = -4.5
E(4) = -4.5

E(3) = -4.5
E(6) = -5.7

  Ea(8) = -4.2
Ea(11) = -1.9
Ea(12) = -2.9
Ea(13) = -5.9
Ea(14) = -3.8

  Eb(8) = -3.1
Eb(11) = -2.6
Eb(12) = -2.0
Eb(13) = -5.3
Eb(14) = -2.0

IGM QTAIM

Figure 2.7. Non-covalent interactions in the most stable conformations found
for the hexaurea foldamer 2 interacting with the substrates. Along with the
QTAIM analysis the H-bond binding energies E (in kcal/mol) deduced from
the electron density at the Bond Critical Point (BCP) following the method
proposed by Emamian et al. [219], and discussed in section 1.14 on page 32, has
been reported.
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2.4.2 Orbital interaction

Concerning the investigation of the orbital interactions and according to the Fron-
tier Orbital Theory [232], the energy of the HOMO of each substrate were com-
pared to the LUMO of the oligourea foldamer electron acceptor (see Figure A.3).
A HOMO(substrates) - LUMO(catalyst) energy gap of about 3.5 eV and 6 eV is
observed for the malonate and the nitroalkene respectively. This value is not sen-
sitively modified by the number of the residues of the foldamer (from monomer to
hexamer) as shown in Figure A.3, thus suggesting that the change of affinity be-
tween the substrates and the foldamer with respect to the number of residues is
not governed by orbital interactions. Although donor orbitals of the substrates and
acceptor orbitals of the catalyst are quite far in terms of energy, it is observed (not
depicted in the figure) a very small mixing between the orbitals of the two kinds that
cannot be ignored since the decrease of each HOMO energy of the substrates when
connected to the foldamer is about 0.45 eV . This decrease is constant whatever the
number of residues of the foldamer.

Furthermore, to evaluate the stabilization energy due to orbital interactions,
a Second Order Perturbation Theory Analysis of Fock Matrix in NBO Basis was
carried out in the 3-mer (which gives low selectivity [29]), 5-mer (which gives high
selectivity [29]), and 9-mer foldamers (which has not been studied experimentally
yet) interacting with both substrates (see Figure 2.8 and Table 2.2). It is observed
that the stabilizing interactions between the substrates and the foldamer are similar
in the three systems, with two exceptions localized in the trimer: O86 to N15–H16,
and O124 to N64–H65, which are ∼ 4 kcal/mol and ∼ 3 kcal/mol higher than
their corresponding in pentamer and nonamer, respectively. Disregarding those
two exceptions, only one interaction has a considerable stabilization energy due to
orbital interactions in the three systems, and it is localized in one of the two acceptor
dimethylmalonate’s oxygen (see for example the interaction between O128 and N34–
H35 in the pentamer of Figure 2.8b). Furthermore, it is interesting to point out that
the stabilizing interactions are constant and do not depend on the catalyst’s length.
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Figure 2.8. Numbering of the atoms involved in the NBO analysis presented in
Table 2.2.

Donor (i) Type Acceptor (j) Type E(2) [kcal/mol]

Trimer
O85 LP(2) N66-H67 BD*(1) 3.56
O85 LP(2) N15-H16 BD*(1) 0.22
O86 LP(2) N15-H16 BD*(1) 7.14
O124 LP(2) N64-H65 BD*(1) 4.15
O130 LP(1) N21-H22 BD*(1) 9.23

Pentamer
O160 LP(1) N38-H39 BD*(1) 0.93
O160 LP(2) N36-H37 BD*(1) 2.54
O161 LP(2) N36-H37 BD*(1) 3.06
O145 LP(2) N40-H41 BD*(1) 1.94
O128 LP(1) N34-H35 BD*(1) 10.26

Nonamer
O244 LP(1) N65-H66 BD*(1) 0.75
O244 LP(2) N63-H64 BD*(1) 3.01
O245 LP(2) N63-H64 BD*(1) 2.85
O229 LP(2) N67-H68 BD*(1) 1.88
O212 LP(1) N61-H62 BD*(1) 10.50

Table 2.2. Second Order Perturbation Theory Analysis of Fock Matrix in NBO
Basis for the 3-mer, 5-mer, and 9-mer foldamers represented in Figure 2.8. E(2)
is the energy of hyper conjugative interaction (stabilization energy), LP stands
for Lone Pair, and BD stands for bond (all related to the NBO nomenclature).

2.5 ESP and reactive behavior

The theoretical estimation of the interaction strength between substrates and the
foldamer, and the stabilization of charged intermediates arises from the evaluation
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of the electrostatic potential and some quantities statistically related to it [211] (see
section 1.14 on page 32 for more information). The ESP surfaces of the foldamers
as a function of their chain length (monomer, dimer, hexamer and dodecamer) and
their unfolded form are shown in Figure 2.9. A set of indexes that illustrates the
reactivity of the catalyst with respect to the number of its residues is also reported:
(i) the index of polarization (Π) which is the internal charge separation within the
molecule and is related to its dipole moment (Figure 2.9g), (ii) the minimum and
maximum value of the ESP (Figure 2.9h), (iii) the sigma indexes (σ2

tot) that are used
as indicators of the tendency of the molecule to interact by its positive (σ2

+) or its
negative (σ2

−) region (Figure 2.9i).

From Figure 2.9g, it is clearly seen that the polarization increase with the number
of residues when the catalysts is folded, while in the unfolded state it remains nearly
constant and weaker. The polarization difference in each case is directly related
to the intramolecular H-bonding cooperation between ureas, which is present in
the folded catalyst but not in the unfolded form. This highlights the importance
of the helical conformation. The Figure 2.9g also reveals three ranges of internal
charge separation: (i) from monomer to trimer in which the positive region of the
ESP surfaces encloses partially the binding sites [1] and [2], (ii) from tetramer
to heptamer for which the positive region fully enclose the binding sites and the
polarization is slightly higher, (iii) from octamer to dodecamer for which the positive
ESP region extends further outside the two reactive sites.

Furthermore the maximum value of the positive charge (see Figure 2.9h) which
is centered on site [1] increases form the monomer to dodecamer. About 70% of
the gain is reached for the tetrameric form and beyond in the series. This shows
that the electron acceptor character of the foldamer increases with the number of
residues and seems to extend beyond the site [1] and [2] for oligomers larger than
the heptameric form (see the red line in Figure 2.9i).

Before the end of this section, a few words on the conformational analysis of
the catalyst are pertinent, because a different conformation could change the elec-
trostatic profile and the reactivity properties. In fact, the 1-mer and the 2-mer
foldamers have been observed to be more stable when the second urea is oriented in
the opposite direction with respect to the first urea (see Appendix B). This behavior
is the consequence of the foldamer’s length: with just 3 ureas in the foldamer, the
third urea is connected to the first but the second is not connected to any other.
Then, the establishment of H-bonds between the carbonyl group of urea 2 and the
two NH of urea 1 will make the system considerably more stable. Note that in the
case of the 3-mer (tetraurea) this will not be the case, as the second urea will be
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(a) monomer ESP (b) dimer ESP (c) hexamer ESP (d) dodecamer ESP

(g) polarization (h) maximum and minimum (i) sigmas

(e) unfolded catalyst (f) unfolded catalyst ESP
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Figure 2.9. Catalyst electrostatic potential and related properties. Subfig-
ures a–d represent the ESP surfaces of various folded catalysts with different
chain lengths. Subfigures e and f represents the hexaurea 2 unfolded. Finally,
subfigures g–i show interesting ESP statistically based quantities for the folded
molecule, and for the unfolded oligomer when specified (see section 1.14 on
page 32 for more information on this statistically based quantities).

connected to urea 4.

Figure B.3 on page 109 clearly states that site [1] will be occupied, as usual,
for the dimethylmalonate, and site [2] by the 1(E )-3-methyl-1-nitrobut-1-ene, how-
ever the reaction pathway is considerably more complicated for the interaction, if
compared with the geometries analyzed in Figure 2.5. It is possible then to con-
clude that despite being the geometry with the first two ureas oriented in different
directions (↑↓) more stable than the geometry with the two ureas oriented in the
same direction (↑↑), the reactivity will also considerably decrease for the ↑↓ system.
Finally, the low reactivity and enantiocontrol observed in the experiment for the
1-mer and the 2-mer could probably be related to the orientation of the foldamer’s
first two ureas.
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2.6 HOMO-LUMO gap of the reactants

According to the Frontier Orbital Theory [232], the reactivity between an elec-
trophile and a nucleophile is governed by the HOMO-LUMO gap of the overall
system. On that point, the Figure 2.10 illustrates the evolution of the HOMO-
LUMO gap with respect to the number of the residues, when the reactants bind to
the catalyst.
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Figure 2.10. HOMO-LUMO gap behavior in the substrates as a function of the
catalyst chain length. The HOMO was calculated for the deprotonated malonate
ester (nucleophillic species), and the LUMO for the nitroalkene (electrophillic
species).

It is clearly seen that the gap significantly decreases with the introduction of the
catalyst in the system, from 5.21 eV to 2.74 eV , then it becomes nearly constant
from monomer to dodecamer. This suggest two important points (at least), first,
that the only presence of the 1-mer catalyst considerably lowers the HOMO-LUMO
gap between the substrates, facilitating the reaction. Second, the changes in reac-
tivity and enantioselectivity observed in the experiment [29], which were dependent
on the catalyst’s size, should not be related to its influence on the frontier orbitals of
the substrates positioned this way, as their gap is constant no matter the foldamer’s
number of residues.

2.7 Conclusions

In this chapter it has been reported the first computational insights into the
molecular recognition and catalytic properties of aliphatic N,N’-linked oligoureas
(foldamers) which together with achiral Brønsted base catalyze the addition of mal-
onate to nitroolefins at low loading (0.01–0.1 mol % in chiral catalyst). The present
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work reveals that the foldamer interacts with and activate simultaneously both re-
actants and not only the electrophile (nitroalkene) as could have been anticipated
when designing this synergistic catalytic system [29]. This computational analysis
shows that the nitroalkene is bound to the second site, whereas the malonate ester is
located at the first site, the two substrates being engaged in multiple H-bond inter-
actions. It is pointed out that the distance between the two reactive carbons in the
structures identified by the Global Optimization procedure were around 3.34Å and
4.23Å, specifically in the most stable arrangement the value was dCECNU

= 3.36Å.

Orbital and electrostatic interaction are of equivalent magnitude but only the
latter evolves with the size of the foldamer. The polarization of the foldamer was
observed to increase, due to the internal urea-urea cooperation of the foldamers re-
sulting from the helix conformation, which increases the capability to anchor the sub-
strates, unlike its unfolded form. Therefore, it can be concluded that non-covalent
interactions are predominant in the systems catalytic properties, similarly to the
peptides and enzymes in which these foldamers are inspired on.

Finally, our analysis reveals that the reactivity of the reactants should increase in
the presence of the catalyst as the difference between the highest occupied molecular
orbital of the nucleophile (malonate) and the lowest unoccupied molecular orbital
of the electrophile (nitroalkene) decreases by 2.47 eV when the catalyst is added,
and place in a better suited position for the reaction to take place.

Overall, these results open the possibility of further designs and improvements
useful to expand the scope of foldamer catalyzed reactions. In this respect, molecular
modeling of energetic profile from localisation of the corresponding transition states
to estimate the enantiocontrol of C-C bond forming reaction between (1E )-3-methyl-
1-nitrobut-1-ene and dimethylmalonate, in presence of the oligourea foldamer cata-
lyst, and as a function of its chain-length, is still needed and will be reported in the
next chapter.
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Chapter 3

Modelling of the energetic profile

The objective of Chapter 3 is to inquire the structures identified during the molecular
recognition processes about the transition states of the systems, therefore obtaining
a picture of their energetic profile. Starting from the reactants geometries, enan-
tiomers R and S will be identified, to further compute the products of the reaction
(see Figure 3.1). This data allows to obtain the activation energy and the reaction
enthalpy, values defining the predominance of one enantiomer over the other, and
the stability of the products, respectively. This information is closely related to the
catalytic properties of the studied foldamers.

TSR

TSS

R

S

Reactants

Transition states Products

ee%

Figure 3.1. Schematic representation of the steps carried out during the mod-
elling of the energetic profiles. In this case the hexaurea foldamer is represented,
and the protonated triethylamine achiral base has not being depicted for the
sake of clarity.
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3.1 Introduction

The efficacy of an asymmetric catalyst in its function as supporter in the formation
of one enantiomer over the other is directly related to the system transitions states,
and thus to the system non-covalent interactions, which of course are crucial in the
area of non-covalent asymmetric organocatalysis [47, 82, 193]. A comprehensive
exploration of the system’s non-covalent interactions has been presented in Chapter
2, and then the computational analysis of the energetic profiles will be the main
topic of the present chapter.

From a computational point of view, the determination of the relative energies
of the transition states of the possible reactive pathways that bring the reactant to
become products is a needed study when investigating asymmetric catalysis. The
activation energy barrier is the measurement computational chemists frequently em-
ploy in order to discriminate between different probable reaction pathways proposed
by chemical intuition or obtained from previous computations. This barrier deter-
mines which enantiomer will be favored in the reaction, therefore, it is closely related
to the experimentally obtained enantiomeric excess (ee %). However, the identifica-
tion of the transition state of a reaction is not always a straightforward task.

As discussed at the end of section 2.1 on page 42, normally the most difficult
part of determining the transition states of a reaction from a computational point
of view is finding its geometry and identifying the path by which the reaction oc-
curs. Nevertheless, this task is considerably facilitated with the determination of
the reactants by a Conformational Search and/or a Global Optimization analysis.

Following the description of the foldamer-substrates molecular recognition pro-
cesses and the identification of the key geometries of the reactants in Chapter 2,
the molecular modelling of the energetic profile is considerably smoothed. From the
geometry of the reactants, and in some cases also the products, several methods
have been implemented in commercially available Computational Chemistry pack-
ages to find the transition states from this information. For example, in Gaussian
16 Rev. C.01 [141] it is possible to request an optimization to the transition state
of a geometry rather than to the local minimum, using the Berny algorithm [139].
Then, knowing the reactants and with some chemical intuition to predict a close
geometry to that of the real transition state will suffice to find it. Also, two different
approaches of the STQN method [187, 188] are available, named QST2 and QST3.
Further details on the description of these methods will be provided in section 1.12
on page 29.

Finally, to obtain a computational estimation of the relative activation energy
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barriers characteristics of enantiomers R and S, and their correspondence with ex-
perimental results, the analysis should not be constrained to the hexa- and hepta-
ureas, but ideally extended to a larger range of foldamers to identify the foldamer
length/catalytic performance relationship observed experimentally. In this study,
the foldamers from 1-mer to the 9-mer will be analyzed (see Figures A.1 and A.2),
which will consequently provide an estimate of the enantiocontrol of the C-C bond
forming reaction between (1E )-3-methyl-1-nitrobut-1-ene and dimethylmalonate in
presence of the foldamer catalyst/achiral Brønsted base catalytic-binary system as
a function of the number of residues of the foldamer.

3.2 The chemical model

As described in the introduction of this chapter, the catalysts from 1-mer to 9-mer
will be taken into account in the exploration of the energetic profiles, with the objec-
tive to identify how the number of residues in the foldamers influences its catalytic
properties. This means that the 9 reactant structures have to be optimized, and
additionally for each enantiomer, 9 scan of the characteristic C-C bond coordinate,
followed by the transition state search and the optimization to the products has
to be carried out. The computational resources consumed by such benchmark of
calculations could be considerably high. For this reason, a methodology with simi-
lar energies and reduced computational time to that so far employed in Chapter 2
would be desired.

Several models have been tested searching for a better suited methodology to
carry out the computations. For example, computing the systems with B3LYP in
the reactive region and a semi-empirical (and in other cases MM) method in the
remainder residues of the foldamer. The results of this inquiry can be found in
Appendix C on page 115. There, it was concluded that the model which provides
accurate enough energies (error / 2 kcal/mol) and at the same time saves over the
60% of the computational time is that when the reactive region of the system is
computed with B3LYP-D3/6-31G“+”(d,p) and the rest of the catalyst is computed
with PM6. In Figure 3.2 it is represented with tubes the reactive region of the
system computed by DFT, while the part drawn by lines is computed with PM6.

Concerning the identification of the enantiomers produced by the asymmetric
catalyst in the studied reaction, the enantiomer R transition state geometry for the
C-C bond formation between (1E )-3-methyl-1-nitrobut-1-ene and dimethylmalonate
is represented in Figure 3.3a, and the enantiomer S is represented in Figure 3.3b.
These geometries were obtained following the proceedings discussed in section 1.12:
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QM part

SE part

Figure 3.2. Representation of the chemical model used in the investigation of
the energetic profiles characteristic of the reaction between substrates (1E)-3-
methyl-1-nitrobut-1-ene and dimethylmalonate in the presence of the catalyst
hexaurea 1 and the triethylamine achiral base.

scaling towards the TS from the reactants geometry using the C-C coordinate scan.

3.2.1 Conformational search

Despite the Global Optimization procedure used in Chapter 2 provided a structure
which can be considered the global minimum of the system, it undoubtedly failed
in the exploration of the conformational space of the molecules involved, because
this goes out of the code’s scope. However, when dealing with molecules with such
high amounts of single bonded dihedral angles as the foldamers, which has plenty
side-chain alkyl functional groups, a conformational analysis on top of the struc-
tures identified by the Global Optimization is usually necessary. Nevertheless, in
this specific case, the side chain functional groups of the foldamers do not interact
with the substrates. Additionally, the transition states and products of the two
enantiomers were started in each case from the same reactant geometry, meaning
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(a) Enantiomer R (b) Enantiomer S

Figure 3.3. Representation of the transition states leading to the enantiomers
obtained by the reaction between (1E)-3-methyl-1-nitrobut-1-ene nitroolefin and
dimethylmalonate in the presence of the triethylamine and the catalyst hexaurea
2.

that the relative energies will be determined with the same rotamers of the side-
chain functional groups for both enantiomers. These two points open the possibility
to reduce the conformational search analysis of each foldamer treated, which is a
considerably large work to do, to (i) the functional groups of the foldamers which
actually interact with the substrates, and (ii) to the backbone of the foldamer.

Rotamers of the phenyl group

In the first place, the functional group which indeed interacts with the sub-
strates and influences its positioning in the foldamer surface is the 3,5-
bis(trifluoromethyl)phenyl. To study the different possible rotameric forms of this
phenyl group, a scan of the pertinent dihedral angle have been carried out with
and without the substrates in section B.4 on page 111 of the Appendix B. It was
obtained that for the reactants, the foldamer rotamer where the phenyl group is
perpendicular to its helix axis is the most stable (see Figure B.7a), and thus it has
been selected in all computations hereafter carried out for the reactants. For the
transition states, on the other hand, the foldamer rotamer with the phenyl group
parallel to its helix axis was found to be the most stable (see Figure B.7b), and
therefore has been selected in the computations of transition states in this chapter.
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Conformers of the foldamer’s backbone

Concerning the different conformations of the backbone of the foldamers, they have
been carefully studied in Appendix B. It was found that in the case of the 1-mer
(section B.2) and the 2-mer (section B.3), the most stable structures were obtained
when the first and second ureas of the foldamers were oriented in opposite directions
(↑↓), in such a way that the carbonyl group of the second urea was connected by
means of H-bonds to the NH groups of the first urea (see Figures B.2 and B.4 for
the 1-mer and the 2-mer, respectively). Of course, this is a consequence of the fact
that the second urea does not establish H-bonds with any other urea when its NH
groups are oriented towards the same direction of the NH groups of the first urea
(↑↑). Therefore, in the ↑↓ conformation two new H-bonds are established, which
will considerably decrease the energy of the systems.

Furthermore, it was also identified that in the case of the 3-mer, the ↑↓ conformer
will no longer be the most stable, as in that case the foldamer would be four ureas
long, enough to establish H-bonds between ureas 1 and 3, and 2 and 4, leaving no
urea unconnected in the helix.

Additionally, at the end of section 2.5 on page 52 in Chapter 2, it was proposed
that probably the low reactivity found in the 1-mer and 2-mer foldamers in the ex-
periment could be related to the difficult approximation pathway of the reactants in
the ↑↓ conformation (see Figures B.3 and B.5 for the 1-mer and 2-mer, respectively).
Then, finding the transition states would be extremely difficult for the 1-mer and
2-mer in the conformation ↑↓, and it will certainly be different than the transition
state found for the 3-mer, 4-mer, 5-mer, etc., which posses an ↑↑ conformation.

Also, the conformation ↑↑ was around 8 kcal/mol (1-mer) and 12 kcal/mol

(2-mer) higher in energy than the ↑↓ one. However, with the addition of the sub-
strates these energy discrepancies considerably decreased, becoming 3.29 kcal/mol

and 0.27 kcal/mol for the 1-mer and the 2-mer, respectively. Based on these low
energy differences, it was then decided to include in the analysis of the transition
states the 1-mer and 2-mer of the conformation ↑↑.

3.3 Energetic profile of the catalyzed reaction

The reaction here studied (see Figure 2.1 on page 39) are exothermic, as can be
clearly seen in the enthalpy of reaction in Figure 3.4a. In general, the enantiomer
S has lower energy (∼ 1 kcal/mol) than the enantiomer R throughout the series of
foldamers, with a slight increase of the gap in the 3-mer which is around 3 kcal/mol
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lower.

Concerning the activation energy (Ea) —and therefore the enantiocontrol—, it
was obtained that foldamers larger than the tetraurea will present high enantiocon-
trol, whereas from 1-mer to 3-mer the enantiocontrol should be considerably reduced
(see Figure 3.4b). These results are deduced from the difference in Ea between enan-
tiomers R and S: the enantiomer R has lower Ea barrier than the S, therefore being
favored. Furthermore, observe that in the case of the 1-mer and 2-mer the acti-
vation energy is lower for the enantiomer S, which represents a discrepancy with
the experiment [29] because the enantiomer R has always been measured to be pre-
dominant in the mixture. However, it has to be remembered that the 1-mer and
2-mer foldamers here reported are those with the ↑↑ conformation (see discussion
at the end of section 3.2.1 on the previous page). To avoid misunderstandings, their
estimation has been represented with dashed lines hereafter.
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Figure 3.4. Reaction enthalpy and activation energy of the studied systems as a
function of the foldamer’s number of residues. The S4 energy values correspond
to the top-right configuration in Figure 2.5.

Moreover, a single point computation for each B3LYP-D3 activation energy re-
ported in Figure 2.5 was carried out with the M06-2X functional, keeping unchanged
all other variables. Then, an activation energy confidence region was built with both
results (see Figure 3.5). The M06-2X functional provided lower values of activation
energy, but with exactly the same trend. This filled picture further highlights the
exceptional catalytic properties of these foldamers when formed up by 5 or more
ureas, and the low enantiocontrol obtained with shorter backbones.

With the values of activation energy barriers, the next logical step is to estimate
form a theoretical point of view the enantiomeric excess (ee) values and compare
them with those experimentally obtained. To that end, one can use equations (3.1)
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Figure 3.5. Region between the values of activation energy obtained using
B3LYP-D3/6-31“+”G(d,p) and a single point from those optimized structures
with M06-2X/6-31“+”G(d,p).

and (3.2), as described by Wåhlander et al. [109]

%ee =

(
kR
kS
− 1

)
(
kR
kS

+ 1

) (3.1)

k =
kbT

h
exp

(
−∆Ea
RT

)
(3.2)

being kb the Boltzman constant, R the molar gas constant,1 h the Plank constant,
and T the temperature of the system under investigation.

However, when Ea differences larger than 1 or 2 kcal/mol are observed between
the enantiomers, the ee values will always be > 99% following equation (3.1). These
large differences in Ea are due to the fact that the accuracy of relative energies
continues to be a challenge for computational chemistry [233]. The application
of DFT to molecular systems of practical interest usually raises questions on the
appropriateness of the functional and the size of the basis set, with other topics,
such as solvation models or free energy corrections often being considered. Despite in
this work all the possible error sources mentioned in the previous sentence have been
carefully treated, activation energies close to 5 kcal/mol were obtained for foldamers
larger than the pentaurea, which will result in ee = 100%. Note that, although the
results here presented are not perfect, they do provide a pertinent description of the
enantiocontrol resulting from employing these foldamers as catalysts in the studied

1Note that the R in the parameter kR refers to the enantiomer R and not to the molar gas
constant.
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asymmetric reactions.

Additionally, the transition states of the configuration S4 depicted in Figure 3.6,
which also presented a suitable reaction pathway, were investigated with the hexau-
rea as catalyst (see points labeled as S4 in Figure 3.4b). It was obtained that not
only the activation energy barrier is higher for both enantiomers in this case, but
also the enantiomer S is favored in this situation, which is contrary to the experi-
mental experience. These results support the structures obtained by applying the
Global Optimization procedure in section 2.3 on page 43, specially those reported in
Figure 2.5 on page 45. Therefore, it is possible to conclude that the global minimum
found for the foldamer-substrates-achiral base catalytic system will probably be the
geometry adopted in the real chemical system.

dCECNU = 3.69 A 

dCECNU = 4.23 A 

dCECNU = 3.43 A 
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gy
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Figure 3.6. Summary of the possible structures identified for the system under
investigation (see complete information in Figure 2.5 on page 45 in Chapter 2).

Finally, it has to be pointed out that accordingly to the values of activation
energy presented in Figure 3.5, large foldamers as the 8-mer and the 9-mer should
also perform correctly in the catalysis of the studied reactions. However, unpublished
results obtained experimentally by the group of Gilles Guichard at the University
of Bordeaux show that the 9-mer presents enantiocontrol and reactivity as low as
the 2-mer and 3-mer. This behavior could be related to the appearance of new
sites in the electrostatic potential surface others than sites [1] and [2], which
would attract one of the substrates, thus lowering the catalytic performance of the
foldamer. Observe how in Figure 2.9(d) the ESP positive region encloses a larger
portion of the foldamer outside sites [1] and [2].
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3.4 Cis conformation of the nitroalkene

We next investigated the Cis conformation of the nitroalkene studied so far, despite
this conformer was never used in the experiments. Although the analysis of this
conformation is not the general objective of this manuscript, it could be interesting
to inspect how a change in the conformation of the nitroalkene could influence the
outcome of the catalyzed reaction. Finally note that the Cis conformation of the
nitroalkene will be treated exclusively within the limits of this section.

(a) (Cis) Enantiomer R (b) (Cis) Enantiomer S

Figure 3.7. Representation of the enantiomers obtained by the Cis conformation
of the nitroalkene nitroolefin when reacting with the dimethylmalonate in the
presence of the triethylamine and the catalyst hexaurea 2. Only the substrates
are highlighted, but just to gain in clarity.

Figure 3.7 shows the geometry of the cis conformation of the nitroalkene, and
the disposition of both reactants in the catalyst surface in the transition states
geometries leading to enantiomers R and S.

It was found that the enantiomer S is considerably favored over enantiomer
R in both kinetics and thermodynamics. The stability of the products is around
7 kcal/mol higher in the enantiomer S than in the R, as can be observed in Figure
3.8a. Besides, the activation energy difference between enantiomers R and S is
∼ 8 kcal/mol, favoring the formation of S (see Figure 3.8b). Finally, it is interesting
to note that when the conformer Cis of the nitroalkene is employed in the reaction,
the enantiocontrol provided by the foldamers could be elevated, and the enantiomer
S will be probably favored no matter the chain length of the foldamer.

These results are quite interesting, because if the enantiomer S of this compound
were the target in some application, and the Cis configuration of the nitroalkene
could be purchased and used, probably the employment of the catalytic binary
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Figure 3.8. Reaction enthalpy and activation energy of the Cis conformation
of the nitroalkene when reacting with the dimethylmalonate in the presence of
the triethylamine and the catalysts. In this case the Cis conformation of the
(1E )-3-methyl-1-nitrobut-1-enewas taken into account.

system of the foldamers and the triethylamine as achiral base would lead to an
excellent enantiocontrol.

3.5 Analysis of the system geometry

Despite the gap between the activation energies obtained theoretically being in agree-
ment with the enantiocontrol obtained experimentally (see section 3.3 on page 61),
the identification of the factors making these foldamers exceptionally enantioselec-
tive is missing from the analysis at this point. The purpose of the present section is
to identify and carefully analyze key geometrical parameters of the foldamers and
the substrates. Parameters describing the (i) interaction between the reactants, (ii)
the interaction of the substrates with the catalyst, and (iii) the disposition of the
residues of the foldamers in the helix will be measured.

3.5.1 Distance between the two reactive carbons

When the distance between the two reactive carbons is measured as a function of
the number of residues in the transition states geometries, in the enantiomer R it is
observed a decrease in value which is coincident with the increase in enantiocontrol
of the foldamers (see Figure 3.9). Thus, a clear correlation is present between the
activation energy and the C-C distance in the enantiomer R. This happens because
the closer the transition state C-C distance to that in the product, the easier the
reaction will proceed. For the enantiomer S, on the other hand, the C-C distance
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increases for the 4-mer and larger foldamers, suggesting that the reaction pathway
could be more difficult than in the case of the enantiomer R.
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Figure 3.9. Distance evolution as a function of the number of residues of the
two reacting carbons in the TS for the enantiomers R and S. In the right, a
schematic representation of the reported value.

Furthermore, if the difference between the C-C distance of the enantiomer S and
the enantiomer R is taken (reported in gray in Figure 3.9), a profile coincident with
the enantiomeric excess (ee) reported by Bécart et al. [29] and the enantioselectivity
theoretically reported in section 3.3 on page 61 is obtained. Although these results
do not explain the basic mechanisms leading to the enantiocontrol of the foldamer,
they clearly show that the enantiomer R transition state will be favored by 0.5Å in
the C-C distance over the enantiomer S, which will probably influence the foldamer’s
ability to produce one or the other enantiomer.

3.5.2 Distances between the substrates and the foldamer

We now investigate the relation of the interactions substrates/foldamers with the
enantiocontrol. To that end, the stabilizing H-bonds established between the cat-
alyst and the substrates were characterized by measuring their corresponding dis-
tances as a function of the foldamer’s length (see Figure 3.10). Note that the name
MC makes reference to the interactions between the malonate (M), and the catalyst
(C), the same being applied for the interactions (NC) between the nitroalkene (N)
and the catalyst.

It was obtained that whether in the interactions involving the nitroalkene or
those of the malonate, the transition state of the enantiomer R present smaller
H-bonds distances, therefore stronger stabilization.
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The stabilization resulting from shorter MC and/or NC distances increases for
foldamers larger than the trimer, and it is reflected by the gray curves in the bottom
of each figure. These gray curves are obtained from the subtraction of the distances
of enantiomer S with its corresponding distance in the enantiomer R. The greater
the value of the gray curves, the more favored the enantiomer R should be. Thus,
one more time, it is obtained that the foldamers from 1-mer to 3-mer are disfavored
in transition states stability if compared to the larger foldamers, which seems to be
correlated with the enantiocontrol.
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Figure 3.10. Measurement of interesting distances in the foldamers as a function
of the number of residues, in the transition state geometry.

3.5.3 Geometrical analysis of the foldamers

Finally, we investigate how could the interactions between the substrates and the
catalyst be determined by the geometry of the foldamers alone. In Figures 3.11a,
3.11b, and 3.11c it is represented the transition states geometry of the tetraurea
resulting in the enantiomer R, the heptaurea resulting in the enantiomer R, and the
heptaurea resulting in the enantiomer S, respectively.
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First, let’s compare the 3-mer (R) with the 6-mer (R). In the 3-mer (R), the
NH groups of the first two ureas are closer, and it seems the consequence of a slight
counterclockwise rotation of the first urea. As result, the foldamer has less space
on site [1] to accommodate the malonate without generating hindrance with the
nitroalkene. Additionally, as a result of the previous point, the malonate is farther
from the foldamer, which could decrease the interaction strength between them, and
thus the stabilization of the system. For those reasons, the transition state leading
to the enantiomer R will be probably favored to a greater extent over the enantiomer
S in the 6-mer than in the 3-mer.

Now let’s compare the 6-mer (R) with the 6-mer (S). The NH groups of the two
ureas are closer one to the other in the case of the 6-mer (S), despite it is not as clear
as in the case of the 3-mer (R). However, the remarkable difference is the position of
the substrates on the catalyst surface. In the 6-mer (S), the nitroalkene’s acceptors
has moved towards the first urea, and the malonate has completely dissociated from
the catalyst (see distance MC1 (S) in Figure 3.10b). This behavior will inevitably
result in a less stable transition state structure for the case of the 6-mer (S), and
thus the increase in activation energy.

(a) 3-mer (R) (b) 6-mer (R) (c) 6-mer (S)

Figure 3.11. Geometrical analysis of different catalysts and substrates (TS).
The foldamers have been represented with only two ureas for the sake of clarity
in the figures.

Overall, the most favored geometry of the transition states seems to be that
of the 6-mer (R), which is reflected in the energetic profiles presented in Figure
3.4 by being superior in enantiocontrol over the two others. This aspect can be
correlated with the strength of the H-bonds established between the foldamer and
the dimethylmalonate: the greater the ability of the catalysts to strongly bind the
dimethylmalonate on site [1], the better the enantiocontrol should be. Note that the
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strength of the H-bonds in site [1] can be measured experimentally and estimated
theoretically by means of the pKa, which will be reviewed in detail in Chapter 4.

Distance between the first two ureas

Nevertheless, it is possible to quantitatively measure the qualitative observations
made around Figure 3.11. For example, (i) the distances between the midpoint of
the NH groups in the first two ureas (dHH−HH) will describe how much closer is one
to the other, i.e. how much is the first urea rotated counter- or clockwise, and (ii)
the distance between the two oxygen atoms of the carbonyl groups in the first and
second ureas (dO−O), which should behave inversely to dHH−HH.

As previously discussed, it is probable that the closer the NH groups of the first
two ureas are, the less favored the transition states should be due to the reduction
of the space to accommodate the substrates on the foldamer (small dHH−HH), and
the consequent loss of interactions between the malonate and the foldamer. Figure
3.12b reflects that from 1-mer to 3-mer the enantiomer R will posses a smaller —
and thus unfavorable— distance between the ureas, whereas from 4-mer to 9-mer the
game completely changes and the ureas split apart, facilitating the accommodation
of both substrates. Therefore, the transition states structures should be more stable
in the later range, and higher the enantiocontrol.

The urea-urea distance in the enantiomer S, on the other hand, remains nearly
constant. This, in combination with a careful study of Figure 3.11c, suggests that in
the case of the transition states geometry of the enantiomer S the distance between
ureas does not influences the enantiocontrol of the foldamer. Of course, as the
malonate has completely dissociated from the foldamer, no matter how much space
can sites [1] and [2] grant, it will not be able to use the NH donors to establish
stabilizing H-bonds.

Finally, note how the distance dO−O in the transition states geometry of both
enantiomers has a tendency to decrease in value as the number of residues of the
foldamers increases, meaning that more space is created in the reactive region by
larger catalysts (see Figure 3.12a). However, it is interesting to highlight how both
distances dHH−HH and dO−O in the enantiomer S are smaller than in enantiomer
R, suggesting that both, the Oxygen atoms of the carbonyl groups of the first two
ureas of the enantiomer S, and also the NH groups are closer one to each other. This
means that not only the dihedral angle defining the counter- or clockwise rotation
of the first urea is involved in the process, but also the angle defining the distance
between them.



3.6. Analysis of the system NCI 71

1 2 3 4 5 6 7 8 9
Number of residues

3.8

4.0

4.2

4.4

4.6

d O
O 

[Å
]

Enantiomer (R)
Enantiomer (S)

(a) dO−O

1 2 3 4 5 6 7 8 9
Number of residues

2.8

3.0

3.2

3.4

3.6

d H
H

HH
 [Å

]

Enantiomer (R)
Enantiomer (S)

(b) dHH−HH

R

dHH-HH

dO-O

(c) Schematic representation of the distances

Figure 3.12. Distances between the mid points of the NH groups of the first and
second ureas, and their Oxygen atoms, as a function of the foldamer’s number
of residues, in the transition states geometries.

3.6 Analysis of the system NCI

In addition to the geometrical analysis developed in the previous section, an in-
vestigation of the stabilizing non-covalent interactions between the substrates and
the foldamers could lead to interesting and complementary findings. This is the
objective of the next few paragraphs.

A QTAIM study has been carried out in the structures reported in Figure 3.11.
In agreement with the geometry and distances analysis made with them, it is the
6-mer (R) the transition state which posses more stabilizing interactions between
the substrates and the foldamer (see Figure 3.13). The other two structures are
considerably disfavored with only 2 and 3 H-bonds, all of which are between the
nitroalkene and the catalyst.

If the H-bonding interaction energies reported in Figure 3.13 were summed up,
it could be a measure of stabilization between the substrates and the foldamers.
However, it would not be a rigorous value as many other interactions would be
missing. On the other hand, the IGMPlot code [197, 234–236] proposes the Grid
Integration Score (GIS) quantity as a measure of stabilization energy between two
fragments of a system. The greater the GIS value, the stronger the stabilization
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Figure 3.13. QTAIM analysis and related H-bond binding energies E deduced
from the electron density at the Bond Critical Point (BCP) following the method
proposed by Emamian et al. [219] and discussed in section 1.14 on page 32.
Values of E are in kcal/mol.

resulting from non-covalent interactions.

The descriptor δg represents locally the difference between a virtual upper limit
of the electron density gradient (∇IGM

ρ ) representing a non-interacting system, and
the true electron density gradient of the system ∇ρ (see [197] for more theoretical
details on the Integrated Gradient Model electron density reference model). With
δg, the GIS can be defined by the following equation:

GIS =

∫
δginter dV (3.3)
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Figure 3.14. Grid integration score as a measure of stabilizing energy coming
from non-covalent interactions between two fragments of a system. It has been
computed with the IGMPlot code.
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Figure 3.14a shows the GIS values as a function of the number of residues in the
foldamer for enantiomers R and S, with the defined interacting fragments drawn in
Figure 3.14b (substrates interacting with the reactive region of the catalyst). As
depicted for the enantiomer R, the systems in the 4-mer to 9-mer range present high
values of GIS, meaning they have a strong stabilization coming from non-covalent
interactions. The shorter catalysts will produce less stable configurations. This
trend has been repetitive throughout the analysis of the activation energies, the
geometrical parameters, and now the non-covalent stabilizing interactions studied
in this chapter, being highly correlated with the experimental enantiocontrol. For
the enantiomer S, on the other hand, the stabilizing interactions posses lower —and
almost constant— value than those of the enantiomer R.

3.7 Conclusions

The chapter here concluding revealed for the first time a theoretical estimation of the
enantiocontrol provided by 1-like catalysts in the reaction between (1E )-3-methyl-
1-nitrobut-1-ene and deprotonated dimethylmalonate. The pentaurea was identified
to be the turning point: shorter foldamers will present low enantiocontrol, and
larger foldamers will provide high enantiocontrol. These results are in agreement
with the experimental measurements, and support the structures found by Global
Optimization procedures in Chapter 2.

Several methodologies were tested to carry out the computations, and it was
observed that the combination of B3LYP-D3/6-31G“+”(d,p) with PM6 is viable to
considerably save time and computational resources, while obtaining deviation of
around 2 kcal/mol with respect to computations carried out entirely with B3LYP-
D3/6-31G“+”(d,p).

The results discussed around the energetic profile were coincident with the ex-
periment. Besides, several analysis of key geometrical parameters were carried out,
and a correlation between them and the enantiocontrol was identified. The distance
between the two reactive carbons is favored (shorter) for the enantiomer R, and dis-
favored (larger) for the enantiomer S. This supports the possibility that enantiomer
R will be predominant in the mixture over enantiomer S, as the reaction path should
be easier in the former.

Furthermore, when looking at the interactions of the substrates with the
foldamers in the transition states geometries, it was identified that the catalysts
which have the first and second ureas more separate one from the other also posses
higher enantiocontrol. This behavior may be linked to a greater space created be-
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tween sites [1] and [2], which would decrease the steric hindrance between the
substrates, and therefore increase their stabilizing interactions with the foldamer.
Note how the space created in sites [1] and [2] is correlated to the strength of
the interactions between site [1] and the dimethylmalonate, which is ultimately the
substrate affected by a reduced space in the reactive region.

Moreover, it can be also concluded that the cooperation between ureas internally
in the helix seems to emerge as a quite important parameter to look at when studying
enantiocontrol in these foldamers. As observed in the case of the first urea for short
foldamers, it tends to rotate counterclockwise, reducing the space in the reactive site
to accommodate the substrates. Then, the stronger the attachment of each urea,
but mainly the first two, to the internal ureas cooperation in the helix, the more
difficult it should be for it to rotate clock- or counterclockwise. For example, in
the tetraurea only urea #4 is connected to urea #1, and only urea #3 is connected
to urea #2; extending the analysis to the pentaurea, two residues are connected to
urea #1, and only one residue is connected to urea #2. This suggests that maybe
a certain number of residues are needed to strongly enough attach the first and
second ureas in a suitable position to receive the substrates, leading one more time
the analysis to a relation between enantiocontrol and the strength of the H-bonds
that the catalyst would be capable to establish, mainly with the dimethylmalonate.

As direct consequence of the geometrical parameters, which are considerably
favored for the enantiomer R, the stabilizing non-covalent interactions established
between the substrates and the foldamers are higher for enantiomer R in the pen-
taurea to decaurea foldamers.

These results in combination with the Molecular Recognition between substrates
and catalyst provide deep insights about the basic processes ruling these catalytic
systems. Many of the ideas developed in the experimental work have been supported
by our computations, and at the same time many of the observation discussed in
our computations find foundation on the experimental results.
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Chapter 4

Introducing changes to the foldamer

The insights gained into the catalytic properties of aliphatic N,N’-linked oligoureas
like 1 in Chapters 2 and 3 allow a better understanding at the atomistic level of
their capabilities and a rationalization of their performance. It is then possible, by
modifying the nature of the atoms and the functional groups at punctual locations of
the foldamers, to tune the key parameters influencing the enantiocontrol (see Figure
4.1). The objective of the present chapter is to move a step further, employing the
tools of computational chemistry in the field to go from rationalization to molecular
design.
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Figure 4.1. Modifications made to the foldamer 1 with the objective to vary
the acidity of site [1], and consequently investigate the influence of its catalytic
properties.
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4.1 Introduction

The investigation of the catalytic properties as a function of small structural mod-
ifications is a common practice in the development of new and improved catalysts
[237, 238]. More specifically, in the systems investigated by Bécart et al. [29] a
rationalization study was carried out by modifying the sites [1] and [2], and the
related side-chain functional group in the foldamers, obtaining many interesting hy-
potheses to work with in their studies. Just to mention some, the second urea of
the foldamer was blocked, and as consequence the enantiocontrol and yield consid-
erably decreased, thus the site [2] was identified to posses a great importance in
the catalytic performance of these oligomers. Precisely the role and importance of
the second urea in the system has been extensively discussed in this manuscript,
throughout a comprehensive description of the foldamer-substrates interactions (see
Chapter 2).

Another interesting modification was the substitution of the Oxygen atom in the
first urea of the foldamer by a Sulfur atom (see foldamers 3 and 3a in Figure 4.2).
This replacement of a urea by a thiourea was supposed to improve the enantiocontrol
and reactivity of the foldamers, due to the acidity increase in the reactive region
and the consequent increment of the donor character of site [1]. However, despite
foldamer 3a was observed to perform well, it was overall less effective than foldamer
1.

Furthermore, the use of isothioureas, isoureas, and isoselenoureas has been widely
explored by Smith and coworkers in asymmetric catalysis (see the review Bitai et
al. [239], for example). In the enantioselective conjugate addition of simple ni-
troalkenes to α, β-unsaturated aryl ester Michael acceptors, they have observed
that the isoureas gave a racemic conjugate addition product. Isothioureas and
isoselenoureas, on the other hand, performed well with ee above 95% and yields
∼ 55%. Nevertheless, the isoselenoureas presented a drastic increase in reac-
tion rate (t1/2 = 8min) relative to the same reaction catalysed by an isothiourea
(t1/2 = 145min). Based on these results, the substitution of the Oxygen atom in
foldamer 2 by a Selenium atom will also be taken into account in our investigation,
despite the catalysts analyzed by Smith and coworkers are quite different than those
here studied (see foldamer 4 in Figure 4.2).

These modifications are expected to influence the acidity of the first site of the
foldamers, and thus its donor character towards the binding of dimethylmalonate.
Nevertheless, recall from Chapter 3 that it was the malonate which largely suffered
from a reduced space in the reactive region of the foldamers, therefore, the rear-
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rangement of the helix to accommodate bigger atoms than Oxygen could lead not
only to variations of the site’s pKa, but also the distances between the first and
second ureas (dO−O and dHH−HH).
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Figure 4.2. Modifications made to foldamer 1 in order to investigate their
influence on the enantiocontrol and reactivity.
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With that in mind, it was also design the study on how changes not just in the
first urea group, but also on the first side-chain functional group, could influence the
catalytic properties of the foldamers. The first side-chain group was substituted by
others with larger capacity to attract electrons to it: (i) a CF3 group, (ii) a N(CH3)2

group, and a benzyl group. In all cases, it is expected that the substitution is going
to induce a displacement of electrons from the first urea to the substituent group, and
thus modify the acidic character of the first urea. An increase in the H-bond donor
character of the first urea could strongly bind the deprotonated dimethylmalonate,
which would facilitate the formation of enantiomer R. Note that enantiomer S should
not benefit from this changes because its transition state geometry presents poor
interaction between the first urea and the deprotonated dimethylmalonate.

The following sections present the results obtained for each modification pro-
posed in the above paragraphs and some others represented in Figure 4.2.

4.2 Replacing Oxygen by Sulfur and Selenium

As Sulfur and Selenium are bigger atoms than Oxygen, some geometrical modifica-
tions are expected in sites [1] and [2] of foldamers like 3 and 4 when compared
to 1-like.1 In fact, a slight decrease in catalytic performance was observed in the
experiment [29] when they substituted 1 by 3, and it was attributed precisely to a
possible structural change.

Energetic profile

It was observed in our computations that with the introduction of the Sulfur atom,
from a thermodynamic point of view, both enantiomer R and S are exothermic (see
Figure 4.3a). Also, note that the reaction enthalpy is around 2 kcal/mol lower for
3-like foldamers (thiourea in site [1]) than for 1-like (urea in site [1]).

The activation energy barrier for foldamers like 3, on the other hand, posses
a profile more irregular than foldamers like 1, the latter characterized by a larger
and continuous gap between activation energies of enantiomers R and S which is not
present in the former (see Figure 4.3b). Nevertheless, the enantiomer R appears to be
favored over the enantiomer S also for foldamers like 3, and thus the enantiocontrol
obtained from their use should be satisfactory, but lower than in foldamers like 1

1Hereafter, the phrases “foldamers like n” or “n-like foldamers” refer to variations in the length of
foldamer n, being n one of the foldamers presented in Figures 2.2 and 4.2. For example, a foldamer
like 3 is the foldamer 3a (and vice versa), because the only change is the addition (removal) of a
residue at the end, thus changing from 5-mer (6-mer) to 6-mer (5-mer).
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Figure 4.3. Reaction enthalpy and activation energy of the series of 3-like
and 4-like foldamers as a function of the number of residues. To compare, in
transparent line are represented the results obtained for 1-like foldamers, which
were reported in Figure 3.4 on page 62.

—in line with the experimental measurements—.

In the case of the substitution of Oxygen by Selenium, the activation energy in
the 3-mer suggests that the formation of the enantiomer S should be slightly favored,
however, for the 5-mer it is the enantiomer R which has lower Ea value, and thus
the enantiocontrol characteristic of these foldamers should be regained.

Analysis of the system geometry

We next wondered if, as observed for 1-like oligoureas in Chapter 3, the enan-
tiocontrol provided by these foldamers could be related to their key geometrical
parameters, and ultimately to the strength of interaction between site [1] and the
dimethylmalonate. To that end, a comparison between foldamers 2, 3 and 4 is
presented in Figure 4.4.

It is observed that the introduction of the Sulfur atom replacing the Oxygen in
site [1] has increased the distance of the H-bonds it establishes with the third urea.
As a result, the thiourea in foldamer 3 is slightly more rotated counterclockwise
than the urea in foldamer 2, which results in a smaller space in the reactive region
of the catalyst to accommodate the substrates. Furthermore, it is interesting to
note that despite the increase in acidity gained by site [1] with the introduction
of the Sulfur atom, the distances between dimethylmalonate and the foldamer have
increased. This suggests that indeed, the “negative effect” induced by structural
changes after the introduction of Sulfur should outweigh the positive ones induced
by the increase in acidity.
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(b) Reactants geometry of 3
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Selenourea in site [1]
(c) Reactants geometry of 4

Figure 4.4. Geometry of the reactants in the foldamers 2, 3 and 4, represented
side by side to identify structural changes which are consequence of the replace-
ment of the Oxygen atom by a Sulfur and Selenium. Only 4 ureas of the foldamer
(hexaurea) have been drawn, to gain in clarity.

Furthermore, the substitution with the Selenium atom (foldamer 4 and alike)
shows similar structural changes than with Sulfur, but in this case the distances
between site [1] and the dimethylmalonate are even longer, and the selenourea has
a greater counterclockwise rotation.

Therefore, it is possible to conclude that, generally, increasing the acidity of
site [1] by replacing the Oxygen atom in 1-like foldamers will probably introduce a
“negative structural effect” which could outweigh the increase in interaction strength
between the dimethylmalonate and the first urea, being detrimental to the catalytic
performance.

This “negative structural effect” is evaluated by the space created between sites
[1] and [2] in the reactants geometry. Furthermore, it can be characterized by (i)
the distance dX−O (X = S, Se) between the Sulfur/Selenium atom of the first site
and the Oxygen atom of the second urea; and by (ii) the distance dHH−HH between
the mid point of the two NH groups in the first and second ureas (see Figure 4.5c on
the following page). Similarly to the analysis of Figure 3.12 on page 71, the shorter
(larger) the dX−O (dHH−HH) distance, the greater the space created in the catalyst
reactive region, and the better the catalytic performance of the foldamers should
be.

The measurements revealed that the distances dS−O and dSe−O decrease when the
number of residues of the foldamers increases, as is the case of dO−O in foldamers
like 1 (see Figure 4.5a). Therefore, it can be seen from the figure that foldamers
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Figure 4.5. Key distances characterizing the space created in the reactive region
of the catalysts for foldamers like 1, 3 and 4, as a function of their number of
residues. These values correspond to the geometry of the reactants.

from 5-mer to 7-mer should have more space available in its reactive region to
accommodate the substrates, and consequently greater catalytic performances they
should offer over shorter versions. Also, the fact that dO−O < dS−O < dSe−O reflects
that the greater the atoms substituting the Oxygen in 1-like foldamers, the larger
the structural changes.

Concerning the distances dHH−HH, in the case of foldamers like 1 they increase as
dO−O decrease (see Figure 4.5b). However, in the case of foldamers like 3, dHH−HH

slightly decreases while dS−O also decreases. This suggests that, as previously ob-
served for enantiomers R and S of 1-like foldamers in the last paragraph of section
3.5.3 on page 70, not only a counter- or clockwise dihedral rotation of site [1] is
involved in the generation of space in the reactive region, but also the angle that
moves the first two ureas closer or farther apart one from the other. Anyhow, a
simplification of the structural movements identified in the reactive region of the
catalysts is depicted in Figure 4.6.
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Figure 4.6. A simplification of the motion identified in the first two sites to be
correlated with enantiocontrol in the foldamers.

Interaction strength between site [1] and dimethylmalonate

Ultimately, the increase or decrease of space in the reactive region of the foldamers
will affect its interactions with the dimethylmalonate to a much greater extent than
with the nitroalkene, because it is the first urea which is largely affected by modi-
fications to the carbonyl group of site [1]. For this reason, we now investigate the
interaction strength between catalysts and substrates with an emphasis on those
maintained between the malonate and site [1].

The Grid Integration Score (GIS), defined by equation (3.3) on page 72, provides
a measure of the stabilizing non-covalent interactions strength between two regions
of a system, and therefore it is capable to embrace structural and electronic effects
at the same time. Then, defining one interacting fragment as the catalyst reactive
region and the other as the substrates (see Figure 3.14b on page 72), we could
quantitatively measure if the introduction of the Sulfur and Selenium atoms will
increase (or not) the interactions strength with the substrates. Recall that the GIS
has already been used for the analysis of the transition states of the oligoureas in
Figure 3.14a.

It was found that the non-covalent interaction strength increases with the number
of residues in foldamers like 1, 3, and 4 (see Figure 4.7a). Also, the GIS index in
foldamers like 1 (urea in the first site) is larger than in foldamers like 3 (thiourea
in the first site) and 4 (selenourea in the first site). This is in agreement with
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the geometrical parameters analyzed around Figure 4.5 on page 82, and suggests
that despite the increase in acidity provided by the thiourea and the selenourea in
site [1], the interactions between the substrates and the catalysts are weaker than
when the first site was a urea. This should be related to the detrimental changes
introduced in the foldamers structure by such modifications.

Furthermore, its is also possible to isolate only those components coming from
the H-bonds and thus estimate their contribution to the overall substrates/catalyst
interactions. This is possible by employing the Intrinsic Bond Strength Index (IBSI)
proposed by Klein et al. [236]. Based on the Integrated Gradient —electron density
reference— Model (as the GIS index), the IBSI is a score designed to internally
probe the strength of a given atom pair: the greater its value, the strongest the pair
interaction. It is also implemented in the IGMPlot code [197, 234–236], which will
be the choice in this investigation.

Note that the IBSI does not belongs to the conventional class of bond order (like
Mulliken, Wiberg or Mayer, giving the number of electron pairs shared between two
atoms), but rather assesses the intrinsic bond strength.

Figures 4.7c and 4.7d show the IBSI values obtained for the H-bonds between
the substrates and the catalyst in the case of the foldamers with the urea (1) and
the thiourea (3) in the first site, respectively. It is observed that the strongest
interaction is established between the catalysts and the dimethylmalonate (MC2),
and whereas its IBSI value remains nearly constant in the foldamers like 3, it has a
peak around the 5-mer and the 6-mer in foldamers like 1. Also note that, overall,
the MC1 and MC2 interactions are stronger in the foldamer with the urea than in
the foldamer with the thiourea, suggesting one more time stronger H-bonds between
the dimethylmalonate and the catalysts like 1.

Finally, we computed the pKa of the foldamers like 1 and 3 following the method-
ology discussed in Appendix D (see Figures 4.7e and 4.7f). As expected, (i) the
Hydrogen 1 is more acid than Hydrogen 2, because it is more close to the 3,5-
bis(trifluoromethyl)phenyl group, and (ii) the 3-like foldamers have lower pKa values
than 1-like. However, the most interesting point to highlight here is that the pKa

value decreases also in correspondence with the number of residues of the foldamers,
therefore, it could be related to the internal ureas cooperation in the helix.
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Figure 4.7. Parameters related to the interaction strength between the sub-
strates and the catalysts. The Grid Integration Score, the Intrinsic Bond
Strength Index, and the estimated theoretical pKa values are reported.

4.3 Partial conclusions

From the energetic profiles, geometrical parameters, and characterization of the in-
teractions between the catalysts and the substrates discussed in the previous section,
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it is possible to conclude that there seems to exist a direct relationship between the
catalysts performance and the interaction strength it establishes with the dimethyl-
malonate species.

The stronger are the non-covalent interactions between site [1] and the dimethyl-
malonate, and specially the MC2 H-bond, the more favored the enantiomer R
will be,2 probably resulting in better enantiocontrol. Indeed, one possibility to
strengthen the MC1 and MC2 H-bonds is to increase the acidity of the NH groups
of the first site. On the one hand, this practice reveals satisfactory when increasing
the number of residues of the same foldamer as a mean to increase acidity. On the
other hand, modifications made to the first site were shown to also increase its acid-
ity, but introduced at the same time structural changes which seemed to counteract
whatever positive effect the acidity could achieve.

These observations suggest that not only the acidity of the foldamers is deter-
minant in their catalytic performance, but also this space generated by the first two
ureas to accommodate the substrates, which is represented in our analysis by the
distances dO−O and dHH−HH. If one manages to have a foldamer with the needed
characteristics to strongly bind the dimethylmalonate in site [1], but in fact the
dimethylmalonate molecule cannot easily access the site because of repulsive inter-
actions with the rest of the system, then a lower performance than expected could
be obtained.

According to our studies, keeping the Oxygen atom in the first urea carbonyl
group guarantees a correct helix conformation and space in the reactive site of the
foldamers. Furthermore increasing the number of residues to at least 5 should reach
the needed acidity of site [1] to strongly enough bind the malonates and conduct
the catalytic process successfully.

In the next sections it will studied how changes to the first side-chain functional
group influences the acidity and structure of the foldamers.

4.4 Replacing first side-chain isopropyl by CF3

The replacement of the first side-chain isopropyl group in 1-like foldamers by the CF3

functional group (see foldamer 5 in Figure 4.2) seems not to introduce considerable
structural changes to the helix as foldamers 3 and 4 did. In fact, the distance
dO−O was slightly lower for foldamer 5 than for 2 (see Figure 4.9b). Furthermore,
similar distances than in 2 were measured describing the interaction between the

2Recall that in enantiomer R has larger interactions with site [1] than enantiomer S, therefore it
will be favored by strengthening them (see their geometries in Figures 3.11b and 3.11c on page 69).
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deprotonated dimethylmalonate and site [1] in the geometry of the reactants (see
Figure 4.8).

2.77Å

1.85Å

(a) Reactants geometry of 2

2.83Å

1.81Å

(b) Reactants geometry of 5

Figure 4.8. Geometry of the foldamers 2 and 5. Only 4 ureas of the foldamer
(hexaurea) and the pertinent functional groups have been drawn, to gain in
clarity.

This shorter MC2 distance should be related to the increase in acidity of site [1]
induced by the CF3 group, which has larger capabilities to attract electrons than
isopropyl (see Figure 4.9d). However, despite the —slightly— shorter dO−O values
in foldamer 5, and the larger acidity of the foldamer, the non-covalent interactions
between foldamer and substrates are lower than in foldamer 2 (see Figure 4.9c).

Finally, note that despite the decrease observed in pKa and dO−O values for
foldamer 5, the enantiocontrol was very similar to foldamer 2, because a difference
of 0.26 kcal/mol is insignificant. This behavior should be related to the fact that the
foldamer 2 is already extremely efficient in its function, therefore, some increase in
enantiocontrol by any modification made to it will probably be trivial. Detrimental
changes like those observed in the case of foldamers 3 and 4, on the other hand,
should be easily identified, and also their reduction of catalytic performance.

Overall, these parameters measured for the foldamer 5 seems to be very sim-
ilar than those of foldamer 2, which suggests that changes to the first side-chain
functional group like the one here presented should have a small positive effect on
the structural parameters of the helix, and the interactions between catalyst and
substrates.
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Figure 4.9. Representation of the key parameters related to the enantiocontrol
of foldamers like 5, compared with those of foldamers like 1.

4.5 Replacing first side-chain isopropyl by N(CH3)2

Additionally, another substitution to the first side-chain functional group of
foldamers like 1 was made. In this case, the isopropyl was changed by a N(CH3)

group (see foldamer 6 in Figure 4.2), which should, similarly to the CF3, attract
electrons and acidify the site [1].

This substitution strengthened the interactions between the malonate and the
first urea, as can be observed from the smaller MC2 H-bond distance (see Figure
4.10b). Furthermore, also the dO−O distances are slightly lower in foldamer 6 than
in 2 (see Figure 4.11b), and as consequence, the stabilizing non-covalent interac-
tions established between the catalyst and the substrates are larger for 6 (see Fig-
ure 4.11c). Concerning the pKa values, their estimated values for foldamer 6 were
very similar to those found in foldamer 2, then, any variation in catalytic perfor-
mance should come almost entirely from structural changes of the reactive site, more
precisely the dO−O. This supports the hypothesis that not only the acidity of the
reactive site is important but also its geometry.

Nevertheless, the activation energy gap between enantiomers R and S was smaller
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Figure 4.10. Geometry of the foldamers 2 and 6. Only 4 ureas of the foldamer
(hexaurea) and the pertinent functional groups have been drawn, to gain in
clarity.
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Figure 4.11. Representation of the key parameters related to the enantiocontrol
of foldamers like 6, compared with those of foldamers like 1.
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for enantiomer 6 than for 2. Therefore, it is possible to conclude that this new mod-
ification to the isopropyl functional group introduced small positive changes in the
geometry of the helix, and in the interactions malonate/catalyst, which ultimately
resulted in slightly lower values of the computed enantiocontrol. Note that even
with the obtained lower activation energy gap, the enantiomer R is considerably
favored over enantiomer S in foldamer 6.

4.6 Other replacements made in the experiment

In the experimental work by Bécart et al. [29], they made several other modifications
to the foldamers in order to identify a structure/catalytic activity correlation (see
Figure 4 and Table 4 in their publication). Three of these modification are in
line with those so far investigated in our work, i.e are located at the first side-
chain functional group (see foldamers 17, 18, and 19 in their publication). For
this reason, these modified foldamers (see Figure 4.12) were selected to compare
the experimentally obtained data from them with the computational parameters
identified in this work to be related with the enantiocontrol.
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Figure 4.12. Modifications made by Bécart et al. [29] to the first side-chain

functional group of foldamer 1 in order to investigate their influence on the
enantiocontrol and reactivity.

Table 4.1 report a compilation of computed structures/estimated
pKa/experimental catalytic activity related parameters for a set of foldamers
(including those mentioned in the above paragraph). Note that the experimental ee
values were measured in all cases on a system set to −20 ◦C utilizing β-nitrostyrene
as nitroalkene in the C-C bond forming reaction, and our computations were
carried out at room temperature and employing (1E )-3-methyl-1-nitrobut-1-ene as
nitroalkene. For such reason, the analysis is generalized here, focusing on the overall
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catalytic performance of the foldamers, which includes not only enantiocontrol, but
also conversion, yield, catalyst loading, and reaction time.

Computational Experimental
Entry Foldamer Estimated pKa dX−O [Å] X ee (%)

1 1 10.47 3.49 O 95
2 2 11.13 3.50 O 90 < ee < 95
3 3 8.11 4.56 S —
4 3a 7.69 4.55 S 93
5 7 10.87 3.40 O 88
6 8 10.72 3.46 O 83
7 9 7.02 4.66 S 35

Table 4.1. Relationship between the pKa, the space created in the reactive
region of the catalysts, and their experimentally obtained enantiomeric excess.
The dX−O values were measured in the computationally optimized geometry of
the reactants, and the ee was obtained from experiments carried out using Et3N
as achiral base and toluene as solvent.

It is observed that trying to increase the H-bond donor character of site [1] by
replacing the Oxygen atom of its carbonyl group by a Sulfur, overall resulted in a
lost of catalytic properties (compare entries 1 and 4, for example). If it is true that
such modifications considerably lowered the pKa of the foldamers, it increased at
the same time the distance dX−O, reducing the capabilities of the malonate to utilize
the stronger H-bond donor character of the site.

In general, foldamers 1, 2, 7, and 8, which have a urea in site [1], the pKa values
are larger than for those with a thiourea, but the space in the reactive region is wider
(lower dO−O values), and therefore better catalytic performances are measured. Note
how in the foldamers with a urea in site [1] the acidity is gained by the addition
of residues to the foldamers, coming from the internal ureas cooperation established
in their helix.

Finally, a closer look to the entries 4 and 7 reveals that with similar pKa values
and dS−O distances, the ee in 9 is considerably lower. This suggests that there
could exists other(s) parameters, in addition to the pKa and the distance between
ureas, which could influence the catalytic performance of the foldamers, despite
those two showed a correct consistency during all previous analyses. Nevertheless,
it has to be taken into account that there exists important differences between the
computational and experimental conditions. Additionally, 9 was the only foldamer
which suffered modification at both the first urea Oxygen and the first side-chain
functional group. For these reasons, further investigations specific to this system
where new experiments and computations are closely related could be needed.
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4.7 Conclusions

A set of modified foldamers derived from 1 were studied in this chapter with the
objective to identify how a variation in acidity of site [1] (pKa) could change the
interactions between the catalysts and the substrates, and its influence on structural
parameters as the distance between the first two sites (dO−O and/or dHH−HH) and
the helix conformation. Two modifications were located in the carbonyl group of
the first urea, and the remaining in the first side-chain isopropyl functional group.

It was identified that ultimately, the catalytic performance of the foldamers
should be determined by the strength of the H-bond interactions it establishes with
the deprotonated malonate. To larger stabilizing interactions, greater enantiocontrol
should be obtained from the system.

Two general ways to increase the acidity of site [1] were tested. First, the
substitution of the Oxygen atoms in the carbonyl group of the first urea by a Sulfur
and Selenium. Despite the acidity of site [1] was estimated to indeed increase, the
structural changes the helix suffered to adjust to bigger atoms seemed to counteract
the positive effect of the acidity.

The second set of variations, on the other hand, was focused on the first side-chain
functional group. It was observed that the acidity of the first site also increased as
result of introducing electron attractive functional groups at the mentioned position,
while at the same time the structural characteristics the modification induced on the
helix was in fact supportive to sustain an excellent enantiocontrol. Therefore, the
increase of the donor character of site [1] in future tunings of these foldamers should
be focused on the first side-chain functional group, and not in the carbonyl group
of the first urea, to avoid detrimental structural changes to their helix geometry.
Foldamers 5, 6, and 7 made clear that modifying the first side-chain with electron
attractive functional groups have small influence on the internal ureas cooperation
and configuration of the helix, while improving the properties related to catalytic
performance. Modifications to the carbonyl group of the first urea, on the other
hand, always lead to a rearrangement of the helix with structural modification in
the reactive region, and the consequent weakening of the interactions malonate-
catalyst.

Finally, it must be pointed out that to improve the catalytic performance of
foldamers like 1 and 2 is no easy endeavor, because they already perform excep-
tionally. Nevertheless, valuables insights were provided by this investigation in the
understanding of the nature of the key parameters related to such performances.
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General conclusions

The studies presented in this manuscript constitute the first theoretical investigation
directly tailored to the description and rationalization of the basic phenomena taking
place in the conjugate addition of 1,3-dicarbonyl substrates to nitroalkenes, when
catalyzed by chiral aliphatic N,N’-linked oligoureas.

A DFT based Global Optimization procedure was first employed to identify the
global minimum in the Potential Energy Surface of the system composed by the
catalyst, the achiral Brønsted base, and the substrates. The outcome of this specific
study is of great importance, because not only it revealed the positioning of the
molecules in the systems, but also reciprocally supported experimental data from
1H−NMR measurement regarding the substrates-catalysts interactions. The (1E )-
3-methyl-1-nitrobut-1-ene was identified to utilize the NH groups of the second site
urea as H-bond donors, while the dimethylmalonate was located in the first site
urea throughout similar interactions. With this configuration, the reaction pathway
between the two carbons is shorter and easier than other arrangements. This in-
formation made possible the identification of a bifunctional activation mechanism
facilitated by the foldamer’s first two ureas in the catalytic process, which is linked
to the accommodation of the substrates in a perfectly suited position, one with
respect to the other, for the reaction to occur.

It was observed that a positive charge concentration is located around sites 1
and 2 of the foldamers, which value and area increase with the number of residues.
This is result of the internal ureas cooperation in the helix, creating a macrodipole.
Following this line, it was checked that despite the electrostatic potential maximum
value seems to indefinitely augment with the number of residues of the foldamer, its
polarization (Π) and tendency to interact with negative poles of other molecules (σ2

+)
posses an asymptotic behavior. This suggests that at some point the increase in the
number of residues will not considerably increase the electrostatic properties which
influences the catalyst-substrates interactions. Additionally, the positively charged
region extends beyond the first two sites in foldamers larger than the 8-mer, and
this could eventually lead to the attraction of the substrates for sites other than the
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two reactive ones. Then, the indefinitely increase of the number of residues should
lead to a lower system reactivity.

Based on the previously obtained information about the catalytic system, the
computations of the energetic profiles for a set of size-varying foldamers was carried
out. It was found that, indeed, the enantiocontrol provided by these foldamers in the
specific reaction here studied starts to be acceptable with 4, 5 and 6 residues long
oligomers. Shorter molecules were identified to have unfavorable structural and
electronic characteristics, as for example the stabilizing non-covalent interactions
between the catalyst and the substrates, and the distance between the two reactive
carbons in the transition states geometries.

At this point, a strong correlation between the catalyst performance and the
space created in its reactive site from the orientation of the ureas was found. If
the NH groups of the first two ureas were pointing one towards the other, then the
space created for the accommodation of the substrates was smaller than in the case
where they were oriented in a more open way, and thus the stronger the repulsive
interactions as consequence of the competition for space. This detrimental effect
seems to even counteract the positive impact that was expected from an increase
in acidity of the first site. It is possible that ultimately, a relation between the
mentioned space in the reactive site and the donor character of the first site are the
two parameters defining the catalytic performance. If one manages to increase the H-
bonds interaction strength of site [1] with the dimethylmalonate, while maintaining
enough space for it to effectively utilize this acidification, then a correct catalytic
performances should be expected from these foldamers.

Finally, several modifications made to the foldamer with the intention to study
each one’s influence on the properties related to the catalyst performance revealed
that substitutions made to the first side-chain isopropyl group will have less influence
on the helix, and thus should have minor (or none) detrimental consequences to the
catalyst geometry and performance. On the other hand, changes to the first urea
does considerably affects the helix of the foldamers and induces an adverse effect on
the performance by increasing the repulsive interactions of the rest of the system
with the malonate and destabilizing the geometries.

In addition to the interesting applications of the product of the reaction here
studied as building blocks for pharmaceutical developments [240], the investigated
catalysts have been also proven capables to catalyze certain polimerization pro-
cesses in the production of polylactides [241]. If done efficiently, they could be an
interesting alternative due to current state of the art catalysts in the production
of biosourced and degradable materials as replacement for conventional petroleum-
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based plastics.

Zaky [241] in the associated group of Prof. Daniel Taton at the University
of Bordeaux have recently found that oligoureas similar to those investigated here
performed slightly worst than mono(thio)ureas like Takemoto’s [30], however, with
further improvements they could perform better and reduce the loading of cata-
lysts needed to fulfill their function, just as they do for the conjugate addition of
1,3-dicarbonyl substrates to nitroalkenes. It is in our hope that the information
here provided concerning the catalytic behavior and characteristics of these chi-
ral aliphatic N,N’-linked oligoureas serve to develop further improvement, and the
consequent application in technologies capables to reduce the waste of plastic based
materials to the environment, utilizing more friendly alternatives as the polylactides.



Appendix A

Molecular recognition supporting
data

Figure A.1. Specification of the foldamers used in this investigation, from
monomer to dodecamer.
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(a) 1-mer (b) 2-mer

(c) 6-mer (d) 12-mer

Figure A.2. A selection of the foldamers represented in Figure A.1 showed in a
3 dimensional view.
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Figure A.3. HOMO(substrates) - LUMO(catalyst) gap with respect to the
length of the catalyst.
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Substrates-catalyst interactions as observed by NMR

Information

All the information presented in the following sections concerning the experi-
mental measurements was obtained by Bécart et al. at the University of Bor-
deaux (author of the paper [29]), and was provided to us by Gilles Guichard
as part of the internal collaboration of the ANR project this thesis is part of.

Oligourea 1 was fully characterized by NMR in a mixture acetonitrile-
[d3]/DMSO-[d6] (88/12 v/v) and all the NH and NH’ signals were unequivocally
attributed in this solvent system (Figures A.4 and A.5). Three titration experi-
ments were performed: (i) Addition of nitrostyrene to the NMR tube containing
the catalyst to monitor the interaction between the nitrostyrene and the catalyst
(Figure A.6) (ii) Addition of solution of malonate and triethylamine (molar ratio
1:1) (Figure A.7), and (iii) Successive addition of all the reactants to more precisely
mimic the model reaction (Figure A.8).

Evaluation of the interaction between the catalyst

and nitrostyrene

No visible change was observed in the 1H − NMR spectra of 1 even when more
than 100 added nitrostyrene equivalents were added in acetonitrile-[d3]/DMSO-[d6]
(88/12 v/v). This tends to suggest that there is no strong interaction between
nitrostyrene and the catalyst observable by NMR under these solvent conditions
(Figure A.6). One must keep in mind that DMSO which is necessary to solubilize
the oligomer also competes for binding to ureas.

Evaluation of the interaction between the catalyst

and deprotonated malonate

Using the same experimental settings, an equimolar stock solution of malonate:Et3N
1:1 was progressively added to an NMR tube containing catalyst 1. Two signals
were found to progressively shift: the most significant chemical shift difference cor-
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responds to the (most acidic) proton NH’ between the aromatic ring and the first
catalytic site, the second one, still very clear, corresponds to the NH proton of the
first residue ValuI (Figure A.7).

Competition NMR experiments by successive addi-

tion of malonate, nitrostyrene and triethylamine to

the catalyst

Here, we observed and variations of urea proton signals while adding the different
substrates separately and successively to the catalyst 1. Our experiment consisted
of the successive additions of malonate, triethylamine and nitrostyrene, in this order
(Figure A.8). The addition of malonate induced a very light downfield shift: only the
NH’ (indicated in light blue) in α-position of the aromatic group presented a notable
shift of 0.0155 ppm. The addition of triethylamine induced a more pronounced
downfield-shift of the NH’ (indicated in light blue) in α-position of the aromatic
group (0.0776 ppm from the reference spectra). The final addition of nitrostyrene
impacted again the NMR spectra with a downfield shift: 0.1308 ppm for NH’ signal
from the reference catalyst spectra (indicated in light blue) and 0.0552 ppm for
NHVal I (indicated in red).
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Appendix B

Rotameric analysis of the foldamer

B.1 Introduction

Frequently, when working with molecules which have a considerable number of single
bonded dihedral angles, an investigation of the conformational space is required to
successfully describe the processes they take part on. This is because a dihedral
angle could have a value which is not the most stable for it, but the system’s energy
is not enough to surpass the energetic barrier which separate one conformer from
the other (see Figure B.1).

En
er

gy

Reaction coordinate

Conformer 1

Conformer 2

Energetic barrier

Figure B.1. Illustrative example of the energetic barrier separating two con-
formers.

A conformational search is a procedure in which most dihedral angles of a system
are varied artificially and then the resulting structures are optimized. In this way,
most of the conformational space is explored and the global minimum can be found.
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As a consequence, the computational resources consumed for a conformational search
are considerable, and a Molecular Mechanics method is usually employed to reduce
time and requirements.

In some cases, a complete exploration of the conformational space of a system
is not needed, because the involved dihedral angles will have a small impact on the
system’s function. In these situations, a simple scan of the specific coordinate which
does influence the system’s performance and function should be enough.

B.2 Monomer rotameric forms

It has been observed in the experiment [242, 243] that the two ureas in the
monomeric form of the foldamers are oriented in opposite directions. To theoreti-
cally investigate this observation, a scan of the coordinate influencing the orientation
of the ureas has been developed (see Figure B.2). It has been obtained that when
the ureas are oriented in the same direction (structure 1), the monomeric foldamer
is ∼ 8 kcal/mol higher in energy than when the two ureas are pointing in opposite
directions (structure 2). This behavior is due to the presence of two strong H-Bonds
established in structure 2 in Figure B.2 which are not present in structure 1.
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Figure B.2. Energetic profile of the coordinate describing the orientation of one
urea with respect to the other in the 1-mer. The red arrows show the rotation
studied.

Despite structure 2 being most stable, it is still possible that with the incorpora-
tion of the substrates it becomes disfavored. To also check this possibility, a Global
Optimization procedure with the GSAM code was carried out taking the substrates
and structures 1 and 2 as starting geometries (see Figure B.3).
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0.29

-0.99

-1.72

-3.29

2.29 Å2.23 Å

1.76 Å

3.25 Å

2.25 Å

1.96 Å

Figure B.3. Energetic difference between the most stable configurations found
for structures 1 and 2 interacting with the substrates in the 1-mer. The energy
values are represented in kcal/mol.

First, it should be noticed that the cooperation through H-Bonds between ureas
1 and 2 has been modified as a result of the substrate’s arrival in structure 2, and
in some cases even lost. For example, in the most stable configuration in Figure
B.3, the ureas H-Bonds is established between the oxygen of the first and NH of the
second, whilst in structure 2 of Figure B.2 the inverse happens. Furthermore, the
internal urea-urea H-Bond strength has been decreased as a result of the substrate’s
presence. On the other hand, the structural changes in structure 1 are smaller when
the substrates are added to the system.

In any case, a stabilization of 3.29 kcal/mol is observed between structures 1
and 2. These results clearly show that the monomeric form of the foldamer is more
stable when the two ureas are oriented in opposite directions, thus corroborating the
experimental observations described at the beginning of this section. However, it is
interesting to note that from the point of view of reactivity, the structure 1 should
be better than structure 2 due to the positioning of the substrates one with respect
to the other.

If any, the structure which should present more reactivity could be the top-right
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geometry, where the substrates are close enough one to the other and the pathway
is clean to their approach. But note that it is 3.68 kcal/mol higher in energy than
the most stable found.

B.3 Dimer rotameric forms

Similarly to the monomeric form of the foldamer (see section B.2 on this appendix),
the 2-mer has been observed in the experiments not to adopt a folded form [242,
243]. The same analysis developed for the 1-mer is adequate for the exploration of
the most stable form of the 2-mer. For that reason, a scan of the coordinate defining
the helicoidalicity of the 2-mer has been carried out (see Figure B.4).
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Figure B.4. Energetic profile of the coordinate describing the orientation of
the first urea with respect to the second in the 2-mer. The red arrows show the
rotation studied.

It is clearly observed that the structure 2 is more stable than structure 1, and it
is consequence of the H-Bond interaction now established between the second urea
oxygen and the first urea NH. This second configuration leads to a stabilization of
12 kcal/mol with respect to the structure 1. However, this structural change could
significantly influence the performance of the catalyst, as the positive accumulation
of charges observed in structure 1 will be certainly lost in structure 2. Furthermore,
the accommodation of the substrates could also be disfavored.

To corroborate these hypotheses, a Global Optimization with the structure 2
represented in Figure B.4 has been developed, and the obtained energy values have
been then sorted with respect to the energy of structure 1 interacting with the
substrates (see Figure B.5).
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1.6(0.3)

5.2

-0.27

Figure B.5. Energetic difference between the most stable configurations found
for structures 1 and 2 interacting with the substrates in the 2-mer. The energy
values are represented in kcal/mol.

The stabilization produced by the use of the structure 2 in the Global Optimiza-
tion is just 0.27 kcal/mol. This value is considerably low, and both configurations
could perfectly coexist in a chemical system judging from their energies. However, it
needs to be taken into account the fact that the catalyst and the substrates are sepa-
rate substances which are added to form a mixture, and thus, the catalyst should be
almost entirely populated by configurations like structure 2, which would inevitably
lead to the most stable configuration showed in Figure B.5. Then, despite the left-
most configuration in Figure B.5 could be present in a real chemical system by its
energy, it is unlikely to happen from a chemical point of view.

B.4 Foldamer rotameric forms of the phenyl group

In section C.3 on page 118, a shift in activation energies was identified to correspond
to the rotation of the phenyl group of the foldamers. Thus, an exploration of the
most stable rotameric form of the foldamer’s phenyl group is imperative to determine
which is the rotamer we have to work with.

The investigation of the foldamer without the influence of any substrate was
first selected (see Figure B.6 on the next page). It was found for the oligoureas
that when the phenyl group is perpendicular to the foldamer’s helix axis, a global
minimum in energy is reached (see Figure B.6a). Furthermore, when the phenyl
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group is parallel to the foldamer’s helix axis, a local minimum 0.94 kcal/mol higher
in energy is found. The energetic barrier separating this local minimum from the
global minimum is very low, but enough to avoid the evolution from one rotamer to
the other.

A further investigation on a modified foldamer was also carried out, and it is
represented in Figure B.6b. The modification introduced to the foldamer was the
substitution of the first urea’s Oxygen by a Sulfur atom (oligothiourea). In this case,
the energy difference between the global minimum (phenyl group perpendicular to
the foldamer’s helix axis) and the local minimum (phenyl group parallel to the
foldamer’s helix axis) is just 0.07 kcal/mol, which is a negligible quantity. Thus,
both rotamers will have similar energy. However, the energetic barrier to pass from
one rotameric form to the other is ∼ 0.52 kcal/mol, higher than the case of the
oligoureas and consequently more difficult to surpass.

It can then be concluded that in both the oligourea and the oligothiourea, the
rotameric form where the phenyl group is perpendicular to the foldamer’s helix axis
should be used for the computations involving this molecule.
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Figure B.6. Rotameric analysis of the phenyl group in the oligo(thio)ureas to
determine the most stable rotamer. The heptaurea has been taken as model
system.

However, these circumstances could drastically change with the addition of the
substrates. Furthermore, the global minimum may be different in the reactants and
the transition states configurations. For that reason, a rotameric analysis having
those situations into account has been carried out with the pentameric form of the
oligourea, and the results are presented in Figure B.7.

In the case of the reactants (Figure B.7a), the addition of the substrates did not
change the global minimum configuration, and the most stable rotameric form of the
phenyl group remains that where it is perpendicular to the foldamer’s helix axis. On
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the other hand, it is interesting to note that for the transition states configuration
the global minimum is reached when the phenyl group is parallel to the foldamer’s
helix axis (see Figure B.7b).
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Figure B.7. Rotameric analysis of the hexaurea reactants and transition states
to determine the most stable rotameric positioning of the phenyl group.

B.5 Conclusions

From the results presented in sections B.2 on page 108 and B.3 on page 110, which
are related to the exploration of the helicoidalicity of the di- and tri-urea, it can be
concluded that:

1. The minimum energy is reached when the second urea NH are oriented in
opposite direction to the NH of the first urea.

2. The opposite orientation of the first two ureas makes possible in the di- and
tri-urea foldamers the establishment of two H-Bonds between ureas one and
two which would otherwise not exist, thus decreasing the energy of the system.
If this were not the case, the urea two would not cooperate to the H-Bonds
network established internally in these oligomers.

3. The inversion of the second urea is a behavior which will certainly disappear
in the tetraurea and larger foldamers, because 4 ureas is the minimum amount
required to have them all interconnected by H-Bonds, and allow the connection
of the second urea to the internal cooperation network without breaking the
helicoidalicity of the foldamers.
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4. From a reactivity point of view, the configuration with the first two ureas NH
towards the same direction in the di- and tri-urea should be superior, as the
reactants are better positioned to facilitate the reaction pathway.

These results can then be linked to the observations of unfoldability made in the
experiment for the 1-mer and the 2-mer. In addition, the low values of reactivity
measured in these short-length foldamers could be easily correlated to the positioning
of the substrates one with respect to the other in both situations: (i) when the first
two ureas NH are oriented towards the same direction, an easier pathway for the
reaction is observed, an thus higher reactivity could be expected; and (ii), when the
first two ureas NH are oriented in opposite directions, a more complex pathway is
observed.

On the other hand, from the results obtained in section B.4 on page 111, it can
be concluded that:

1. The most stable rotamer of the phenyl group in the foldamers is when it is
perpendicular to the foldamer’s helix axis.

2. When the substrates are taken into account, the rotamer with the phenyl group
perpendicular to the foldamer’s helix axis remains the global minimum.

3. Differently, in the transition state configuration, the rotamer where the phenyl
group is parallel to the foldamer’s helix axis becomes the most stable config-
uration.



Appendix C

Search for an efficient computational
method

C.1 Introduction

Computationally finding a transition state in relative complex systems can be a very
challenging task. Additionally, to successfully describe the energetic profiles and its
dependence with the number of residues of foldamers like 1 and 3a (see Figures
2.2 and 4.2, respectively), several optimizations, reaction coordinates scans and
transition states searched need to be carried out. A quick analysis of these numbers
prompted us to undertake a search for methods that were capable to describe the
systems under analysis with high accuracy, and at the same time less demanding
computational resources.

A series of methodologies were compared with the so far used1 in the Molecular
Recognition study developed in Chapter 2. In this comparison, Molecular Mechan-
ics (MM) and Semi-empirical (SE) methods were combined with DFT (QM). Two
different QM regions, and consequently two different MM (or SE) regions, were en-
visaged, one which included the substrates and the catalyst’s reactive region, and
the other which only had the substrates in the QM part. To structurally represent
both cases, the QM region has been highlighted in figure C.1 with tubes, while the
rest of the foldamer was computed with the SE or MM method (drawn with lines),
as specified.

The Gaussian 16 Rev. C.01 [141] software was employed for the computations,
consequently with the line followed throughout all the investigations presented in this
work. First, the PM6 [72] and PM7 [245] SE methods were used with the intention

1The methodology used in the Molecular Recognition study is DFT [65–68] with B3LYP-D3
[84–86, 99–101] and the 6-31“+”G(d,p) basis set [244]. See section 2.2 on page 42.
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to test the QM/SE results accuracy, while the Universal Force Field (UFF) [63] was
used to test the QM/MM method. The AMBER Force Field [58] was also used here
but, as it is not parameterized for this kind of systems, the obtained results (after
a user-defined parametrization) were not corrects.

(a) Non-starred computations (b) Starred computations

Figure C.1. The highlighted region (represented with tubes) was computed
with QM, while the region represented with lines was computed with SE or MM
(as specified in each case).

C.2 Computational time and energy

Despite the time saved —as a measurement of the computational resources saved—
with the application of each methodology is the main objective of this analysis, it is
not sufficient to decide which one should be used in our computations. The accuracy
of the results provided by the designed methodologies and models compared to
those obtained by B3LYP-D3/6-31“+”G(d,p) is an even more important parameter
to measure. As different methodologies are being tested here, the use of ground
energy is not correct for a direct comparison. For this reason, the Binding Energy
(EB) was the selected parameter.

EB = Efull system − Ecatalyst − Enitroalkene − Emalonate and Et3N (C.1)

Figure C.2 shows the binding energies obtained. The non-starred QM/PM6 and
QM/PM7 methodologies are the two closest curves to the full QM method computed
in Guassian (the former in greater agreement than the later). The maximum devia-
tion in energy obtained is ∼ 4 kcal/mol between the QM and QM/PM7 methods in
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the heptaurea, but QM/PM6 presents deviations in the order of 2 kcal/mol, which is
totally acceptable. On the other hand, the starred version of QM/SE computations
significantly deviates from the reference value, being the QM/PM7* computations
extremely high in binding energy. This could be mainly related to the omission
in the QM part of the stabilizing forces between the substrates and the catalysts,
which play a fundamental role as demonstrated in Chapter 2.

Also note that the QM/UFF results are relatively close to the full DFT, but still
differ in nearly 10 kcal/mol.
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Figure C.2. Binding energy for different methodologies. The starred methods
are those where only the reactants were included in the QM region (see figure
C.1b).

Then, it was measured the time required for selected methodologies to find the
ground state energy (see Figure C.3). The pentaurea and the hexaurea foldamers
were selected as representative samples, with the conjugated addition of deproto-
nated dimethylmalonate to the (1E )-3-methyl-1-nitrobut-1-ene nitroolefin in pres-
ence of the protonated triethylamine as achiral base. All computations were started
from the same geometry.

The QM/PM6* model data suggests that, despite it will not be theoretically
speaking faster than QM/MM, the advantages of its use speeding the computations
are very attractive. However, the binding energy values were too deviated from
the full DFT computations, making its use energetically unjustified. Nevertheless,
note that the non-starred QM/PM6 is not the most efficient method, but when it
was used the computing time descended from 5 days to just 2 in the case of the
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Figure C.3. Time required for different methodologies to optimize the con-
jugated addition of dimethylmalonate to (1E)-3-methyl-1-nitrobut-1-ene in the
presence of the penta- and hexa-ureas, with triethylamine as achiral base. For
non-starred and starred computations see figures C.1a and C.1b, respectively.

pentamer, while maintaining binding energies close to the full DFT results.

Finally, it can be strange how, for example, the QM/PM7* method required more
time then its QM/PM7 counterpart, when its precisely the former which has less
atoms in the QM region. This behavior is due to fact that the energy minimization
with one methodology could take more optimization steps then others, which will
considerably increase the computational time required to successfully complete it.

At this point, the QM/PM6 methodology seems to be the perfect choice. It
provides an equilibrium between efficiency and accuracy that is reasonable to us.
Despite it may be argued that QM/PM7 is also a promising candidate, we found
some difficulties in the optimization process in this case that were not present on its
similar.

C.3 Thermodynamic and kinetic properties

Furthermore, a study comparing the activation energy and the reaction enthalpy
of the reaction when computed with B3LYP, B3LYP/PM6 and M062X functionals
was carried out. Note that B3LYP is in fact what has been named QM through
this appendix, and B3LYP/PM6 is equivalent to QM/PM6. The use of M062X is
included here because it is a methodology that correctly describes the noncovalent
interactions present in these kind of systems, due to its heavy parametrization on
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Figure C.4. Activation energy and reaction enthalpy computed with B3LYP-
D3/6-31“+”G(d,p), B3LYP-D3/6-31“+”G(d,p)/PM6 and M062X/6-31“+”G(d,p)
functionals. The reaction is showed in Figure 2.2 with the substrates represented
in Figure 2.1.

this regard. It is important to notice that dispersion corrections are applied in all
cases, to cover the DFT deficiencies on this subject.

The trimer to octamer foldamers were selected as representative to all the data.
It was obtained that the deviations between QM and QM/PM6 are negligible, with
only the octamer having a deviation of ∼ 2 kcal/mol (see figure C.4). On the other
hand, the M062X methodology is approximately 5 kcal/mol lower in energy than
the so far used B3LYP, but the trend is exactly the same, which will result in equal
enantioselectivity of the enantiomers no matter what method is used.

As a final remark, in figure C.4a there are two different levels of energy, the
first including trimer to pentamer which has negative values, and the other ranges
from hexamer to octamer with positive values of enthalpy. This behavior is due to
different rotameric species of the foldamer with the rotation located at the phenly
group, which in one case is parallel to the helix axis, and in the other perpendicular.
This is the result from a single bond rotation, and has to be taken into account in
the computation of transitions states of these systems.

C.4 Conclusions

From the results presented here it is possible to conclude that:

1. The computations of the studied systems in this thesis can be done with the
QM/PM6 methodology, being certain that the results will be equivalent to
fully QM computed results.
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2. The deviation in energy between QM/PM6 and fully QM methods are
2 kcal/mol, which is accurate enough for our purposes.

3. With the use of QM/PM6 method we will be saving around the 60% of com-
putational resources and time.

4. The QM/PM6 methodology not only reproduces the QM binding energies, but
also the thermodynamic and kinetic profiles.

5. The use of M062X showed lower activation energies and reaction enthalpy than
B3LYP-D3, and consequently QM/PM6, but the trend was exactly the same,
which is the important aspect to the analysis of enantioselectivity.

6. A conformational analysis is needed to search the stablest conformer of the
foldamer’s phenyl group, and work with it in the investigations.



Appendix D

Theoretical computation of pKa

D.1 Introduction

Acid dissociation constants (also known as pKa) are essential for understanding
many fundamental reactions in chemistry, because it is a physical quantity indicating
protonation states of molecules in solution at a given pH. Therefore, the pKa value
shows how a molecule donates or accepts the proton from a counter part molecule,
and thus is a very important index for nucleophilicity in both organic chemistry and
biochemistry. Following the generic reaction presented in equation (D.1)

HA(aq) → A−(aq) + H+
(aq) (D.1)

the pKa can be defined as
pKa = −logKa (D.2)

Ka =
[A−(aq)][H

+
(aq)]

[HA(aq)]
(D.3)

Oftentimes the pKa value for a molecule can be measured experimentally rela-
tively easy, however there are some situation where the task gets extremely difficult.
For example, (i) in molecules that have not been synthesized; (ii) in larger molecules
where the local environment changes the usual pKa values, such as for certain amino
acids that are part of a larger polypeptide chain; and (iii) for individual functional
groups of complex molecules. For those reasons, there is great interest in using the-
oretical methods to calculate the pKa values for many different types of molecules.

However, chemical accuracy in pKa calculations is difficult to achieve from a
theoretical point of view, because an error of 1.36 kcal/mol in the change of free
energy for deprotonation in solvent results in an error of 1 pKa unit [246–248]. In

121
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addition, the determination of the absolute aqueous solvation free energy of the
proton (H+ in equation (D.1)) cannot be directly determined from the experiment,
although several approximate values has been proposed along the years (see Kelly
et al. [249], for example).

To overcome the difficulties encountered in the determination of the pKa theo-
retically, several methods have been developed throughout the years. For example,
the thermodynamic cycles proposed by Liptak et al. [250], where pKa value de-
pend upon the free energies of the systems represented in equation (D.1) in different
states. However, most thermodynamic cycles to compute pKa make use of the free
energy of the proton, which as previously discussed, has not exact value and thus
introduces errors to the final result.

Other methods different than thermodynamic cycles have also been tested, as for
example those relating pKa with bond valence methods and bond lengths [251], pKa

correlations with highest occupied molecular orbital (HOMO) energies and frontier
molecular orbitals [252], and and artificial neural networks [253] utilized to determine
the pKa. However, it seems that thermodynamic cycles, manly those not utilizing
the free energy of the proton, provide more consistent results.

Nevertheless, another approach to avoid the use of the free energy of the proton
in solution is to evaluate the free energy difference between HA and A− in solution
with any quantum chemical method with Polarizable Continuum Model to describe
the solvent effects. Then, the linear regression between the free energy differences
and the experimental pKa is made for molecules with specific chemical groups similar
to those one can be interested in obtaining their pKa [254]. This method has shown
errors no larger than 0.5 pKa units in heterocycles [255], and amino acids and small
proteins [256].

Basically, the pKa value of the compound HA is represented by the Gibbs energy
change in a deprotonation reaction in a solvent X, as defined by equation D.4

pKa = −∆G(solv,X)

RT ln(10)
=
G(HA, X)−G(A−, X)−G(H+, X)

RT ln(10)
(D.4)

where R is the gas constant, T the temperature, G the Gibbs free energy, and X
any solvent.

To take into account systematic errors coming from the method selected for the
computation, Matsui et al. introduced a scaling factor s to adjust the Gibbs energy
between reactants and products. Then equation (D.4) can be re-written as

pKa = −s [G(HA, X)−G(A−, X)−G(H+, X)]

RT ln(10)
(D.5)
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which can be further simplified as

pKa = k
[
G(A−, X)−G(HA, X)

]
+ C0 = k∆G0 + C0 (D.6)

being
k =

s

RT ln(10)
(D.7)

and
C0 =

sG(H+, X)

RT ln(10)
(D.8)

As previously stated, equation (D.6) should establish a linear correlation between
∆G0 and the corresponding experimental pKa values.

Also note how C0/k corresponds to the Gibbs energy of the proton G(H+, X),
which can be used to compare the values obtained after the linear regression em-
ploying this method, to that one experimentally reported as accepted.

D.2 Computations

We first defined the set of molecules from where the experimental values of pKa

were taken (see Figure D.1). Several of these molecules, despite being structurally
different than the foldamers studied throughout this manuscript, are able to suc-
cessfully catalyze the same kind of reactions than the foldamers do. Furthermore,
it has to be pointed out that their pKa values were reported in the experiment with
Dimethyl Sulfoxide (DMSO) as solvent. Therefore, all the computations related to
the theoretical estimation of the pKa in this manuscript will be done with DMSO
as solvent, and the B3LYP-D3/6-31G(d,p) methodology.

The regression made with the experimental pKa and the computed Gibbs free
energy is represented in Figure D.2. From there, the parameters k and C0 for
equation (D.6) can be extracted, thus, the pKa of the foldamers studied throughout
the manuscript can be estimated by the following expression

pKa = 0.36 ∆G0 − 98.57 (D.9)

It is interesting to take into account that the solvation Gibbs energy of the
proton, which can be estimated as C0/k has a value of

G(H+, X) =
C0

k
= −272.38 kcal/mol (D.10)
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Figure D.1. Set of urea and thiourea based low mass molecules selected to

compute the linear regression between their experimental pKa values [257] and
the Gibbs energy difference.

which is in good agreement with the experimentally measured and agreed of
−268.16 kcal/mol in DMSO [249].
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Figure D.2. Regression made to obtain the values k and C0 in equation (D.6)
from the experimental values of pKa reported in Figure D.1, and their computed
Gibbs free energy.

Finally, we applied equation (D.9) to the theoretically obtained values of ∆G0 for
the molecules p1 to p10, finding that in average the deviation from the experimental
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Molecule Experimental pKa Estimated pKa ∆ pKa

p1 26.9 27.6 0.7
p2 21.1 20.7 0.4
p3 18.7 17.5 1.2
p4 13.4 14.4 1.0
p5 12.1 13.1 1.0
p6 16.1 14.9 1.2
p7 10.7 11.6 0.9
p8 10.9 11.7 0.8
p9 13.8 11.8 2.0
p10 8.5 8.8 0.3
Average deviation = mean(∆ pKa) → 0.9

Table D.1. Experimental and theoretically computes pKa values following the
linear regression method proposed by Matsui et al. [254].

value is around 0.9 pKa units (see Table D.1). Therefore, we conclude that the use
of equation (D.9) to compute a theoretical estimation of the pKa should report
satisfactory values to compare as a function of the foldamers’ number of residues.
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