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Abstract

This thesis stems from the imperative need to integrate computational chemistry into the pro-
cess of designing asymmetric organocatalysts. Traditionally, computational chemistry has been
employed as a retrospective tool to analyse results rather than in a prospective manner for pre-
dicting results and leading the rational designing process. With this goal in mind, the thesis
aims to develop computational strategies that leverage the predictive potential of computational
chemistry, thereby initiating a paradigm shift in catalyst design.

Organised into five chapters, the thesis tackles various aspects of this approach, addressing
and resolving key challenges in catalyst design.

The first chapter analysed the most popular conformational analysis software packages, iden-
tifying their strengths and weaknesses. The efficiency of each package in different facets of the
conformational analysis process is evaluated using five established criteria. A comprehensive list
of pros and cons is presented to facilitate the selection of the most suitable software.

In the second chapter, the nature of ion-pair interactions is reevaluated. The study examines
different models and systems typically grouped under the same category. Three intermediate
categories between the pure ion-pair and the hydrogen bond were identified and analysed; namely
long-range ion-pair, hydrogen-bond-assisted ion-pair and charge-assisted hydrogen bond.

Chapter three investigates the different interaction positions of a cinchona-based catalyst
with different anions, providing a binding mode for these complexes. Additionally, three different
cyanation reactions are studied, modifying the catalysts to improve the selectivity of the process.

Chapter four integrates all previously studied methodologies to examine the asymmetric
production of protected amino acids. Collaborating with experimental colleagues, the chapter
highlights the importance of rational design in improving catalyst selectivity. This is achieved
by strategically introducing a second anchorage point and validating computational analysis
conclusions through experimental verification.

The final chapter of this thesis introduces a new automatic workflow designed for the accurate
description of the transition states involved in a reaction with flexible organic molecules. This
innovative workflow seeks to study the reaction steps in an unbiased and more detailed manner,
aligning closely with the experimental results compared to manually generated transition states.

This research work combined the design of computational strategies and the re-evaluation of
basic chemistry concepts to improve the rational design of asymmetric catalysts. It demonstrates
the predictive power of computational studies and their ability to guide the design process

effectively.
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Asymmetric Organocatalysis Development

Asymmetric organocatalysis has been a dominant and very challenging field in organic chemistry
since it was separated from ’alchemy’, and is one of the most extensively investigated, owing
to its importance for the pharmaceutical industry. Significant advancements in this technology
could have an invaluable beneficial environmental and economic impact. For instance, in 2015,
all chiral drugs approved by the Food and Drug Administration (FDA) but one were required
to be enantiomerically pure.!

Asymmetric catalysis has traditionally been divided into two main families: transition-metal
complex catalysis and biocatalysis, using enzymes as catalysts. But that dichotomy has been
diluted during the last two decades since a third category of catalysis emerged: organocatalysis;
defined as the use of small organic molecules, organocatalysts, to catalyse organic transforma-
tions. This branch, characterised by its robustness and environmental sustainability, has become
the standard for modern-day asymmetric catalysis, aligning with contemporary industrial de-
mands regarding environmental degradation.? The application of small organic molecules for
catalysis requires mild reaction conditions and facile catalyst substrate separation processes, of-
fering solutions to limitations associated with the respective metal-based catalysts.? In addition,
the advantages of this new type of catalysis, organocatalysis, are unquestionable when applied
to the production of pharmaceutical compounds due to its inherent lack of transition metals,

which can be extremely toxic (Os, Sn, Pb, Hg, Pd), causing several diseases.*™”
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Figure 1. Evolution and historical highlights of organocatalysis.

Despite such merits, the growth of organocatalysis was stagnant in its early years, leaving a

vacancy in its research and chemists sceptical of its ability to be a worthwhile candidate. The



first organocatalytic study dates back to 1860, when cyanogen was converted to oxamide in the
presence of aqueous acetaldehyde. However, regardless of such early exposure to organocatalysis,
its ability to encourage enantioselectivity was only detected by Bredig in 1912%19 with the
addition of hydrogen cyanide to benzaldehyde in the presence of a chiral cinchona alkaloid
catalyst (Figure 1).

Immediately after, in 1929, Wolfgang Langebenck reported the formation of oxamides using
cyanogen in the presence of aldehyde (Figure 1).}! But it was in 1971, when Hajos and Perish led
the way to asymmetric organocatalysis, publishing the first and highly enantioselective catalytic
aldol reactions,'?13 the Hajos-Parrish-Eder-Sauer-Wiechert reaction; using a simple amino acid,
proline, as the catalyst.

Regrettably, despite the significant impact of this compelling milestone in the area of asym-
metric organocatalysis, the subsequent three decades witnessed a dormant phase. However,
between 1970 and 2000, there was a wealth of interest and development of asymmetric organocat-
alytic concepts. Notably, Phase-Transfer Catalysis (PTC),'*!5 Brgnsted acid catalysis,'® ter-
tiary amine catalysis'” and phosphine catalysis,'® emerged as crucial elements in contemporary

organocatalytic research, although it went largely unnoticed at the time.

Covalent Catalysis Non-Covalent Catalysis
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Figure 2. Different asymmetric organocatalysis activation methods grouped by type of activa-
tion mechanism.

In the 2000s, a paradigm shift occurred, affirming that relatively simple organic molecules
could serve as highly effective and remarkably enantioselective catalysts for a variety of fun-
damentally important transformations.!® This transformative period was mainly governed by
the influential and persistent work of List?* 22 and MacMillan.?3"27 Their research focused on

enamine and iminium ion-based organocatalysis,®2"

simultaneously emphasised the novelty and
potential of the field. They demonstrated that organocatalysts are not only versatile but also
capable of addressing existing gaps in organic chemistry. This rediscovery induced an immense
growth in research activities in organocatalysis, particularly in the last decade, leading to the
development of several families with different activation mechanisms, as illustrated in Figure 2.

However, while the field of asymmetric organocatalysis has been continuously expanding, the
ability to unravel the mechanistic details has failed to keep pace; mainly because experimental
screening has been one of the most common methods employed in catalyst design. It was not
until 2004, that the first asymmetric organocatalytic reaction, the Hajos-Parris reaction, was
studied computationally by Houk and co-workers, elucidating the origin of the activity and

selectivity of prolines, later expanded to other amino acids.3°
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With the increase of computational power during these years, numerous reactions have been
computationally studied to provide valuable mechanistic insights, elucidating the different se-
lectivities or effects produced by the catalysts. At that stage, computational chemistry was
predominantly employed as a retrospective®' tool for rationalising chemical phenomena; used,
in the particular case of asymmetric organocatalysis, at the end of the design process, once the
catalyst was optimised to obtain high selectivity values, to explain the mechanism behind this
selectivity.

This retrospective approach was used by Prof Ren and co-workers to explain the role of
the counteranion of an imidazolium salt in organocatalysis (Scheme 1 A), revealing that as the
basicity of the counteranion increases, the formation of free carbene accelerates accordingly.??
These computational results correlate perfectly with the experimental findings and were used to
explain the behaviour of the catalytic cycle.

However, this traditional approach significantly underestimates the predictive potential of
computational chemistry. Along with the aforementioned increase of computational power over
the last decades, a slow change of paradigm has emerged; substituting this retrospective approach
with a prospective one that accounts for the predictive potential inherent in computational

chemistry.

A- Ren, 2011
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Scheme 1. A- Computational study on the effect of an imidazolium salt counterion and basicity
on the favoured product. B- Selective Mannich reaction previously performed experimentally
leading to the syn-product, top, and new, computationally design anti-Mannich reaction leading
to the anti-product, down.

One of the pioneer examples of this new strategy within the field of asymmetric organocat-
alyst design was performed by Dr Barbas and co-workers in 2006 (Figure 1).33 In this project,
the authors computationally designed an amino acid to perform an asymmetric anti-Mannich
reaction, obtaining astonishing selectivities. They computationally studied the mechanism of

a normal Mannich reaction, leading to the syn-product (Scheme 1 top) and identified the key
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factors that made the process highly enantioselective; finding that the process was guided by
the predominance of the (F)-enamine, the s-trans conformation of the enamine in the TS, the
proton-transfer from the carboxylic acid to imine nitrogen and the attachment of the enamine
through the si face of the imine.

After analysing all the factors that led to the production of the syn-product, they computa-
tionally designed a catalyst that reverses the process and produces the anti-product (Scheme 1
down). This catalyst was predicted to give a 95:5 anti:syn diastereoselectivity and 98%ee and
the subsequent experimental validation found a quantitative agreement with this prediction,
obtaining excellent diastereo and enantioselectivities.

This new prospective approach in which the catalysts are studied computationally and the
modifications performed on the basis of these results gave birth to what is known as the rational
design of catalysts. Since the first successful example aforementioned, several catalysts have been
designed accordingly, taking a candidate catalyst, studying its mechanism, and consequently
modifying it in order to obtain the desired outcome.

This approach has been successfully employed in various studies to theoretically enhance
the selectivity of different organocatalysts. For instance, Sarotti et al. demonstrated its efficacy
in 2020,2* and our own study, presented in this thesis,?® also utilised this method. In the
former study, a rational design approach was employed to create a novel organocatalyst for the
asymmetric Fiedel-Craft alkylation reaction of indoles, resulting in a significant improvement in
process selectivity.

However, this rational approach is not the sole method that has emerged with the develop-
ment of computational chemistry; different automatic approaches have also been developed,3%
facilitating the process of refining a catalyst by computationally testing a large number of pos-
sible modifications and candidates, identifying the most important and efficient features, rather
than rationally selecting a few of them.

This automatic in silico design operates by performing a screening of a library of compounds,
using different computational methods such as quantum mechanics or molecular mechanics, to
select the most promising catalytic scaffolds for the selected reaction and then designing an
optimal catalyst by maximising their efficiency based on the predicted values of the different
modifications performed.

Several software packages have been developed under this framework in the last fifteen years
like Asymmetric Catalyst Evaluation (ACE),3” which can describe transition regions as “linear
combinations of reactants and products” in a reaction through the automation of the conforma-
tional search, geometry optimisations, and energy evaluation of transition states using empirical
molecular mechanics; Automated Reaction Optimiser for New Catalysts (AARON),38 that can
be used to screen processes of both organocatalysts and transition metal catalysts and to gener-
ate of intermediates and transition states, being able to determine their catalytic performance;
Catalyst Virtual Screening (CatVS),3%40 a virtual screening tool that uses Q2MM and generates
transition state force fields (TSFF) to identify the most selective ligands; DE Novo OPTimisa-
tion of In/organic Molecules (DENOPTIM),*! a virtual screen and design of organic, inorganic,
organometallic catalysts, and supramolecular compounds is enabled by this particular Java
package that includes information on the most suitable catalysts in terms of synthetic viability.

In addition to the rational and automatic design of catalysts, a new approach has emerged

over the last few years, the Machine-Learning (ML) approach. This alternative to catalyst design
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is very attractive since it can potentially accelerate the design process by implementing some of
the latest developed ML algorithms.

The ML approach is a vast field that has exploded over the past few years and includes very
diverse techniques and models that can be applied to the catalyst design. However, one of the
most common and successful is the use of classic molecular descriptors*? (Figure 3) to train
different ML models that can be used for the evaluation of new catalysts for a given reaction,

accelerating the design process.

Classic descriptors Asymmetric descriptors
Steric descriptors Average steric occupancy
Sterimol
R
0 half-cone angle I/\W/\l
o J\Q %
) 180 . (Moaw N NS )
0; = a+—n sin ( d ) CK\/[-'
Q solid cone angle
S4 S4' %V Molecular representations
Electronic descriptors SLATM Spectrum of London and

. . . , ATM potential
SEP Semiempirical electronic parameter TEP Tolman electronic parameter P
. . SOAP Smooth overlap of atomic
CEP Calculated electronic parameter HEP Huynh electronic parameter| | positions

Figure 3. Commonly used descriptors and representations in ML models applied to catalyst
design.

Although these descriptors have increased their popularity in recent times, some of them
have been around for a few decades, like Sterimol parameters,3 developed in the 70s and that
have been used in many different projects. Newer versions, such as wSterimol parameters,*44°
have been developed more recently to describe the systems with greater precision, taking into
account the different conformations in which the molecule can be found. In addition to steric
descriptors, several electronic descriptors have been widely used like Tolman Electronic Param-
eter (TEP),*647 Calculated Electronic Parameter (CEP),*® Semiempirical Electronic Parameter
(SEP)* or Huynh Electronic Parameter (HEP);%" accounting for the electronic characteristic of
the system in different ways (Figure 3).

However, even though classical descriptors perform very well on catalysts, the enantioselec-
tivity is not taken into account and, therefore, new descriptors have been designed for asymmetric
catalysis like Average Steric Occupancy (ASO)%! and Continuous Chirality Measure (CCM)?2-%5
(Figure 3). These asymmetric descriptors have been used in combination with the aforemen-
tioned classic descriptors in the design of new asymmetric catalysts.

In addition to the molecular descriptors, different representations have been developed to
describe molecules in a way that is readable for the different ML models and that retains the
needed information for the prediction of the desired property; the so-called quantum or atomistic
ML. Some of the most commonly used molecular representations are Coulomb Matrix (CM),6:57
spectrum of London and Axilrod-Teller-Muto (SLATM)58 or Smooth Overlap of Atomic Positons
(SOAP)% (Figure 3).

Prof. Corminboeuf and co-workers successfully used and modified the SLATM representation

for the prediction of the enantioselectivity of different organocatalysts, establishing a protocol to
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improve molecular representations within the atomistic ML field.®® In addition to this protocol,
Prof. Corminboeuf’s group has set the state of the art in the use of ML methods for the design
and evaluation of new asymmetric catalysts, developing a whole suit of packages, strategies
and databases with this purpose.5% Among the most prolific are NaviCatGA %! a genetic
algorithm for catalyst optimisation, the B2R2 package®? for the generation of different reaction
representations and the OSCAR database,% a large repository of catalysts with diverse chemical
properties and functional groups.

In recognition of the revolutionary impact that asymmetric organocatalysis has represented,
Benjamin List and David MacMillan were awarded the Chemistry Nobel Prize in 2021 as pre-

cursors of this field.

Phase Transfer Catalysis

One of the most successful and prolific types of organocatalysis over the last two decades has been
Phase-Transfer Catalysis (PTC), a concept introduced for the first time in 1971 by Charles M.
Starks%® and gaining prominence since the last decade of the century. The mechanism proposed
by Starks for the PTC at that time is depicted in Scheme 2. As the name suggests, PTC includes
several different procedures, all sharing the common characteristic of occurring in two different
and immiscible phases that keep the reactants separated. These phases could traditionally be
either an organic and an aqueous phase, or an organic phase and a solid phase. In both cases,
the catalyst, Q, facilitates the transfer of some of the reactants (R2 in the scheme) from one
phase, usually the aqueous or solid phase, to the other, organic, where the isolated reactant,
R2, is insoluble. This process greatly accelerates the reaction rate.

Since Dolling’s groundbreaking asymmetric alkylation in 1984, which marked the first
instance of PTC competing with organometallic catalysts, numerous organic reactions have

been catalysed using this method.” 76

( Organic Phase \
R1X + QR2 » R1IR2 + Q

NaX + QR2 3 2 NaR2 + Q
\_ Aqueous Phase W

Scheme 2. Phase-Transfer Catalysis mechanism scheme described by Starks.

In its early stages, PTC primarily relied on the cinchona alkaloid scaffold (Figure 4-a),”” de-
spite such scaffolds presenting plausible merits, they also exhibited limitations such as strenuous
catalytic modifications. These limitations established a promising starting point for Maruoka
et al.”® in the development of spiro-quaternary ammonium salts PTC (Figure 4-b). The unique

scaffold was found to be catalytically rewarding and vigorous under mild PTC conditions.”™ How-
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ever, within this decade, alternative catalytic strategies are beginning to emerge. For instance,
Chiral Phosphoric Acids (CPA)3%#° derivatives were incorporated within PTC on account of
their efficiency and tremendous structural versatility (Figure 4-c).

Meanwhile, Hydrogen Bond (HB) mediated asymmetric organocatalysis continued to pros-
per throughout this decade and has been extensively explored since its pivotal role in organic
synthetic reactions at the dawn of the millennium. HB-Donor organocatalysts based on the
thiourea motif were dominant in the early 2000s,%6 but in the late 2000s, squaramide-based

organocatalysts began to gain acknowledgement earning the scaffold popularity.

fa \(C )
®© L
S %
__F y
N
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Figure 4. a) Chiral cinchona alkaloid-based scaffold. b) Spiro-quaternary ammonium salts-
based scaffold. c) varied chiral backbones of CPA within anionic PTC.

The considerable success of HB-Donors as organocatalysts has gradually cultivated an in-
terest in other non-covalent interactions as promising activation modes, such as o-hole®” inter-
actions. This concept, introduced by Clark in 2005,5% referred originally to the positive area
generated in the central part of a halogen atom X, located on the opposite side concerning the
covalent bond and that is surrounded by a higher electron density belt created by the three pairs
of electrons occupying the halogen Lone Pair (LP) orbitals. This concept was later expanded
to different positive areas generated, opposite to a covalent bond, in atoms of different chemical
groups, generating different o-hole families (Figure 5); namely Halogen Bond (XB), Chalcogen
Bond (ChB), Pnictogen Bond (PnB), and Tetrel Bond (TtB).

The o-hole catalysis field is still in its infancy, currently being assessed via experimental and
theoretical means.®?%0 Despite such interactions being conceptually new within catalysis, they
surpass HB in directionality and rigidity”! and are very promising substitutes of HB-Donors as
catalysts.

The combination of attractive Non-Covalent Interaction (NCI), like the aforementioned, with
traditional PTC scaffolds, like cinchona alkaloids, represents a very promising opportunity to
enhance their selectivity and design catalysts based on specific attractive interactions, rather
than mere steric hindrance.

This aforementioned combination has been successfully used in different reactions like the

rational design of a styrene-based chiral organocatalyst for the enantioselective cyclization of 2-

8



1.2 This work was built upon previous theoretical work

benzothiazolimines performed by Liu et a
and rationally modified the catalysts by introducing a thiourea-tertiary amine with multiple H
bonding sites on an oxindole-based styrene scaffold, conferring the newly designed catalyst with

enantioselectivities up to 98%ee.

0. _B_ B B

Halogen Chalcogen Pnictogen Tetrel
bond bond bond bond

Figure 5. Different o-hole interactions described. From left to right, Halogen Bond, Chalcogen
Bond, Pnictogen Bond and Tetrel Bond.

Several cinchona-based catalysts have been studied in different computational and exper-
imental collaborations between Dr. Trujillo and Prof. Connon, modifying this well-known

scaffold with several HB-donors like squaramide®®? and thiourea,”*% obtaining very good
selectivities and highlighting the power of combining experimental and computational studies

when designing asymmetric organocatalysts based on attractive NCls.

Aims and Objectives

The synergy between experimental and computational chemistry research has facilitated the
development of several qualitative and quantitative models to study enantioselective catalytic
processes and design new catalysts, predicting their activity.?” However, as mentioned previ-
ously, computational chemistry has predominantly functioned as a retrospective tool in most of
organocatalytic studies over the last few decades (Figure 6 top), serving primarily to elucidate
the mechanism of the reaction.

This traditional approach in which the experiments are run first and the computational stud-
ies at the end ignores the predictive potential of computational chemistry and, most importantly,
only allows the designing of new catalysts by trial and error, since the mechanism of action of
the catalyst is unknown until the very last step.

The objective of the present thesis and some other projects over the last few years is to change
this paradigm, letting computational chemistry lead the catalyst optimisation process (Figure 6
bottom); based on mechanistic studies rather than brute force. Once the most key features for
high selectivity were described, characterised, and understood, the prospective, rational, and in
silico design of new catalysts will take place, followed by the experimental testing of the most
promising one, creating an iterative process from which optimum catalysts will emerge.

In order to achieve this ambitious goal, this thesis was divided into several sections that will
address the different stages of a catalyst design process. The first challenge to be solved with
flexible organic molecules, such as the cinchona-based catalysts studied here, is the enormous
number of conformations that they can produce and how to find the most relevant and abundant

ones. In the first chapter of this thesis, a rigorous benchmark of the most commonly used

9



conformational analysis software packages was performed to determine the most efficient way of

exploring the conformational space of these flexible catalysts.

CLEL

Library of Experimental Experimental Mechanistic
compounds testing results studies
EAmA “

E E E ee%
Library of Computational Experimental Results
compounds screening testing

Figure 6. Workflow of the traditional (top) and computational approach (bottom) of organocat-
alyst design.

Once the isolated catalysts were studied and the most relevant conformations were found,
the interaction between the catalyst and the anionic reactant was analysed since, as can be seen
in Scheme 2, the complex between the catalyst and the reactant is the first species formed in this
process. Traditionally it has been considered that these complexes were bonded by an ion-pair
interaction; however, the nature of this interaction was reevaluated in the second chapter of this
thesis, revealing the true nature of the different interactions that can be established and proving
guidelines for the correct nomenclature of the different types that can be formed.

After studying the different interactions between the catalysts and the anion involved in
a PTC reaction, a case study was selected in order to validate the designing approach that
is adopted and understand the mechanism of action of these catalysts. In the third chapter,
the enantioselective cyanations reaction of three different a,3-unsatudated ketones were studied
in the presence of different cinchona-based catalysts, presenting different EWG and EDG, to
analyse the electronic and the steric effects of different groups in the selectivity of the catalysts.

In the fourth chapter, a more challenging reaction, the production of enantiomerically pure
protected amino acids, was studied, in collaboration with our experimental colleagues. The
validated methodologies tested and analysed during the previous chapters were applied to this
reaction, starting an iterative cycle of computational studies, experimental validation and ratio-
nal design of a new round of catalysts that significantly improved the catalyst performance.

Finally, as a response to challenges encountered at various stages of this design approach, a
more automatised computational workflow for studying the TSs involved in an enantioselective
reaction was designed, tested, and optimised in the last chapter of this thesis, thus concluding

the comprehensive computational study of organocatalysed asymmetric reactions.
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Since theoretical chemistry was born at the beginning of the 20th century, it has grown expo-
nentially and it has been applied in combination with experiments in all the different disciplines
in chemistry. However, its applicability has always been limited by the state of computational
technology. The combination of technological progress over the last decades and new quantum
methodologies has allowed computational chemists to study systems that were impossible a few

years ago.

Origin of Quantum Chemistry

One of the first, and most important, steps in the development of quantum mechanics was
made by Louis-Victor de Broglie in 1923,! who generalised the idea that light waves present a
corpuscular nature and declared that all elementary particles with momentum, p, are associated

with a particular wavelength, \; expressing it as:

A== (1)

Three years later, Erwin Schrodinger determined that, if all the elementary particles express a
wavelike behaviour, they should be governed by a wave function; writing one of the fundamental

equations of quantum mechanics, the Schrédinger Equation (SE):?

o h2(ﬁm 020 520

s = dx? + dy? + 022

- U=HU 2
L )+ U )

If the SE equation can be simplified, neglecting the relativistic effects and expressing it in
atomic units (h = me = e = ¢ = 1), to describe any quantum system, the non-relativistic
time-dependent Schrodinger Equation (TDSE) emerges (Eq. 3). This equation can be written
in terms of the electron coordinates, (r;), nuclei coordinates, (R;) and the space-spin coordinates

x; = (r;,n;), expressing the Hamiltonian as H (ri, R;,t) and the wavefunction as W(r;, R;,t).

5 )
ih@‘l’(%Ri,t) = H(ri, Ri, t)¥(x;, Ry, t) (3)

However, chemical systems are usually studied as stationary points, getting rid of the time
variable and describing them using the most famous and common form of the SE, the time-
independent Schrédinger Equation (TISE) (equation 4). Here, one eigenvalue, E, is associated

with each of the wavefunction, U, eigenstates of the Hamiltonian, H.

HYU = EU (4)

The Hamiltonian, H represents the total energy of a system and can be expressed as the sum
of the different energy contributions: the kinetic energy operator for electrons, T., and nuclei,
Tn, the electron-electron, Vee, and nuclei-nuclei, Vj,,, , potential operator; and the electron-nuclei

L, Veat

Coulomb attraction, namely external potential, (Equation 5).
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However, all the aforementioned versions of the SE present the same problem; none of them
can be exactly solved for systems formed by more than two given particles. In chemical words,
the SE can only be exactly solved for the Hydrogen atom or mono-electronic cations.

This is known as the many-body problem and, to overcome it, Max Born and Julius Robert
Oppenheimer proposed, in 1927, their famous approximation; the Born-Oppenheimer approx-
imation (BOA). This approximation is founded on the fact the lightest atomic nuclei in the
universe, 'H, is about 1800 times more massive than the electron, allowing the separation of
the electronic and nuclear components of the Hamiltonian (Eq. 6) and the wavefunction (Eq.

7), because the electronic cloud will instantaneously adapt to any nuclear configuration.

FI = f{elec + ﬁnuc = Te + ‘A/ee + ‘A/;aact + (Vnn) (6)

U(r, R) = ®(r, R)x(R) (7)

This approximation removes the kinetic contribution of the nuclei, T,m, now static, and forces
the repulsive potential operator between the nuclei, Viun, to be constant. In the wavefunction,
W, the electronic wavefunction, ®, depends now on the electron coordinates, r, and the static

nuclear coordinates, R, while the nuclear wavefunction, x, only depends on the nuclear positions,

R.

Hartree-Fock method

The separation of the electronic and nuclear components of the SE is not enough to solve the
many-body problem, different assumptions, approximations and idealizations have to be done
to obtain an approximate solution. In 1927 Doublas Rayner Hartree introduced the concept of
Self-Consistent Field (SCF);3* expressing, in a system with two electrons, the movement of the
first electron, e, based on a potential field formed by the nucleus of the system and the second

electron, es, obtaining an effective Hamiltonian, flff ! , for electron 1 (Eq. 8).

A (r) = By (r) 8)

However, the exact solution is not obtained and the variational principle (Eq. 9) must be

successively applied, minimising the error of the trial until obtaining the desired accuracy.

* H\Ijtrial = Etm'al > Emzn<‘ll|ﬁ|\1}> (9)

trial

When larger, N-electron, systems are described, the wavefunction must be approximated by

the product of N particle functions, known as the Hartree product (Eq. 10).

N
U(r) = Htpﬂ"i (10)
i=1

However, due to the fermionic nature of electrons, this approximation does not satisfy the
Pauli exclusion principle and antisymmetric functions must be used to amend this problem.

Soon after Hartree published his approximation, in 1930, Vladimir A. Fock, originally Fok
(Dok), and John C. Slater described a replacement for the Hartree product (Eq. 10), the
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Slater determinant®% (Eq. 11), expressing the wavefunction as the determinant of one-electron

wavefunctions matrix and satisfying the antisymmetric principle.

e1(r1)  pa(r1) ... @n(r1)
1 |pi(r2)  w2(r2) ... on(r2)

¢o = N . ) ) (11)
e1(ry)  @a2(rn) .. @n(TN)

This wavefunction, along with the Fock operator (Eq. 12), can be used to rewrite the SE
as shown in Eq. 13 and can be solved by using the variational principle (9) ’self-consistently’.
This way of solving the SE is known as Hartree-Fock (HF) method.

F(r)=hi(r) + > Ji(r) = Kr) (12)

F(r)go(r) = Eogo(r) (13)

The Fock operator, 2 (r) is expressed in terms of the kinetic energy and the electron-nucleus
attraction, h;(r), the Coulomb operator, J;(r) and the exchange operator, K;(r).

However, in terms of accuracy, the HF method does not provide the exact energy of a system,
since a single Slater determinant does not take into any consideration the electron correlation.
To solve this impediment, different methods have been developed over the years, known as post-
HF methods, including the Moller-Plesset (MP) methods,” based on perturbations of several
orders (M P"), the Configuration Interaction (CI) method,®!? based on including more than
one electronic configuration, or the Coupled Cluster (CC) method,!* 13 based on the exponential

cluster operator.

Density Functional Theory

An alternative picture to the wave functions methods was proposed by Pierre Hohenberg and
Walter Kohn in 1964, the ’exact density formalism’, that led to the Density Functional Theory
(DFT).

This formalism declares that the Ground State (GS) energy of a system can be obtained
from its electronic density, and relates the wavefunction of the GS, ¥ gg), with the electronic
density, p, in an N-electron system. Obtaining the following equation (Eq. 14) for describing
the GS energy of a system.

EO:/.../ [/[\I/*(T,TQ,...,TNI:I\I/(T‘,TQ,...,TN]dTQ...dT’N (14)

This new Hamiltonian can be split into different parts following the Born-Oppenheimer
approximation (Eq. 15). By doing so, the nuclear kinetic energy can be neglected and the
Hamiltonian described as the sum of the electronic kinetic energy, T(r), the electron-electron
and nucleus-nucleus Coulombic repulsion, V(r) and V(R) respectively, and the electron-nucleus

Coulombic attraction, v(r), also known as external potential.
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Hy(r,R)=T(r)+V(r)+ V(R) + v(r) (15)

When this new Hamiltonian is introduced in the GS energy equation, the first three terms
can be combined in the so-called ’functional’, F[p(r)], separated from the external potential (v),

obtaining the following energy expression (Eq. 16).

Bo= [ [ Eloto)+ [~ ptrwiryar (16)

While the problem of the wavefunction methodology was the impossibility of solving the
equation for multiple electron systems, the problem of this new methodology is obtaining the
exact electronic density distribution. This electronic distribution would mean that the energy
of the system is minimised.

To find a simplified method to obtain the functional corresponding to the adequate electronic
distribution, Walter Kohn, in collaboration with Lu Sham, defined the electron density as a sum
of orbital densities (Eq. 17).1

Falp(r)] =00+ [ [ 2D sy + B o) (1)

This functional is expressed as the sum of three terms: the electronic kinetic energy, T'[p(r)],
that has not changed, the electron-electron interaction in the electronic density, 5 1 I [ pmlrifi(rz),
and the exchange-correlation energy, Exc[p(r)], reflecting the interactions and exchanges be-
tween same-spin electrons among the system. The system now is described by a set of orbitals
that contains non-interacting electrons, known as Kohn-Sham orbitals, that must satisfy the

Schrodinger equation for the system (Eq. 18).

HESQL5 (r; = ;019 (ry) (18)

Local Density Approximation

Amongst all the terms discussed by Kohn and Sham, the exchange-correlation potential, vx¢,
is the only one that remains undisclosed; besides, its analytical solution is still unknown and,
consequently, several approximations have been developed.

The Local Density Approximation (LDA) is one of the most common approximations to
solve this problem, based only on the electron density; splitting the space in a grid and calcu-
lating the electron density at each point.'®*® This method (Eq. 19) calculates the two different
contributions separately, as the sum of the exchange, E)L(D 4[p], based on the uniform electron
gas derived by Dirac'? (Eq. 20); and the correlation term, which analytical function (Eq. 21)

remained unknown until 2016,2°

17,18

and that was previously calculated with different parameteri-

sation schemes.

EX2A[p] = BYP (o] + BEPA) (19)

ExPp) = —g <3>§ /p(r)éd’” (20



b b
EEPA] =1n (1 +—+ TQ> (21)

The terms a and b in equation 21 are constants evaluated at the MP2 perturbation theory
1

level and g = (%p) g, known as the Wigner-Seitz radius.?!
An alternative version of this approximation in which « and § electron densities are consid-
ered separately, as open-shell systems, was proposed;?? known Local Spin-Density Approxima-

tion (LSDA) (Eq. 22).

EXEPA 0% = EXPPAp + EEPPAp*, 0] = EXFPA %] + / p*(r)Relp®, pPldr  (22)

Generalised Gradient Approximation

Different alternatives to calculate the exchange-correlation were also developed, including the
reduced gradient of the density,?3 2° developing the Generalised Gradient Approximation (GGA)
methods (Eq. 23); and the kinetic energy, 7(r), and the Laplacian of the density, V2p, developing
meta-GGA methods (Eq. 24).

\Y%
B = [ e, Voyin, 2= |5 (23)
1 NOCC
BRG] = / . V.7, V2p)dr, 7(r) = 5 Y [Vl (24)
i=1

These methods have been combined at a constant ratio, based on the concept of the adiabatic

22,26,27

connection, with the exact exchange to calculate the exchange-correlation term, creating

a new category known as hybrid-GGA.

Functionals

Since Kohn-Sham theory was released, multiple functionals have been developed under different
approximations to increase the level of description of different systems.

The most widely used functional since it was released back in 1993 has been B3LYP, a
hybrid-functional developed by Becke.?® The reason why B3LYP is so widely used is that it
provides a very good relation between computational cost and accuracy when compared with
previous functionals or other more demanding methods like post-HF methods.

Despite being so widely used, BBLYP presents some problems describing Non-Covalent In-
teraction (NCI). Hence, new functionals were developed, designed to account for those interac-
tions properly. Some examples of the most commonly used amongst those new functionals are
wB97XD?” or M06-2x,%? a hybrid meta-GGA functional that combines 32 empirically optimised
parameters into the exchange-correlation term and it is provided with double the amount of
non-local exchange (54% of HF exchange).

Another option to address the poor description of NCIs is the addition of empirical dispersion
corrections, like DFT-D33! (Eq. 25), a damped, atom-atom empirical potential developed by

Grimme.
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In this equation, C'B is the average isotropic dispersion coefficient for atom pair AB, Rap
is their internuclear distance, s,, are the scaling factors and f,(Rap) is a damping function used
to avoid near singularities for small internuclear distances.

This empirical potential is usually combined with the B3LYP functional to significantly

improve its accuracy when studying systems that present different NClIs.

Basis Sets

In order to solve the SE (4) by using the variational method (9), an appropriate trial wavefunc-
tion describing the system has to be selected, as explained above, and a new approximation is
required to obtain this initial state. The Linear Combination of Atomic Orbitals (LCAO) (Eq.
26), introduced by Lennard-Jones,3? generates an appropriate wavefunction, ¢, by optimising

the coefficients ¢,; in a basis of functions W*.

= culu(r; Ry) (26)
pn=1

However, the exact form of these functions, W, is unknown; requiring their mathematical
representation as a set of functions, known as a basis set.

Different types of functions have been developed to describe the orbitals over the years. The
Slater Type Orbitals (STO) (Eq. 27), defined in spherical coordinates, mimic the exact eigen-
functions of the H atom. However, despite their different advantages, there are no analytical
methods to compute two-electron integrals with STO basis set, requiring a huge computational
effort to solve numerically that makes them usable only for those methods in which these elec-

trons are not necessary, like semi-empirical methods.

%10 = Br" e Y (0, 0) (27)

The Gaussian Type Orbitals (GTO)3334 (Eq. 28) were developed a few years later, solving

ar

the integration problem since their exponential dependence, e~ 2, can be solved analytically.

nGTO — xlymzne—aTZ (28)

However, these types of functions, used directly, poorly describe the atomic orbitals near the
nucleus, leading to greater inaccuracies. To solve this problem, a linear combination of GTO,
called primitives, must be used (Eq. 29). This linear combination of primitive Gaussian, namely
Contracted Gaussian Functions (CGF), describes the orbitals more accurately as they grow in

size and has been widely used to generate different basis sets since Pople introduced them.3%37

A
GTO GTO
Ny = Z darn, (29)
a
Further studies on the different basis sets led to the development of split-valence basis set,
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in which core and valence electrons are described by a different number of basis functions. Core
electrons, being constrained within the atom and not involved in any interatomic interactions,
are described by a single basis function; however, valence electrons need more functions to be
described and even the addition of more diffuse and polarisation functions to describe their
behaviour accurately.

The diffuse functions are extra Gaussian functions used to increase the accuracy in describing
orbitals located furthest from the nucleus. These functions become particularly important when
studying anionic species or systems presenting different long-range or weak NCIs.

On the other hand, polarisation functions are higher-order orbital functions added to facili-
tate the desymmetrisation of the atomic orbitals. These auxiliary functions break the symmetry
of the orbitals, enabling an accurate representation of the different bonds present between dif-
ferent atoms. This is particularly important in polarised covalent bonds and NCIs. The impact
of adding a p polarisation function to an s-orbital and a d polarisation function to a p-orbital is

depicted in Figure 7.

O B

CD, Co, ChH+C O,

Co, C®  CO+C,
Figure 7. Effect of p and d polarisation functions to a s-orbital, left, and a p-orbital, right.

Different types of basis sets fall into this category, e.g. split-valence Pople basis sets,3%39
correlation-consistent basis sets developed by Dunning and coworkers?? and Karlsruhe type basis
sets. 4!

Each of these basis sets has a different nomenclature that represents the number and type
of functions that contains. Popple basis sets are expressed using the X —Y ZG nomenclature
where X is the number of primitive functions for each core-electrons and Y and Z represent
the number of functions for the valence atoms, indicating that the basis set is a split-valence
(double () basis set. Greater basis sets like triple-¢, and quadruple-¢ require more numbers after
the hyphen. The addition of diffuse functions is indicated with a + sign before the ’g’; one +
indicates diffuse functions on heavy atoms and ++ indicates that these functions are also added
to hydrogen atoms. Finally, the presence of an * at the end of the basis set code indicates the
addition of polarisation functions to the basis set, following the same logic as diffuse functions,
x representing only the addition to heavy atoms and *x including H. Therefore, the way of
representing a triple-¢ basis set that includes polarisation and diffuse functions for heavy atoms
and hydrogen would be 6—31++G * *.

The Dunning type basis sets are usually expressed using the (aug—)cc—pV NZ nomencla-
ture. Here, cc core stands for Correlation-consistent, V' indicates that it is split valence and N
represents the ¢ number, D for double-(, T for triple-¢ and so on. The addition of polarisation
functions is indicated by p and the presence of diffuse functions is represented by adding aug—
at the beginning of the name of the base set. The equivalent of the triple-( basis set with

polarisation and diffuse functions with this nomenclature is written as aug—cc—pV7TZ.
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Finally, the Karlsruhe type basis sets use the def2—NV (P)(D) nomenclature where N is
the ¢ number for the split valence functions (7'Z for triple-(, QZ for quadruple-(, etc.) and the
presence of polarisation and diffusion functions is indicated by P and D respectively. Polarisation
functions can be indicated as (P) when only the heavy atoms are included, P when there is
one set of polarisation functions for all atoms and PP when there are two sets of polarisation

functions for all the atoms.

Non-Covalent Interactions

In addition to energy calculations and geometry optimisations, another very important area
of computational organic chemistry is the analysis of NCIs. There are several methodologies
designed for this task, using different approaches and focusing on different aspects of the inter-

action.

Quantum Theory of Atoms In Molecules

The Quantum Theory of Atoms In Molecules (QTAIM)*2 44 is a theory used to analyse the
topology of the electron density distribution function, p(x,y, z), and extract different properties
of the atoms forming the system. The different properties that can be extracted from this
analysis are the connectivity of the molecule, expressed as line paths, previously known as bond
paths, that correspond with chemical bonds and different NCIs,* different types of Critical
Points (CP), defined as those points of the space in which the density gradient, Vp, disappeared
and which type is determined by its curvature.

This analysis is done by calculating the eigenvalues (A1, A2, \3) of the Hessian matrix, defined

as the matrix of partial second derivatives of the electron density at every given point (Eq. 30).

p 8%p %p §%p

62? (5x25y 5&0262 ox? (2) 0 )\1 0 0

9°p  &p  p &p -

T A 0 %6 0 |=[0 x 0 (30)
to Lo o 0o o 2z 0 0 As

0z0x  dzd0y 622 622

The different CP can be classified using the (w,o) nomenclature, where w is the number of
non-zero eigenvalues and o is the sum of the signs of the eigenvalues. Four different types of

eigenvalues arise from this classification:

e Nuclear Attractor Critical Point (NACP) has all negative curvatures and represents
a local maxima of the electron density. Correspond to the beginning and the end of a
bond path (3,-3).

e Bond Critical Point (BCP) shows two positive curvatures and one negative curvature,
corresponding to a saddle point of the electron density. It is the minimum density point
along a bond path (3, -1).

¢ Ring Critical Point (RCP) is characterised by two positive curvatures and one negative

curvature, corresponding to a different type of saddle point of the electron density (3, +1).

e Cage Critical Point (CCP) corresponds to local minima of the electron density and is

characterised by all positive curvatures (3,+3).
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The QTAIM method is used, mainly, to analyse and characterise different intra- and inter-
molecular interactions based on the information extracted from the BCPs. The values used for
characterising these interactions are usually the value of the electron density at the BCP, ppcp,
related to the strength of the interaction; the Laplacian of the density at the BCP, VZppcp,
defined as the sum of the three eigenvalues, and it is usually negative (V2pgcp < 0) for polar
covalent bond and positive for (V2ppcp > 0) for ionic bonds, hydrogen bonds and weak NClIs.
Further information about the nature of the bond can be extracted from the electronic energy
density at the BCP,K(ppcp), defined in Eq. 31 as the sum of the local kinetic and potential
energy densities at the BCP, G(ppcp) and V(ppcop) respectively.

K(ppcp) = G(pscr) + V(pser) (31)

Based on these values, the different BCPs can be classified as:

e Covalent Bond when V(ppop) << 0, G(ppcp) << |V(pscpr)|, K(ppcp) << 0 and
VZppep <0

e Polar Covalent Bond when V(ppcop) << 0, G(ppcp) << |V(pacpr)|, K(ppcp) << 0
and V2PBC’P >0

e Non-Covalent Interaction when V(ppcp) < 0, G(ppep) =~ |V(pscer)|, K(ppcp) ~ 0
and V2pBCP ~0

Natural Bonding Orbitals analysis

A Natural Bonding Orbital (NBO)#6748 is defined as the orthonormal set of localised mazimum
occupancy orbitals that give the closest Lewis-like description of an IN-electron molecular sys-
tem. These NBO orbitals are a localised Natural Lewis Structure (NLS) representation of the
wavefunction.

Mathematically, these orbitals are composed of a series of optimised linear combinations of
Natural Atomic Orbitals (NAO), known as Natural Hybrid Orbitals (NHO) (Eq. 32).

hay_ a®;” (32)
k

The orbitals that can be formed under these conditions can be divided into two main groups:
1-centre orbitals, defined by a single normalised NHO, ngq = h4, or 2-centre orbitals, Q4p =
asha+aphp, composed by a linear combination of two NHO. Core orbitals (CR) and lone pair
(LP) orbitals fall into the first category while o and 7 bonding orbitals (BD) would fall into the
latter.

To satisfy the orthogonality of the set, each bonding NBO must have an anti-bonding (out-
of-phase) orbital (BD*), % 5 = apha — aahp.

A proper analysis of these orbitals can provide valuable information about the strength
of intermolecular interactions, making it possible to measure the stabilisation caused by the
different inter- and intra-molecular NCIs. These interactions emerge in the NBO analysis as
the second-order perturbation energies, F(2); the stabilisation energy due to the charge transfer
i <— 7, E(2), between a pair of donor NBO i and acceptor NBO j (Eq. 33).
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E(2) = AE5(2) = g2 (33)

Here, ¢; represents the occupancy of the donor NBO, F'(i, j) are the off-diagonal NBO matrix
elements and ¢; and ¢; stand for the orbital energies (diagonal elements of the NBO Fock matrix).

By measuring the second-order perturbation energy associated with an interaction, we can
not only measure its strength but also analyse its nature in terms of orbitals and classify it;
e.g. HB are defined by the F(2) associated to the charge transfer from a lone pair orbital (LP)
within the HB-acceptor to an anti-bonding sigma orbital (BD*), also expressed as ¢*, within
the HB-donor (Eq. 34).

LP(HB — acceptor) — o5 (HB — donor) (34)

Non-Covalent Interaction index and Independent Gradient Model

Despite being extremely useful for studying and analysing different NCIs, when these interactions
are very weak or dispersed like, for example, 7-7 stacking, these methods can fail to analyse
them properly. Amongst the different alternatives to analyse and visualise these interactions,
two different density-based methodologies arose: Non-Covalent Interaction Index (NCIi)4%50
and Independent Gradient Model (IGM).?!:52

Both methodologies are based on the analysis of the electron density, p, similarly to QTAIM.

The NCIi is based on the analysis of the Reduced Density Gradient (RDG), s(p) (Eq. 35).

L |Vpl

s(p) = 2(372)1/3 pA/3

(35)

Interactions are characterised by low values of this RDG, s(p), and their nature can be
determined based on the sign of the second eigenvalue of the diagonal Hessian matrix (Eq. 30),
A2.%3 Negative values of Ao (A2 > 0) indicate the presence of a bonding interaction, e.g. HB, while
positive A\g values (A2 > 0) indicate the presence of repulsive and non-bonded interactions, such
as steric repulsion. Weak van der Waals (vdW) interactions are defined by negligible overlaps
between the two electronic densities, resulting in small values of p, RDG and A\s = 0.

Moreover, later developments of the methodology®® allowed the quantification of these inter-
actions by integrating the electron density in the NCI region (Eq. 36), obtaining optimal values
for n = 2-2.5.

I, = /QNCI p" (r)dr (36)

A similar approach was taken by IGM in which the RDG was substituted by a new descrip-
tor dg, calculated as the difference between the module of the density gradient, |Vp|, and the
Independent density gradient, |V p/¢M |, defined in Eq. 37. In addition to identifying and char-
acterising the interactions, analogously to how they were characterised with NCIi, the descriptor

dg is also correlated to the strength of the interaction, growing in tandem with it.

8g = [Vp'M| ~|Vp| (37)
This independent gradient, |Vp!“M |, is obtained by calculating the IGM derivatives in the
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the space components, as it is shown in Eq. 38 for z.

N ’l‘ . $| n
=D aigbige " (38)
: T

Electron Density Shift

Another density-based methodology for the study of NCIs is the Electron Density Shift (EDS)
maps.?® The EDS density, p?P%, is defined as the difference between the density of the complex
under study, p*Y®, and the sum of the densities of the individual monomers forming it, p™°", as

shown in Eq. 39.

PP Z Py (39)

Despite that this technique is visually very powerful and flexible, it lacked any numerical
evaluation. However, the electron density can be directly extracted from the wavefunction of a
molecule, which is very convenient and clean in terms of evaluation and numerical manipulation.

To solve this lack of quantification, we developed a new method for the quantification of the
EDS.% The quantification of the EDS is based on separating the positive, p*¥* > 3" p™°" and
negative, p°ys < Yy p"°" density areas because, if they are considered together, the total EDS
value would be 0, since the global electron density remains the same, not creating or destroying

any in the process. This separation is defined, over the points of a grid, in Eq. 40.

N
Z EDS ZPEDS dT + ZPEDS (40)
i=1

The total value of the positive and negative EDS corresponds to the total number of electrons
displaced upon interaction (Eq. 41). These EDS values correlate with the strength of the

interaction, providing another tool to study them numerically.

Z pEDS )dr = neEDS (41)

Energy Decomposition Analysis

A completely different approach to studying molecular systems from an energetic perspective
rather than a density one are the different Energy Decomposition Analysis methods, very com-
monly used in the analysis of intermolecular NCIs and their nature. All these methods divide
the total energy of the system into different components such as electrostatic, exchange, repul-
sion, dispersion or polarisation energies. Due to the semi-arbitrary selection of the components
and how to perform the partition, many different types of EDA have been developed over the
years for ab initio methods, DF'T methods and even some density-based methods, all of them
with different pros and cons, and suitable for different types of systems; namely Energy De-
composition Analysis (EDA),?® Natural Energy Decomposition Analysis (NEDA),5” Localised
Molecular Orbital Energy Decomposition Analysis (LMO-EDA),?% Generalised Kohn-Sham
Energy Decomposition Analysis (GSK-EDA),%® Reduced Variational Space analysis (RVS),%!
Electron Density Based Energy Decomposition Analysis (EDB-EDA),%2:63 amongst others.
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Taking one of the most commonly used EDA®® as an example, implemented in the Amster-
dam Density Functional (ADF) software package, it can be seen how the total HF interaction

energy of a certain system, IV, formed by N monomers is calculated as shown in Eq. 42.

N
AE"E = (Bx|Hx|®x) — > (®:|Hi| ) (42)
=1

This interaction energy can be decomposed into electrostatic, exchange, repulsion and po-

larisation energies (Eq. 43).

AEHE = AE'® 4 AE®® + AE™P 4 AEP® (43)

The different energetic components of the EDA are defined by different combinations of the

following approximate energy expressions:

o, o8 a,B o, o8 B
EHY :Zthj ZZZZ ij | ki) ) (S_l)kl
g
1 a a «a 1 B B B B (44)
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A J ? J
X (57135 (87 + B
O o,f 104,5 o, 1~ 1 B B
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EQ—ZM SO it 1 - Do Do) 5 3D i)+ ERE (46)
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These approximate expressions are combined for calculating the different items in Eq. 43
like:

AEde = B - N BT (48)
A
AE* = EQ - B (49)
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AE™ = EY — E¢

ele HF 3
Agde = g0 _ g
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1 | Efficiency and Suitability when Ex-
ploring the Conformational Space

of Phase-Transfer Catalysts
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1.1 Introduction

Conformational analysis plays a fundamental role in several research fields of organic chemistry.
In 1970, Barton proposed the first definition of conformation: "the conformations of a molecule
(of defined constitution and configuration) are those arrangements in space of the atoms of the

molecule which are not superimposable upon each other”1?

Organocatalysts are flexible organic compounds with rich structural dynamics. Similarly to
enzymes, their function is directly linked to their structure and their activity may be regulated
via their conformational dynamics. Consequently, it is crucial to investigate their full conforma-
tional space when studying such flexible molecules. The generation of conformations for flexible
organic molecules is a challenging problem of continuing interest in the field of cheminformatics
and computational drug discovery.

Traditionally, the exploration of this conformational space was performed by hand, manually
generating the different conformers by rotating different bonds, following the chemical intuition
to avoid unlikely conformations and save computational time. The time demand for this pro-
cess escalates extremely fast with the number of flexible bonds and the number of rotations
of each bond (nconformers = ngg;;gl;""“), making it unfeasible for large organic molecules. As
computational power started to increase, different software packages were developed to auto-
mate conformational analysis, speeding up the process and making it as unbiased as possible.
Different approaches have been taken to address both the conformer generation problem (e.g.
random number generation, metadynamics, systematic rotations) and the conformer optimisa-
tion problem (e.g. Force Field (FF)s, semiempirical methods, DFT calculations). This chapter
will provide an overview of widely employed software packages for sampling conformational
space, with a particular emphasis on methods tailored for organic compounds of mutual interest

within the field of organocatalysis, particularly in the context of PTC.

ph tBu anthra CF3 Py CN

Figure 1.1. Chiral bifuntional PTC-catalyst scaffold and modifications under study.

As it was aforementioned, asymmetric PTC-catalysts are defined as small and chiral organic
molecules used to induce enantioselectivity in a chemical reaction. These catalysts present well-
defined chiral motifs to which a myriad of organic groups can be attached. Among the different
PTC-catalyst classes developed, chiral binaphthyl and Cinchona alkaloids have been proven
as the most successful examples,®* including the quaternary ammonium salts, and have been

successfully applied to highly enantioselective conversions.
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For this particular benchmark, three different HB-donors have been chosen to cover the most
commonly used cinchona alkaloid-based derivatives (Figure 1.1).

Those particular phase-transfer catalysts chosen for this benchmark are well-known exam-
ples within the traditional hydrogen bonding-based catalysis field, and the binding mode via
a bifurcated hydrogen bond has been confirmed in the literature (Figure 1.2).!° In particular,
thiourea and squaramide units have been considered very efficient bifunctional catalysts for

several important enantioselective organic transformations. =17

0\\ //O
& &° &y °
' | | | |
H H H H H
HB ac'ceptor HB'acceﬁtor HB acceptbr

Figure 1.2. Proposed binding mods for chiral bifunctional phase transfer catalysts.

However, both squaramide (squa) and thiourea (thio) scaffolds can adopt anti-anti, anti-
syn and syn-syn conformations. It is evident that the conformations adopted by thiourea and
squaramide functional groups influence both the catalysis and binding (Figure 1.3 top).

The conformational behaviour of squaramides and thioureas has been studied in the past by
Luchini et al.'® and by our group'® under different conditions. Both studies concluded that the
most preferred conformer is heavily influenced by the polarity of the solvent (Figure 1.3 down
and S1.1). Polar solvents (e.g. H20, € = 78.4) favour both anti-anti and syn-syn conforma-
tions, while more apolar solvents (e.g. THF, ¢ = 7.4) present almost a non-existing syn-syn

conformation and anti-anti, is the most populated one.

H,0 -

43.1% aa B 11.65% sa I 45.24% ss

68.23% aa Il 31.18% sa I 0.59% ss

Figure 1.3. Top: Definition of the three possible conformations for the thiourea and squaramide
substituted catalysts: anti-anti, left, anti-syn, middle and syn-syn, right. Down: Population of
the possible conformations of thiourea and squaramide substituted catalysts when R = EWG.

Independently of these results, the presence of the anionic reactant to which the catalysts
will be bonded in any PTC reaction will force the catalyst to be in an anti-anti conformation,
as the accepted mechanism of Schreiner’s catalyst states.?® Therefore, it is very important to

maintain that anti-anti conformation during the conformational analysis process since it might
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happen that the most stable conformer able to establish this bifurcated HB is not structurally
close to the most stable when the anti-syn and syn-syn conformations are allowed.

Given the inherent conformational problem featured within the different thiourea and squara-
mide substituted catalysts and the impact on the possible binding modes, two different explo-
rations (unconstrained and constrained) of the conformational space within PTC-catalysts

by means of computational method benchmarking is presented in this study.

Balloon

Figure 1.4. Software packages under study.

A huge number of conformer generators based on different algorithmic approaches are avail-
able nowadays. However, for this particular study, only the most used conformational analysis
software packages (Figure 1.4) were chosen to characterise the different cinchona alkaloid-based
PTC catalysts: Balloon,?"?? RDKit,?® wSterimol**?> and CREST.?6-28
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1.2 Computational Details

In order to use the same structure for every catalyst as an input for the different software under
study, standardising the initial structure, all the catalyst structures were generated with the
corresponding SMILES code (Table S1.1) and were pre-optimised using the MMFF94%° FF,
implemented using RDKit?? library for Python3.3® The script used for generating these 3D
structures can be found in the supporting information (Scripts S1 - catalyst generation).

The general workflow of each conformational analysis software package under study can be

seen in Figure 1.5 and the details of each section are specified below.

Balloon
Conformer /A B
. Optimization OUTPUT
generation

SDF genetic mmffo4

algorithm

Pre-optimisation L. Energy Post-optimisation
. Optimisation . . OUTPUT
screening optimisatio! screening
SMILES EmbededMultipleConfs RMSD cutoff = 0.1 mmff94s cutoff = 10 kcal/mol cutoff =0.5
function
Conformer Pre-optimisation { Post-optimisation
( INPUT) . o . éﬁmisaﬁon a . XOUTPU‘D
generation \ screening > screening
SDF on pymol Bond selection geometrical clash MOPAC PM7
Number of rotations
Systematic search
GFN-xTB

CREST Conformer
optimisation
Final ;
conformer-rotamer OUTPUT
ensemble
Xz

iMTD-GC

RMSD Gaussian il timisati
filtration optimisation ptimisation

CREST conformers cutoff for n=20 wB97XD/def2-svp

DFT

Figure 1.5. Workflow for the different software used in this study.

Balloon

The pre-optimised structure with an Structure-Data File (SDF) format was used as input. The
different conformers were generated with the default parameters of the Genetic Algorithm (GA)
and optimised using the MMFF94 FF. The default cutoffs were used for the different filtration
processes. All the calculations were carried out with the 1.8.0, Apr 10 2021, package version of

the software.

RDKit

The previously used generation script was integrated within the conformational analysis script,

and the SMILES of each catalyst were used as input. The conformers were generated us-
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ing the EmbedMultipleConfs function. This function uses distance geometry to obtain multi-
ple sets of coordinates for a molecule by generating random numbers. The number of con-
formers was set to the cube of the number of rotatable bonds (n_conformers = n3 .. .. ),
the pre-optimisation Root Mean Square Deviation (RMSD) filtration cutoff was set to 0.1 A
(pruneRmsdT hresh = 0.1) and the options useFExp TorsionAnglePrefs and useBasicKnowledge
were activated to generate more realistic conformers by imposing experimental torsion angle pref-
erences and basic chemistry knowledge (e.g., flat rings). A variation of MMFF94 FF available in
RDKit, MMFF94s, was used for the optimisation of the different conformers. This modified FF
demonstrates superior performance when planar hybridised nitrogen atoms are present in the
system, such as those found in the quinoline ring, squaramide, thiourea, and similar compounds.
Post-optimisation energy and RMSD was applied to the optimised conformers to avoid redun-
dancies in the structures and were set to Ecytorf = 10 kcal/mol for unconstrained systems and
Ecutors = 20 kcal/mol for constrained systems and RMSDcyorr = 0.5. All calculations were
performed using the 2021.03.1 version of the RDKit package. The script used for the conforma-

tional analysis can be found in the supporting information (Scripts S1 - clusterisation  UMAP).

wSterimol

PyMOL3! software was used as a graphical interface to use wSterimol and the pre-optimised
structure with an SDF format was used as input. wSterimol conducts a systematic confor-
mational search across all the selected rotatable bonds. The rotatable bonds were manually
selected and the number of rotations per bond was set to 3 (ANGLE COUNT = 3). Those
single bonds attached to a group with Cs rotational symmetry were excluded from the selection
(e.g. CHj, CF3, 'Bu) to avoid redundant calculations. The generated conformers were opti-
mised at the PM73233 semiempirical level using the MOPAC3* package. The parameters used

for the input generation and the post-optimisation filtration were:
e RMSD CLUSTER _OPT =05 A

e ATOMIC MODEL = bondi

RJCT = 0.5 (maximum overlapping radius of an atom (between 0 and 1)

TEMPERATURE =298 K

ENERGYWINDOW CUTOFF = 6.0 kcal/mol
e PRINT CUTOFF = 6.0 kcal/mol

All the calculations were performed with the 1.0.3 released version?* of wSterimol and version

21.138L of MOPAC2016.

CREST

CREST package is a utility that works together with the xTB3? program. The conformer search
is performed using the iMTD-GC algorithm, a workflow that uses a combination of RMSD
based metadynamics simulations and semiempirical calculations using GFNn-xTB3¢ (GFN2-
xTB) to explore the conformational space of a given molecule and optimise those conformers.

The energy limit for the metadynamics simulation was set to 6.0 kcal/mol, the RMSD cutoff
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to 0.125 A and the energy threshold between conformer pairs to 0.05 kcal/mol. Both RMSD
and energy threshold parameters were very conservative for large systems such as the catalysts
studied here but also ensured that none of the conformers was lost in the process. Since these
calculations are based on metadynamics simulations, it is guaranteed that all the conformers
generated will be physically accessible from the starting point as long as the barrier to access
them is lower than 6.0 kcal/mol. All the calculations were performed using version 6.2 of the
CREST package.

To evaluate the results of the different packages under study, we require reference structures
and energies. Consequently, higher-level DF'T calculations are essential. Given that DFT calcu-
lations are considerably more computationally expensive than any of the calculations above, it
is impractical to compare the more than 12k generated conformers at this level of theory. Thus,
we will only examine a subset of these conformers at this level.

Upon initial examination, it becomes evident that the software capable of the most exhaustive
and complete exploration of the conformational space is CREST and, therefore, in order to avoid
any biased selection, an RMSD based filtration of the conformers generated by this program
is performed. This RMSD calculations were performed using calculate rmsd3” package. The
Hungarian algorithm?® was used as the atomic reordering method and the Kabsch algorithm3?
was used as the system rotation method.

The RMSD value for all the possible pairs of conformers of the same catalyst is calculated,
obtaining an N x N matrix, where IV is the number of conformers of the studied catalyst. Once
the matrix is computed, a threshold is set to select only those conformers whose RMSD value
is above it, maximising the structural difference between the remaining conformers. The value
of this cutoff is selected so the number of remaining conformers after the filtration is reasonable
for performing DFT calculations (between 15 and 22). The script used for this filtration can be

found in the supporting information (Scripts S1 - rmsd_ filtration).

DFT

The structures used as a reference for evaluation were optimised at the wb97xd*° /def2-svptt
computational level in gas-phase and room temperature. Harmonic vibrational frequencies were
computed at the same level used for the geometry optimisations to confirm the nature of the
stationary points as local minima. Calculations were performed using the Gaussian 1642 soft-
ware.

The atomic coordinates for all the generated conformers are provided, in XYZ format, and
can be found in the supporting information. Table S1.2 for the unconstrained conformational

analysis and Table S1.3 for constrained conformational analysis.

Clustering

The dimension reduction process was performed using the Uniform Manifold Approximation
and Projection (UMAP)*3 library. Both the number of neighbours (n_neighbours) and the
minimum distance (min_ distance) were adjusted manually to obtain the optimal result for each
specific set of conformers. The number of components was set to 2 (n_ components = 2) in all
the cases and the random state was set to 42 (random_ state = 42).

The identification of the individual clusters in the 2D dataset was performed using the Hier-
archical Density-Based Spatial Clustering of Applications with Noise (HDBSCAN)** algorithm
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and the values for the minimum number of samples (min_samples) and the minimum clus-
ter size (min_ cluster size) were tweaked manually in order to minimise the number of points
not assigned to any cluster. The corresponding values for each unconstrained and constrained

system can be found in Table S1.4 and S1.5 respectively.
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1.3 Evaluation criteria

In order to assess the different programs under study and evaluate their performance in the most
objective and unbiased manner possible, five different evaluation criteria were established. Each
of these criteria provides useful information about different aspects of each software. Depending
on the requirements of the user, certain aspects may carry varying degrees of importance, and
assessing them individually aids in selecting the most suitable option. These developed criteria
encompass the prediction capacity, the tunability, the space exploration, the structure accuracy

and the energy accuracy and are explained in detail below.

Prediction capacity

The first criterion, prediction capacity (Eq. 1), is defined as the ratio between the number of
systems in which the most stable conformer at the software level (e.g. MMFF94s for RDKit) and
the most stable conformer at the DFT reference level match (neoprect) and the number studied
systems (N = 18).

Ncorrect
1
- 1

This criterion is especially important since the aim of most conformational analyses is to

Prediction capacity =

obtain the most stable conformer of a molecule. This is essential to ensure that the system or

reaction under study is performed with the appropriate conformer.

Tunability

The second criterion accounts for the flexibility of each software and the number of different
parameters that can be modified. The tunability (Eq. 2) is defined as the ratio between the
number of parameters that can be modified in the package under study (nfeqtures) and the
total number of considered features. The evaluated features, in no particular order, include:
optimisation method, conformer gemeration method, similarity cutoffs, charge of the system,
addition of constraints, addition of solvent and temperature. These were chosen to cover both
technical features (e.g. similarity cutoffs, conformer generation or optimisation methods) and
features that allow the user to describe the system more accurately (e.g. charge and constraints)

or match different experimental conditions (e.g. solvent and temperature).

N feeatures
_ 2
o 2

This criterion would be of special interest for those studies in which the user needs much

Tunability =

control over the conditions of the analysis, either because the system is very complex and only
certain parts of it should be allowed to vary, because a very specific generation or optimisation

method must be used, or because the study must some reproduce experimental results.

Space exploration

The next criterion to evaluate is the space exploration (Eq. 3). This criterion evaluates the pro-
portion of the conformational space explored by each package in the analysis and is defined as the

average ratio between the number of individual conformers (n.jysters) generated by the software
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under study and the number of individual clusters that make up the complete conformational
space of the system (notq;) among all systems studied (N = 18).
N nf: usters
SN, s

nzotal
TR 3)

Since the conformational space of a system, depending on its size and flexibility, can be

Space exploration =

immense and the number of accessible conformers impossible to define, it was assumed that
the complete conformational space of the system under study is the combination of all the
conformers generated by the four software under study. In other words, it is assumed that there
is no area of this conformational space left unexplored by at least one of these software packages.

The clusterisation process to identify the individual conformers that form the conformational
space of the system was performed using two very well-known algorithms in ML: UMAP for the
dimension reduction process in combination with HDBSCAN to identify and separate individual
clusters present in the 2D dataset.

The data used for the clusterisation process were the Neon formers X Neon formers RMSD matrix
formed by the RMSD values of each possible pair of conformers among all conformers generated
by the four software for each system.

RMSD (Eq. 4) is one of the most frequently employed quantitative methods to measure
the similarity between chemical structures. It calculates the atomic distances between the two
structures under comparison, atom by atom, dgb, and computes their Root Mean Square Error
(RMSE). Therefore, similar structures will present values closer to zero because all the distances

between equivalent atoms, z, in molecule A (mol,) and molecule B (molp) would be very small.

Figure 1.6. Representative atoms and bonds of the scaffold of the catalysts under study and
the different substituents used in the clusterisation process.

i (dfh)?

Natoms

RM S D(moly, moly) = (4)

In order to avoid local symmetry problems (e.g., benzene 180° rotation) and longer compu-
tational times, only the most representative atomic coordinates of the catalyst and its different
substituents, highlighted in orange in Figure 1.6, were considered for the RMSD calculations.
Those selected atoms preserve the direction of the substituents of the catalysts and ensure that

the different conformers are distinguishable. In addition to the RMSD matrix and aiming to

44



refine the information, the value dihedral angles of the flexible single bonds among the selected

atoms, blue in Figure 1.6, were tabulated.

Structure and Energy accuracy

The next two criteria evaluate the accuracy of the generated structures and the associated
energies between each individual software and the reference level DFT. Due to the enormous
amount of demanding DFT calculations needed for this criteria, only 10 conformers for each
family (OH, squa and thio) of one particular catalyst (ph) were calculated.

The structure accuracy (Eq. 5) is defined as the average similarity between all the conformer
generated by the evaluated software (cat™!"°d) and the same conformers reoptimised at the
reference DFT level (catPfT).

Z?;(info'mners RMSD (XYantiDFT 5 XYant;nethod>

(5)

Structure accuracy
Necon formers

As it was aforementioned, similarity and RMSD are inversely proportional; meaning that,
in order to homogenise the criteria and obtain numerical results that range from 0 to 10, being
0 the worst and 10 the best performance, the results obtained from these calculations need
to be transformed. The upper limit (structure accuracy = 10) was set to perfectly matching
structures (RMSD = 0) and the lower limit (structure _accuracy = 0 A) was set to the highest
RMSD value (RMSD = 4.7 A) obtained amongst all the pairs of conformers compared (12063
pairs).

Finally, the energy accuracy (Eq. 6) was computed as the RMSE between the calculated
energies for each conformer computed with the package under study and the reference energies
at the DFT level).

Energy accuracy x RMSE (E

C

atZDFT, Ecat;method> (6)

Similarly to the previous criterion, it was necessary to convert the energy accuracy into a
more easily interpretable value for grading purposes. Therefore, the same process was followed
and the best grade (10) was set to perfectly matching energies (dE = 0 kcal/mol) and the
worst grade (0) was set to the biggest energy difference (dE = 17.34 kcal/mol) amongst all the

evaluated energies (120).
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The combination of these five criteria allowed a broad evaluation of the packages under
study. Furthermore, it offered diverse perspectives, providing useful information that would

help in selecting the most appropriate option based on the specific needs of each study.
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1.4 Results and Discussion

1.4.1 Unconstrained Conformational Analysis

The initial step of our investigation involved performing an unconstrained conformational anal-
ysis of the catalysts under examination, which amounted to a total of 18 unique catalysts (see
Figure 1.1). This comprehensive analysis was executed using four distinct conformational anal-
ysis packages, along with the application of DFT calculations on individual conformers. These
conformers were selected following a rigorous filtration and clusterisation process based on the
RMSD measurements, which were applied to the ensembles of conformers generated through
the CREST methodology. Details of all these computations can be found in the computational
methods section.

After generating all the different conformational ensembles, the first aspect to analyse was
the number of conformers that form them (Table 1.1). This measurement is not meaningful for
evaluating the performance of the software since it does not take into account the quality of
the ensemble or the similarity between the possible conformer pairs; therefore it has not been
included in the evaluation criteria and space exploration criterion was used instead. Nevertheless,
assuming that the calculation time for each conformer is similar among all the semiempirical
and FF methods, it can be used as an estimated measure of the speed of each software.

This approximate value is required due to the impossibility of measuring the execution time
of each software accurately. To precisely benchmark the execution time of a software package,
all calculations must be performed on the exact same processor. Unfortunately, that was not
possible, since some of the packages could not be installed in the computational centre and had

to be installed locally.

Table 1.1. Number of conformers for each catalyst studied with all the different conformational
analysis software.

Complex Balloon RDKit wSterimol CREST DFT
cat_ OH ph 47 20 25 164 21
cat_ OH tbu 97 54 29 495 22
cat  OH anthra 57 30 24 156 21
cat_ OH cf3 57 31 48 246 17
cat_ OH py 58 24 45 144 16
cat_ OH CN 63 43 37 185 17
cat_thio ph 82 89 272 336 17
cat_thio tbu 7 114 250 500 19
cat_thio anthra 61 105 136 430 17
cat_thio cf3 54 101 218 280 16
cat thio py 62 84 334 131 17
cat_thio CN 40 92 162 432 17
cat squa_ph 66 121 210 105 15
cat_squa_tbu 38 157 194 258 18
cat_squa_anthra 26 110 95 209 17
cat_squa_ cf3 59 163 189 171 15
cat_squa_py 48 28 192 264 18
cat_squa_CN 78 143 477 253 19

As a general trend, it can be seen that two packages (CREST and wSterimol) produce
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much larger conformer ensembles, while the other two (Balloon and RDKit) generated smaller
ensembles. These results are not unexpected, since CREST uses metadynamics to generate
the conformers, facilitating the appearance of intermediate structures between the conformers
and the cutoffs selected were very conservative. Alternately, wSterimol uses a systematic
search for conformers, rotating all the indicated bonds a certain number of times, generating a
large number of conformers. These packages also use semiempirical methods (GFN2-xTB and
PM?7, respectively) to optimise the generated structures. On the other hand, both Balloon
and RDKit use random numbers to generate the different conformers and, instead of using
semiempirical methods, they use FFs (MMFF94 and MMFF94s respectively), giving as a result
smaller conformational ensembles.

A closer inspection of the different groups that were substituted in the scaffold (R; and Rg)
revealed that there is not a general trend in the number of conformers generated by each software
when changing the HB donor (Ry = OH, thio and squa). However, when focusing on the other
substitution point (Rg), Ry = tBu exhibits the largest conformer ensemble sizes in most of the
catalysts under study. These larger ensembles are in agreement with the fact that tBu is the
most flexible substituent used. However, it can be expected that many of those conformers are
just rotamers and not independent conformers since catalysts with ¢ Bu substituents present C
local symmetries, impossible to identify by the filtration algorithms. For instance, wSterimol
does not present those big differences between other ensembles and tBu because the rotatable
bonds have to be selected and those bonds that present this kind of symmetry were purposely

avoided.

Space exploration

If the conformer ensembles generated by the different packages under study for a particular
case (e.g., cat _squa_anthra) are plotted (Figure 1.7), it can be seen that both CREST and
wSterimol produce much more dense conformational ensembles, showing a more exhaustive,
and probably more redundant, conformer search. But, as has been aforementioned, the total
number of conformers forming a particular ensemble does not provide any information about
how well the conformational space was explored. Therefore, the more detailed criterion space

exploration (Eq. 3) is used.

Balloon (26) RDKit (110) CREST (209)

Figure 1.7. Conformational ensembles generated by all methods under study for cat squa
anthra. Ballon (26), RDKit (110), wSterimol (95) and CREST (209).

To evaluate the space exploration, a cluster analysis was carried out using UMAP and
HDBSCAN to automate the cluster identification process, as explained in the computational
methods section. Ideally, a conformational analysis program should be able to explore the

whole conformational space and generate as many individual clusters (different conformers) as

48



possible. To obtain a global picture, the number of conformers, the information obtained from

the clusters, and all the different statistical data are displayed in Figure 1.8.
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Figure 1.8. Statistical data for the of the conformational space explored by all the packages
under study for cat OH _anthra, top left; clusters generated by all the programs, top right;
clusters divided by packages, middle’; and 3D ensembles generated by each software package,
bottom.

From Figure 1.8, it is clear that a very similar conformational space was explored by most
of the programs. A similar distribution of points appears when each program’s results are scat-
tered individually (Figure 1.8 middle). Analysing each individual plot in detail and comparing
them with the statistical values, Balloon, with 57 generated conformers, explores only the con-
formational space corresponding to the right part of the reduced dimension UMAP plots. It is
discernible from the Balloon 3D-plot that the majority of the points correspond to two large
groups of conformers, where the quinoline ring is either facing up or down. This uneven distri-
bution and lack of exploration explain the low statistical values that Balloon presents among
all the different statistical measurements.

On the other hand, RDKit and wSterimol with about half conformers (30 and 24, respec-
tively) explore the same space as Balloon and also explore the extreme left region that did not
appear previously. This smaller number of conformers and wider exploration of the conforma-
tional space are translated into higher statistical values for all the measurements, as highlighted
in the graph. RDKit shows a more uneven distribution of the generated conformers, presenting
a large concentration in the middle area, explaining the smaller statistics compared to wSteri-
mol. It is reasonable to conclude that wSterimol is the one exploring best the conformational

space and obtaining the biggest statistical values because of the systematic search implying the
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rotation of all the flexible bonds.

Finally, CREST performs the most exhaustive exploration of the conformational space and
generates the largest number of conformers (156). Despite generating so many conformers, they
are distributed evenly over all the conformational space and, as a result, the statistical values
obtained from such a varied set of conformers are still relatively high.

To illustrate the output from the clustering analysis in detail, cat OH _anthra was chosen
as a significant example, but the rest of the catalysts are featured in the Supporting Information
(Figures S1.2-S1.5 and Tables S1.6 and S1.7).

Figure 1.9. 3D-plot of the different conformers forming every cluster generated by the packages
under study for cat  OH _anthra.

To further analyse this clusterisation process, the 3D structures of the conformers forming
each cluster were extracted and superimposed (Figure 1.9), revealing the different individual
conformers obtained. As a general trend, the conformers are very well collected within each
cluster. Since cluster identification is a complex process, performed by HDBSCAN, some clusters
would not be the same as we, as humans, would recognise and manually select. But, being a
ML process, it is consistent and unbiased independently of the dataset that it is fed with.

It can happen that what a human eye would consider as a single cluster (e.g. the two light
orange clusters on top of the graph or the light greenish blue clusters in the middle) appears as
two independent clusters. These kinds of situations in which two clusters look the same but are
mathematically different are why it is so important to use unbiased processes, such as ML to
evaluate the efficiency of each software.

Another problem that can arise from this process is the appearance of outlier conformers
that are not assigned to any cluster (e.g. the black dot in Figure 1.9). The parameters for the
clusterisation, as explained in the computational details section, were selected to minimise these
problematic conformers and keep their numbers as low as possible.

Despite these problems that can arise with this intricate analysis, HDBSCAN is a trustworthy
and very widely used method to separate all conformers in individual clusters.

This cluster information is vital for the evaluation of each software since, as it was afore-
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mentioned, it provides the information needed to calculate the space exploration criterion.

The clusters represented in Figure 1.9 can be represented as a Gantt chart to visualise how the
generated conformers are distributed within the different clusters, how many conformers from
each cluster, and the proportion of conformers from each cluster generated by each program
(Figure 1.10 and S1.6).
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Figure 1.10. Gantt chart of the different clusters obtained for cat OH anthra and the
individual software contributions to each of them.

From the analysis of the diagram generated for cat OH anthra, 17 clusters and only 1
outlier point were obtained. The biggest of those clusters is formed by 33 conformers (clus-
ter_09) and the smallest is formed by 9 conformers (cluster 04). While cluster 09 presents
conformers coming from all the studied packages, only Balloon and CREST contribute to clus-
ter 04. As shown in the computational details, the number of clusters in which each software
participates concerning the total number of clusters determines its performance when explor-
ing the conformational space (Eq. 3). By analyzing this particular case, we can observe that
Balloon participates in 16 of the 17 total clusters found for this system, RDKit explored 14,
wSterimol 10 of them, and CREST 17.

Therefore, if the ratio between the explored and total conformers for this particular catalyst
is calculated, the space exploration grade for each package would be 9.4 for Balloon, 8.2 for
RDKit, 5.9 for wSterimol and 10 for CREST, which explored all individual conformers.

It is also important to take into account the number of conformers that each software needs to
explore that certain percentage of the total conformational space. Balloon needed 57 conformers
to generate those 16 individual conformers, meaning that about 72% of the generated conformers
were redundant and not needed. The two most efficient packages were RDKit and wSterimol
for which only 53% and 58% of the conformers were redundant. On the other hand, the most
inefficient package for this particular catalyst was CREST for which 89% of the generated
conformers were redundant.

However, the number of redundant conformers can be decreased easily by tweaking the
different cutoffs that each software has for RMSD filtration without decreasing their space

exploration. Due to this input dependence of this ’efficiency’ measure, the total number of
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conformers generated was not included in the definition of the space exploration criterion.

After measuring the space exploration of each software for each individual catalyst and
averaging their values, the final grades obtained for each software are summarised in Figure 1.11,
being wSterimol (7.01) the one that explored the conformational space the best, closely followed
by CREST (6.97), RDKit (6.19) and, finally, Balloon (4.28).
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Figure 1.11.  Space exploration grades for each software calculated over all the studied catalysts.

Structure accuracy and Energy accuracy

The next aspect of the software to be analysed is its accuracy in optimising the generated
conformers in terms of structure and energy. Due to the huge number of conformers generated
(n_conformers > 12k), it is not feasible to optimise all of them at the DFT level and compare
the difference between the optimised systems of each software and the re-optimised systems at
the DFT level. Therefore, three catalysts were selected (cat OH _ph, cat _squa_ph, and
cat_thio ph) and 10 different conformers were selected for each system by means of RMSD
filtration, making sure that the conformers were as different as possible, and re-optimised at the
DFT reference level.

Figure 1.12 and S1.7 display the relative energies predicted by each software for the conformer
under study (light dots), the corresponding reference at the DFT-level (dark dots) and the
structure difference between predicted and DFT-reference represented as the RMSD of their

coordinates (bars).
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Figure 1.12. Energy and RMSD comparison between the studied conformers optimised with
the different software packages with respect to the DFT-optimised structures for cat  OH _ph
catalyst.

In terms of energy accuracy, Balloon and RDKit succeed in their predictions on average
but they present significant differences in some particular cases. These big variations manifest

that MMFF94 and MMFF94s FFs present some inconsistencies with some particular interactions
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or substructures exhibited in those conformers. CREST present less accurate individual results
for this particular case but is much more consistent with the trend presented, with the predicted
energy always smaller than the reference and more or less consistent errors. Finally, wStrimol
shows mixed results for this particular catalyst.

If the results for the three catalysts are analysed and the energy accuracy calculated (Fig-
ure 1.13), CREST presents the best results (7.3), followed by wSterimol (6.5), RDKit (5.4)
and, finally, Balloon (4.5).
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Figure 1.13. Energy accuracy grades for each software calculated over the three selected cata-
lysts.

These results manifest that the modified MMFF94s FF from RDKit performs better for
these systems than the default MMFF94 version used in Balloon. It is also clear that semiem-
pirical methods are more accurate in predicting the energy of these catalysts than the studied
FFs. It is worth mentioning that CREST, in general, overestimates or favours conformations
where 7-7 interactions are established, over the rest of the conformers, despite getting the best
results in terms of energy accuracy.

In terms of structural accuracy, CREST performs exceptionally nicely with the OH sub-
stituent, showing extremely small and consistent RMSD values. CREST also displays the
most consistent results among the different catalysts, predicting all the structures with similar
accuracy and presenting the smallest differences between the best and the worst prediction.

When analysing the three catalysts numerically (Figure 1.14) in all conformers studied,
the results were overall adequate, with CREST being the most accurate when optimising
the structure of each conformer (8.6) followed closely by RDKit (8.2), Balloon (7.7), and
wSterimol (7.7). Generally, the CREST optimization method is in very good agreement with
DFT-optimized systems.
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Figure 1.14. Structure accuracy grades for each software calculated over the three selected
catalysts.

Prediction capacity

Looking at the most stable conformation obtained from each method (Figure S1.8), it can be
concluded that, as a general trend, the disagreement among the different software and DF'T opti-

misations is, unfortunately, clear and critical, as it can be seen in cat _thio tBu (Figure 1.15,
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right). However, for Ry = OH, since the scaffold is simpler, a better approximation was ob-
tained, and the most stable conformers present a more similar conformation to the one obtained
utilising DFT (cat  OH _py, Figure 1.15, left). From Figure 1.15 it is worth mentioning that
CREST (CREST in orange, left), in general, overestimates or favours conformations where

-7 interactions are established, over the rest of the conformers.

I Balloon (0.822)
I RDKti (0.816)
I wSterimol (0.794)

CREST (1.700)
I OFT

I Balloon (1.787)
I RDKti (1.210)
I wSterimol (1.435)

CREST (1.222)
I DFT

Figure 1.15. Most stable conformations for cat OH _py (left) and cat thio tBu (right)
for each method. Shown in parenthesis are the RMSD values of all the structures with respect
to the DFT one, using the same representative atoms used in the clusterisation process.

To evaluate this disagreement between the predicted and the reference most stable conform-
ers, the prediction capacity (Eq. 1) criterion was analysed, accounting for how well each software
package predicts the most stable conformation of each of the 18 catalysts studied. The prediction
capacity was calculated by comparing the most stable conformation of each individual catalyst,

generated with each method, with the most stable reference conformation at the DF'T level.

By examining Table 1.2, it is clear that some particular structures are much easier to predict
than others. Catalysts with Ry = OH are, in general, easier to predict the most stable con-
former. This outcome is expected, given that the OH group is much smaller than the squa and
thio groups and can be involved in many fewer intermolecular interactions than the larger sub-
stituents. On the other hand, catalysts with squa and thio groups are much more flexible and
establish a myriad of attractive NCIs that make these predictions more intricate. In fact, the
conformational analysis performed on cat OH Rs catalysts was able to successfully predict
the most stable conformer on 15 occasions out of the 24 total calculations performed with that
scaffold, while only 2 and 7 most stable conformers for cat _squa R2 and 7 cat _thi R2
were appropriately anticipated by the different software packages.

Focussing on Rs, the results are also very uneven between all the different combinations,
with Ph, Py, and tBu being the substituents presenting less accurate predictions among all the
catalysts studied. This can be explained again by the fact that those catalysts establish some
attractive NCIs (e.g. m — m) that are not well described by the FFs or semiempirical methods
that the different software packages use. Meanwhile, in the substituted catalysts anthra, CF3
and CN, the sterical issues are much more important than those NCIs in the most stable
conformation.

After evaluating these results (Figure 1.16), it was obtained that RDKit, using the MMFF94s

FF, is the software that predicts the biggest number of most stable structures correctly (8 cor-
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rect predictions, 4.4 grade); followed by CREST (6 correct predictions, 3.3 grade), Balloon (5

correct predictions, 2.8 grade), and wSterimol (5 correct predictions, 2.8 grade).

Table 1.2. Results on prediction of the most stable conformation of a catalyst by each studied
software.

Catalyst Balloon RDKit wSterimol CREST
cat_ OH anthra v
cat_squa_anthra
cat_thio anthra
cat_ OH CF3
cat _squa_CF3
cat_thio CF3
cat OH CN
cat_squa_CN
cat thio CN
cat_ OH Ph
cat_squa_Ph
cat_thio Ph
cat_ OH Py
cat_squa_Py
cat_thio Py
cat  OH tBu
cat_squa_tBu
cat_thio tBu

}XX X X X :X X NUX XN X X NN X
T XXX XX XX AUX NN AUXNNNSN
]} X X X X UM XN XN X XN X XK
}OX X NN X XXX X NN XN X X

The first conclusion that can be extracted from these results is that even though CREST and
wSterimol obtained the best results for the energy accuracy, that accuracy does not correlate
with the prediction of the most stable conformers of each catalyst. This discrepancy arises
from the inaccurate description of the NCIs present in some of those most stable conformers,
especially from the overestimation of w-m interactions between the different aromatic rings of the
catalysts. The other conclusion that can be extracted is that the modified version of MMFF94
FF, MMFF94s, works much better for these kinds of systems in which planar nitrogen atoms

can be found.
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Figure 1.16.  Prediction capacity grades for each software calculated over all the catalysts under
study.

Tunability

The conformational analysis of a molecule can be dramatically affected by external conditions,
the method used for generating the conformers, and the optimization method. Conformational
analysis software should be as flexible as possible to study systems under different conditions.
Also, some conformational analysis must be done under specific conditions to match the exper-

imental results as closely as possible.

95



In order to evaluate the tunability (Eq. 2) of each software program, a list of requisites was
established (see Evaluation Criteria section) to cover all the key aspects that might be important
to make the software as flexible as possible, and each program was evaluated to account for how

many of these features can be modified.

Table 1.3. Results on tunability the different software packages under study.

Software Opt. Gen Cutoffs Charge Constrains Solvent Temp

Balloon v v v v X X X
RDKit v X v v v X X
wSterimol v X v v v X v
CREST v v v v v v v

The result of this analysis (Table 1.3) showed that some of the aspects studied are more
commonly modified than others. Those aspects that allow modifying internal parameters of the
conformational analysis process (e.g. optimisation method, filtration cutoffs, constraints) can be
modified by most of the packages, providing a lot of flexibility to the workflow and allowing the
user to tweak the parameters to modify the exhaustiveness of the analysis. The parameters that
are used to describe the system more accurately (e.g. charge) can be modified independently
of the package, ensuring the right description of the molecules under study. Finally, those
parameters used to recreate experimental conditions (e.g. Solvent and Temperature) can be
modified only in a few cases (both in the CREST package and only Temperature in wSterimol),
therefore, if recreating experimental conditions is key for the system under study, this has to be
taken into account.

The results of this analysis are collected in Figure 1.17 and show that CREST is the most
flexible package (10), able to modify all parameters, followed by wSterimol (7.1) and finally,
RDKit and wSterimol (5.7), being the least flexible packages.

Balloon G
RDKit
wsterimol I
CREST @

Figure 1.17.  Tunability grads for each software under study.

Bolztmann population

To finish the analysis of the different software under study, the statistical weight of the differ-
ent conformations in terms of Boltzmann distribution was determined. This analysis explores
how many of the generated conformers are statistically relevant and their Boltzmann distribu-
tion. The relative energy of the different conformers of cat squa Py and their Boltzmann
population are shown in Figure 1.18.

This particular case, cat _squa_ py, reflects the two extremely different scenarios that could
occur when performing a conformational study. As it is shown in Figure 1.18, conformers gener-
ated by Balloon and wSterimol grow extremely fast at the beginning and, as a consequence,
a small percentage of the generated conformers, less than 10%, represent more than 99% of
the Boltzmann population (under 3 kcal/mol). However, RDKit and CREST exhibit a much

o6



slower growth and need almost 50% of the total conformers to reach the same cumulative popu-
lation. In addition, it is clear from the graphics vide supra that both Balloon and wSterimol
reach higher energy values, and therefore, could be very appropriate if the aim of the confor-

mational analysis under study is exploring conformations that appear only on that range of

energies.
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—_~ 4 60 60 60 60
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Figure 1.18. Relative energy of the generated conformers for cat squa py with all the stud-

ied software (left). The thick lines represent those conformers that accumulate more than 99%
of the Boltzmann population. Shown in bars is the population of the generated conformers with
respect to the %Conformers grouped in 5% intervals (right). The area below the curve, the
cumulative population of the conformers, is generated with respect to the %Conformers.

This analysis was performed for all the catalysts under study (Figures S1.9 and S1.10) and
lies between these two extreme cases. In general, most of the conformers explored are not
statistically relevant in terms of the Boltzmann population, being more pronounced in the case

of Balloon and wSterimol.

1.4.2 Constrained Conformational Analysis

It is important to highlight that if a nonconstrained conformational analysis is made with all
the different software packages chosen for this benchmark, the anti-syn conformation is overall
predominant for all thiourea and squaramide-based catalysts. Therefore, the outcome reached
by regular conformational analysis is not the desired one, as only the anti-anti conformation is
involved in the organocatalytic process.

A similar, less detailed, analysis of the efficiency of the software under study was performed
For this analysis, only CREST and RDKit were taken into

account since those are the only software in which the position of the catalyst can be properly

for the constrained systems.

constrained. Afterwards, a similar DFT study of the main conformations from CREST was
performed for comparison (Figure 1.19).

To illustrate the output from the analysis, cat _thio py was chosen as a significant example
(Figure 1.20), and the rest are depicted in the Supporting Information (Figures S1.11-S1.14 and
Tables S1.8 and S1.9). In order to obtain a global picture, the number of conformers, the outcome

of the cluster information, and all the different statistical data are displayed in Figure 1.20.
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Figure 1.19. Number of conformers of each catalyst for each software under study and DFT.

Space exploration

From the clustering analysis, it is clear that RDKit and CREST explore a similar conforma-
tional space. At first glance, there is only one area (formed by several clusters and outliers) that
RDKit has not explored compared to CREST. This similar exploration was performed using
10 times fewer conformers in the case of RDKit (24 RDKit and 244 CREST), making it much
more efficient in terms of the exploration/number of conformers ratio. Regarding the statistical
values, it can be seen that there is a big difference between both methods’ max RMSD value,
meaning that CREST has generated at least a certain pair of conformers much more different
than RDKit. This big difference comes from the clusters that RDKit has not explored.
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Figure 1.20. Statistical data of the constrained conformational space explored by all the pack-
ages under study for cat _thio py, top left; clusters generated by all the programs, top right;
clusters divided by packages and 3D ensembles generated by each software package, bottom.
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Prediction capacity

If a comparison of the most stable structure from RDKit, CREST, and DFT is made (Figure
S1.15), a better agreement is obtained than the one found with the unconstrained conformational
analysis. It is clear from the figures that CREST again overestimates the interactions 77, but
in this particular constrained analysis, the main difference between the most stable structures

arises from some rotations that can be accessible after DFT optimisations.

Bolztmann population

If a similar analysis of the statistical weights of the different conformations in terms of the
Boltzmann distribution was performed for the constrained conformers, a comparable picture
was obtained. The relative energy of the different conformers of cat squa py and their
Boltzmann population are shown in Figure 1.21 and Figures S1.16 and S1.17 for the rest of
the systems under study. CREST presents a more gradual growth, needing more than 50% of
the total conformers to reach the same cumulative population that RDKit obtains with only
10% of the conformers searched. Overall, most of the conformers explored are not statistically

relevant, being more pronounced in the case of RDKit.
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Figure 1.21. Relative energy of the generated constrained conformers for cat squa_py with
all the studied software (left). The thick lines represent those conformers that accumulate more
than 99% of the Boltzmann population. Shown in bars is the population of the generated con-
formers with respect to the %Conformers grouped in 5% intervals (right). The area below the
curve, the cumulative population of the conformers, is generated with respect to the %Conform-
ers.

1.4.3 Final Grades

A summary of the grades regarding the different criteria used for each software is depicted in
Figure 1.22. Overall, CREST is the one that obtained the best grades, standing out in its
tunability (10), structure accuracy (8.6) and energy accuracy (7.3). However, this particular
software does not perform as well when predicting the most stable conformer of a catalyst.
In addition, CREST usually generates a huge number of conformers in order to explore the
conformational space, defining it as a very exhaustive but not very efficient software. This
second problem is very easy to fix by changing the different cutoffs that the package provides,
decreasing dramatically the number of remaining structures.

On the other hand, wSterimol and RDKit present similar results, slightly lower for RD-
Kit, especially concerning its tunability and space exploration. The advantage of RDKit is

that it obtains very similar results in exploration with many fewer conformers than the other
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two software packages, thus making its exploration process more efficient. A delicate point of
RDKit is that being a library and not a software package, it is not as user-friendly as other
software, especially for people who are not used to programming. Meanwhile, wSterimol is
very systematic and accurate in space exploration, making it less prone to leaving areas without
exploration. The main limiting factor for wSterimol would be that it is not designed specifically
for conformational analysis and requires several software programs to execute the full workflow
(PyMOL, MOPAC, and Gaussian). It also requires us to manually input the bonds that are to
be explored. This feature presents a clear advantage, giving the user control over the exploring

space but, on the other hand, complicates the automatisation and implementation of the process

Y YV Y
bR 0 = 2 - AN

H Prediction capacity Space exploration Tunability
I Structure accuracy I Energy accuracy

for different molecules.

Figure 1.22. Global grades for each studied software for all the criteria analysed.

Finally, Balloon presents the lowest overall values (again, with the default configuration
used) but it presents a very good agreement when focussing on structural accuracy. The strongest
point of this software is its simplicity and the small number of resources that are needed to
perform the analysis. This makes Balloon a very good option for generating conformers of a
molecule that are going to be used as a starting point for re-optimisation at a higher level of

theory.
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1.5 Conclusions

In this study, a complete exploration of the conformational space of PTC-catalysts by means of
computational method benchmarking is presented. For this particular study, only the most ap-
plied conformational analysis approaches have been chosen to characterize the different cinchona
alkaloid-based PTC-catalysts.

This guiding benchmarking study aimed to rigorously compare the performance of different
conformational methods, determining the strengths of each method and providing recommen-
dations regarding suitable choices of methods for conformational analysis.

When an unconstrained conformational analysis was performed, the most stable conform-
ers correspond to the anti—syn conformation for the thiourea and squaramide-based catalysts,
providing a non-realistic scenario for the catalytic process to occur. Furthermore, if the most
stable conformer from every package was compared with the one optimised by means of DFT
methods, large disagreements are obtained. Among all the different approaches applied for this
benchmarking study, RDKit provides the best balance between efficiency and computing time.

When the constrained scenario was considered, only anti-anti conformers were studied. RD-

Kit provided again an equitable outcome regarding capability and performance.

1.5.1 Pros and Cons

Since the main goal of our study was to provide general knowledge of the different features of a
variety of the most common free software for conformational analysis, a general list of pros and
cons for each software package to facilitate the user the selection of the most adequate software

is presented as well as general recommendations.

Balloon

Pros Cons

e Remarkably wuser-friendly (for terminal
users). As simple as running one command

in the terminal.
e Inferior in terms of the outcome obtained.
e Multiple possible modifications (cutoffs,

atomic charges, conformer generation ® Fast energy growth: a small number of sta-

method, symmetry, etc.). tistically relevant conformers.

e FEasy to automate and include in workflows

and scripts.
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RDKit

Pros

e Very versatile and has numerous options in

addition to purely conformational analysis.

e Multiple possible modifications (cutoffs,

atomic charges, conformer generation

method, symmetry, etc...).

e Fasy to automate and include in workflows

and scripts.

wSterimol

Pros

e Systematic conformer search ensures that
with well-defined dihedrals, no conformer

will be missing.

e Graphical interface. Good for beginners and

users not used to working with a terminal.

e Energy optimization can be done directly in
DFT (with Gaussian).

CREST

Pros

e Easy to automate, works within XTB, and

config. files can be reused.

e Many possible modifications and generation

and optimisation options.

e Energy optimization can be done directly in
DFT The use of metadynamics ensures that
the conformers are physically related and are

accessible within a selected energy barrier.
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Cons

e It is a library, not software per se, so it has

to be scripted from scratch.

e Steeper learning curve than the rest.

Cons

e Difficult to automate. It is needed to in-
put the atoms forming the rotatable dihe-

drals manually.

e Fast energy growth: a few numbers of statis-

tically relevant conformers.

Cons

e Difficult to tune the parameters to obtain a

reasonable number of conformers.

e Intermediate learning curve for specific stud-

ies. relevant conformers.



1.5.2 General Recommendations

Balloon: for a quick, and easy, qualitative study or to obtain a general idea of the possible

conformers of a molecule.

RDKIT: for including it in highly automated workflows (molecule generation, conformers

generation, analysis of results, etc.) in Python and for reusable codes.

wSterimol: for intense systematic studies or studies in which the rotation of only some

specific dihedral angles needs to be studied.

CREST: for exhaustive studies in which the accessibility of the conformers and their

"physical" meaning are important.

Based on the good results obtained and their capacity for being generalised and automated,
both CREST and RDKit would be the preferred recommendation for general users to include

in their daily workflow and research projects.
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2 | Revisiting Ion-Pair Interactions in
Phase Transfer Catalysis: From Pure
Ionic Compounds to Real Catalyst
Systems
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2.1 Introduction

Asymmetric ion-pairing catalysis, a prominent form of non-covalent organocatalysis, takes ad-
vantage of specifically charged intermediates or reagents. By forming an Ion-Pair (IP) between
the catalyst and the substrate, reactivity and selectivity can be significantly enhanced.!? The
emergence of chiral ion-pairs has played a pivotal role in the development of asymmetric catal-
ysis, enabling precise control and improving reactivity across a diverse range of chemical reac-
tions. However, the pursuit of a general approach to achieving exceptional enantioselectivity
in asymmetric ion-pairing catalysis faces notable challenges stemming from the inherent direc-
tionless nature associated with ion-pairing interactions, in contrast to the discernible behaviour
exhibited by HB and covalent interactions.3"1° Enantioselective ion-pairing catalysis encom-
passes a diverse array of small organic molecules, amongst which quaternary ammonium salts
have emerged as the most extensively studied class of chiral catalysts within the Phase-Transfer
Catalysis (PTC) framework.

These catalysts feature a nitrogen atom positioned at the centre of a tetrahedron formed by
carbon atoms, with three sterically hindered faces, resulting in a single accessible face for anion
interaction, thereby facilitating the establishment of ion-pairs (Figure 2.1a). The successful use
of electrostatic interactions between the ammonium cation and the counterion holds significant
promise in the induction of chiral information, thus enabling asymmetric induction (Figure
2.1b).4

lon-pairing
Interaction

[- Cation catalyst - Nucleophile

{— Anion reagent]
- Asymmetric control]

(a) General structure of quaternary (b) Concept of asymmetric ammonium ion-pairing catal-
ammonium salts. ysis.

Figure 2.1. Traditional considered interactions between the catalyst and the anion in PTC.

The introduction of a second interaction point, such as a Hydrogen Bond (HB) donor, has
been reported to influence the ion-pairing process of PTC and competes with the establishment
of a HB interaction. As a result, two distinct modes of activation for these bifunctional catalysts
have been proposed, wherein the catalyst can act either through the formation of an IP or a
HB.

In this context, as will be seen in the next chapter, our group conducted a comprehensive
theoretical investigation aimed at elucidating the preferred binding mode and its impact on
enantioselectivity. Contrary to the conventional notion of a "strict ion-pair" in bifunctional
catalysis, our study revealed that a definitive binding mode through a HB is energetically more
favourable. This highly stabilising and directional interaction was found to profoundly influence
the control of enantioselectivity in reactions. Intriguingly, our computational analysis did not

provide conclusive evidence supporting the sole existence of a discernible strict IP interaction,
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underscoring the significance of hydrogen bonding in these systems.!! Consequently, these find-
ings prompt the need for an updated definition of ion-pairing within the field of phase-transfer
catalysis.

The definition of Ion-Pair has evolved over time, driven by advances in our understanding of
electrostatic interactions and molecular behaviour. Historically, IP started with Bjerrum’s pio-
neering work in 1926,'? where he proposed a definition based on the electrostatic work required
to separate two ions (Eq. 1). Subsequently, Anslyn and Dougherty introduced a physical-
organic definition in 2006,'3 emphasising the spatial proximity and the energetic strength of the
electrostatic attraction between ions. Their definition considers the comparison between the

electrostatic energy and the thermal energy available for ion separation.

—ZZ'Z]'62

Wy_(r) = (1)

In addition, the influence of Coulomb’s law on ion-pairing interactions emphasises the role of

€r

the distance and dielectric constant in determining the strength of these interactions. Coulomb’s
law (Eq. 2) describes the attractive potential energy between two ions (g1 and g2). The magni-
tude of the electrostatic interaction is inversely related to the distance between the ions (r) and
the dielectric constant of the medium (gp). Thus, strong ion-pairing interactions are preferred

at short distances and in nonpolar solvents.!

I q1q2
F = —_— 2
dmey 72 (2)

Given the influence of this interaction in the structural stabilisation of ionic complexes,
especially at short distances, the concept of ion-pairing is ubiquitously used in literature as the
key factor governing catalytic activity and selectivity in ionic complexes, with little emphasis
on other major potential sources of stabilisation. This is especially significant in experimental

works where theoretical insights are unavailable.

Riw. +HH" Riw@itR
1 N+ 1 N 4

N R)J\R3X

Rz Rs 2
HB-assisted ; ;
ion-pair Strict lon-pair

Figure 2.2. Different types of ion-pairing interactions. HB-assisted ion-pair and Strict ion-pair.

Thus, unravelling the true nature of relevant ion-pairs found in literature is key to un-
derstanding where and how ion-pairing interactions are key players in the formation of these
complexes or whether they are mere spectators in a network of equally stronger types of inter-
actions. This will provide a new framework for using the concept of ion-pairing in the emerging
field of asymmetric organocatalysis. To achieve this, the nature of relevant ion-pair interactions
was investigated and thoroughly characterised in this chapter, challenging different systems in
which, in theory, only strict ion-pair or HB-assisted ion-pairing interactions can be established

within PTC catalyst (Figure 2.2) and comparing them with their neutral counterparts.
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2.2 Computational Details

The structures of the salts and the different models of the catalysts under study were optimised
at the wB97x-D/def2-tzvp!® 17 computational level and the real catalysts were optimised at
wB97x-D /def2-svp. Harmonic frequencies were computed at the optimisation level to confirm
that the relaxed structures correspond to local minima. In some structures, marked with * in
the text, the distance N-H was fixed to avoid H transfer and to keep all complexes consistent
for analysis. Single-point calculations were performed to improve the energy description at
the computational level of wB97x-D/def2-qzvp'® 17 for salts and models and wB97x-D /def2-
tzvp computational level for the real catalysts under study. Structure optimisations and energy
calculations were performed using the Gaussian16 software.'® All the calculations were performed
in the gas phase and at room temperature (298K). The optimised structures can be found in
Table S2.1.

The interaction energies (AE) were calculated as the difference between the free energy of
the optimised complexes (Ecompies) and the energy of each optimised monomer (Eponomer) as

shown in Eq. 3. The interaction energies can be found in Table S2.2.

AL = Ecomplez - Z Emonomer (3)

An energy decomposition analysis was performed based on the LMO-EDA!? scheme at the
MO06-2X/KTZVP computational level. The interaction energy was obtained as the sum of dif-

ferent energetic terms, as shown in Eq. 4

Eint = Eelec + Ee:vc + Erep + Epol + Edisp (4)

where FE... is the electrostatic term that describes the classical Coulombic interaction of
the occupied orbitals of one monomer with those of the other. The term E.,. is attractive and
denotes the contribution of the exact exchange energy between the orbitals of one monomer
and the orbitals of the others, F,., is repulsive and is associated with the Pauli exclusion
principle, and the terms E,,; and Egg, correspond to the terms of polarisation and dispersion,
respectively. These calculations were carried out using GAMESS software (version 2018-R2).20
Numerical LMO-EDA values are collected in Table S2.3.

Due to some technical problems with the solvation model when running EDA calculations,
the energy decomposition analysis for the systems in solution was calculated using the EDB-
EDA2L22 at the wB97x-D/def2-tzvp level of theory. Solvent effects were included in the op-
timisation by means of a continuum method, the Solvation Model based on Density (SMD)
approach?? in Gaussian16. The use of an implicit solvent model allows us to consider the elec-
trostatic and non-electrostatic cavitation, solvation, and structural effects of the solvent while,
at the same time, allowing for an undisturbed and in-detail analysis of any inter- and intramolec-
ular interactions governing structural stabilisation of our catalysts. The interaction energies are
obtained as the sum of the energy terms expressed in Eq. 5

int

EDA-NCI _ Eelec + Eege + ET@P + EpOl (5)

where Egee, Eeze, and Eyep, represent the same magnitudes as in LMO-EDA and the term

Ejp correspond to the term of polarisation and it is calculated using Eq. 6

70



Epol = Edef + Eezc_def (6)

where Eg.¢ is the electron density deformation energy, Eexc def is the deformation energy
associated with the exchange-correlation density.

The NBO?* methodology was used to evaluate atomic charges in the different systems and
to evaluate the strength of individual interactions by measuring the charge transfer between
occupied and unoccupied orbitals within different fragments. The calculations were performed at
the same level of theory as the geometry optimisations: wB97x-D /def2tzvp for the salts and small
models and wB97x-D /def2svp for the real catalysts. Intermolecular NBO charge transfer values
can be found in Table S2.4 and NBO charges in Table S2.6. The NBO calculations yield the E(2)
value, which will be thoroughly discussed in this manuscript. As explained in the Computational
Methods chapter, E(2) is defined as second-order perturbative energy, determined by the analysis
of all possible interactions between Lewis-type NBO donors and non-Lewis-type NBO acceptors,
with their energetic importance estimated through second-order perturbation theory. "For each
donor NBO (i) and acceptor NBO (j), the donor-acceptor stabilisation energy E(2) associated

with i — j delocalisation is calculated as E(2) = AE;;(2) = qi(lz(_ii)j, where q; represents
g i

the donor orbital occupancy (2 for closed shell, 1 for open shell), €; and €; denote the diagonal
elements (orbital energies), and F (i, ) stands for the off-diagonal NBO Fock matriz element. "

The QTAIM methodology?527 was used to analyse the electron density of the systems within
the AIMAII software, and the electron density at the BCPs between the systems and the different
anions upon complexation was extracted. The calculations were performed at the same level of
theory as the geometry optimisations: wB97x-D/def2tzvp for the salts and small models and
wB97x-D /def2svp for the real catalysts. The densities at the bond critical points, ppcp, bond
distances, d, Laplacian value at the BCP, V2ppcp and energy densities of th BCP, Hgcp, can

be found in Table S2.5 and 3D molecular graphs of all the systems in Figure S2.4.
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2.3 Results and Discussion

To establish a comprehensive understanding of ion-pair interactions, this study investigates
various scenarios, starting with a discussion of ionic compounds to define the concept of an
ion-pair. Subsequently, a wide range of ion-pair catalyst models is examined, as well as their
neutral forms for comparison, followed by the characterisation of real PTC catalysts. To ensure
homogeneity and comparability, all calculations were performed in the gas phase, and the effect
of the solvent was studied for one particular case.

By examining these systems, we aimed to unravel the intricate interplay between HB and
IP interactions by discerning the subtle differences that influence the nature and strength of
hydrogen-bonding and its role in facilitating ion-pair formation, shedding light on their impact

on the overall catalytic activity and selectivity.

2.3.1 Ion-Pair

In this part of the study, our primary objective is to explore notable instances of ionic salts
characterised by polar bonding?® between atoms (e.g. between Nat and C1~, CN~ —through
both terminations— and PO4(CHgz), through O atoms). Furthermore, an additional cation,
namely [N(CF3)4|", was introduced to encompass a structural motif comparable to the predom-
inant PTC scaffold (Figure 2.3). The aim of studying these systems was to obtain an accurate
definition of a strict ion-pair and, therefore, to shed light on the nature of the interactions of

the following systems studied by comparison.

@ X: - - O\\ /OMe
Cl C=N _ P
\) \) 0" “oMe

Figure 2.3. Representation of the ionic salt models used to investigate strict ion-pairing inter-
actions, left, and anions used, right.

The interaction energies of the studied complexes are presented in Table 2.1. The obtained
values fall within the expected range for pure ionic interactions, providing evidence for the
electrostatic attraction between the cation and the negatively charged anion. Additionally,
the calculated distances between the ions are in excellent agreement with the reports found in
the literature, further validating the accuracy of the computational approach.?? In the case of
complexes including the [N(CF3)4]" cation, the interaction energies are comparatively lower and
present cation-anion distances around 4 A, primarily attributable to the steric hindrance arising
from its larger molecular structure, thereby highlighting the establishment of a longer-range

ion-pair interaction.

Characterisation of the ionic interactions

To characterise and define what can be considered an ion-pair from a theoretical perspective, an
exhaustive analysis of the interactions established within the different systems under study was

carried out. First, to investigate the physical origins of the interactions involved, an analysis
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Table 2.1. Ionic salts and [N(CF3)4]-X DFT Interaction energies, AE in kJ/mol. Distances in
A

Ionic Complex AE d(NatX ™)
Na-Cl -546.4 2.39
Na-CN -521.0 2.27
Na-NC -539.1 2.14
Na-PO4Mes -586.1 2.26
Tonic Complex AE d(NTX™)
N(CF3)4-CI 3165 120
N(CF3)4-CN -315.3 4.25
N(CF3)4-NC -320.7 411
N(CF3)4-PO4Me, -313.3 3.92

of the LMO-EDA was performed, which allows the determination of the contribution of the
different energy components to the global stability of the systems (Figure 2.4). This approach
has been extensively used in the literature to describe and analyse different NCls, such as those
reported in the present project.3? These contributions will provide insight into the nature and

magnitude of interactions within the systems under study.
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Figure 2.4. LMO-EDA energy partition terms for the different salts under study, top. LMO-
EDA energy partition terms for the [N(CF3)4]" system, bottom.

From the analysis of the various contributions to the total energy, it is evident that the
electrostatic term corresponding to a quasiclassical Coulombic interaction between monomers
constitutes the major component of the overall energy in these systems. This observation fur-
ther reinforces the fundamental nature of the electrostatic interactions in governing the stability
and behaviour of ionic compounds. A similar trend was observed across both types of systems,

encompassing both ionic and N(CF3),—X complexes. However, it is noteworthy that the total
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energy and the electrostatic term associated with the N(CF3)s—X systems are approximately
half the corresponding values observed for the proper ionic compounds in the ion-pair configura-
tion, emphasising that although both cases involve electrostatic interactions, the latter exhibits
remarkably weaker interactions in comparison, being the distances between anion and cation
increased accordingly. More importantly, the dispersion term becomes more negative in the case
of N(CF3)4—X salts, being almost negligible in the case of ionic compounds, but the repulsion
term is lower since the distance between the anion and the cation increases sensibly.

Next, an NBO analysis was performed, along with a comprehensive study of the charges, both
isolated and upon complexation (Figure 2.5, Figure S2.1.1 and Tables S2.4.1, 52.4.2 and S2.6.2).

Since ionic bonds do not involve electron sharing, low values for E(2) were correspondingly found.

_ NBO salt
©° NBO salt
£ 5001 ®  lon pair
<
o

0 s H [ esese

cl- CN- NC- POMe;
200

_ NBO NoHB
E NBO NoHB
= 100 (X-)-> Scaffold
~
L

07' T T T T

Cl™ CN~ NC~ POsMe;

Figure 2.5. NBO E(2) values corresponding to the different ionic salts studied, top, and NBO
E(2) values corresponding to the different [N(CF3)4]-X systems studied, bottom.

In the scenario of a polar ionic pair, all possible interactions between the Lone Pair (LP)
of the anion and the Lone Vacancy (LV') (unoccupied borane-like valence orbital) of the cation
and its contributed energy were considered (Figure 2.5 top). We observed extremely low charge
transfer processes for almost all the studied N(CF3)4—X salts originating from the LP of the
anion (LP(X ™) to the C-F anti-bonding sigma orbital (BD*(C-F)) of the scaffold (Figure 2.5
bottom).

Upon analysing the charge of the monomer and its variation upon complexation (Figure
S2.1.1), we found that the N atom’s charge remains unchanged upon interaction with the anions,
while C3 becomes slightly more negatively charged, in agreement with the charge transfer process
described by the NBO analysis. Through analysis of the monomer, it becomes evident that the
positive charge is not confined to the N atom but delocalised within the C atoms of the scaffold.

Finally, we turned our attention to investigating the electronic behaviour of the intermolec-
ular interactions studied. In this regard, QTAIM has been widely shown to be an excellent
tool for analysing various properties of the electron density and the nature of chemical bonding
within a molecule, including bond strengths, and understanding the presence of charge transfer
or electronic delocalisation within the molecule.3!

First, the electron density at the BCP, p(r)pcp, of the relevant bond was studied, as well
as their corresponding Laplacian values, V2p(r)gcp and the energy density at the BCP, Hgcp
(Table 2.2). In the topological analysis, V2p(r)gcp, plays a very important role in the character-
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isation of chemical bonding, providing the physical basis for the well-known electron-pair model
of Lewis.?032 As explained in the computational methods chapter, a positive V2p(r)gop indi-
cates the dominance of excess kinetic energy, corresponding to local depletions, and is associated
with NCIs (lower positive values) and ionic bonds (higher positive values).

The values obtained for the electron density and V2p(r)pcp in Table 2.2 reinforce our
previous analysis of the ionic nature of the salts studied and will be used as a reference for

analysing the nature of the remaining systems.

Table 2.2. Electron density, p(r)scp, Laplacian, V2p(r)gcp, and Energy density, Hgcp, at
the bond critical point for the ionic systems studied.

Anion Cation  p(r)pcp(a.u.) V2p(r)pcp Hpcp(awu.)
cl~ Na™ 0.0356 0.1899 0.0049
NC~ Na*t 0.0343 0.2424 0.0045
CN~ Na™* 0.0383 0.1764 0.0071
POsMes Na™ 0.0264 0.1769 0.0071
POsMey Na™* 0.0257 0.1718 0.0070

The QTAIM analysis was performed for the N(CF3),—X systems under study, and the cor-
responding values are provided in the Supplementary Information (Table S2.5.2) for clarity. Of
these, a representative example was chosen to highlight the presence and values of BCPs, as
shown in Figure 2.6. When the density values are analysed at the various BCPs, it becomes
apparent that the interactions within the ammonium salts are comparatively weaker. Further-
more, the Laplacian values indicate the presence of non-covalent interactions; however, they do

not reach the magnitude observed in the ionic salts (V2p(r) ranges between 0.1 and 0.2 a.u.).

Vp = 0.05329

p, = 0.01220
5313 @
1217 .

y@Vp 0.05336
o = 0.01222

Figure 2.6. QTAIM molecular graph corresponding to N(CF3),—Cl.

2.3.2 Imine- and Iminium-based Models

As noted above, a previous study conducted by our group considered an alternative interaction,
a HB interaction, contrasting it with what was known or proposed in the literature as a strict
ion-pair.!! However, the latter interaction was found to be energetically less favourable, as
demonstrated by its lower energy interaction. As a result, for the current investigation, we focus
solely on the interaction between the anions involved and the HB donor, if feasible.

To continue our investigation, we explored systems in which the tetra-bonded N atom within

the scaffold corresponds to a strong HB-donor and, therefore, facilitates the formation of a
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traditional hydrogen-bonding interaction. This encompassed the study of both neutral and
positively charged catalyst-based systems, aiming to discern and characterize the variations
between the neutral cases, and the interactions encountered in charged systems. Furthermore,
various substituents, including CF3, CHs, and ‘Bu, were considered to account for multiple

electronic and steric scenarios (Figure 2.7).

Figure 2.7. Different imine- and iminium-based derivatives under study.

The calculated interaction energies and anion-cation distances, for positively charged and
neutral species, are summarised in Table 2.3. As expected, the interaction energies obtained
are all negative, indicating favourable intermolecular interactions. Notably, when comparing the
neutral species (imine derivatives) to their positively charged counterparts (iminium derivatives),
a significant increase in interaction energies is observed. In terms of the different substituents
studied, it is evident that CF3 exhibits the most negative values, indicating the strongest in-
teractions within the formed complexes. Conversely, ‘Bu demonstrates the weakest interaction
energies. In general, the intermolecular interactions studied are more favourable when Cl™ is
involved as the counteranion.

Changing our focus to the distance between the N* (or N for neutral compounds) and
X~ ions, it is notable that the distances in all neutral complexes surpass those observed in
their charged counterparts. Additionally, by comparing the distances of the cation-anion in the
iminium complexes with the previously studied [N(CF3)4]-X systems, we find that all distances
are consistently shorter than the latter.

An analysis of the different anions reveals that systems containing Cl~ exhibit the longest
intermolecular distances for both neutral and cationic complexes. Considering the influence of
the various substituents within the main scaffold, the distances follow the trend of ‘Bu > CHj
> CF3. Expectedly, the presence of a bulky electron-donating substituent, such as ‘Bu, leads to
the highest distance between the ions. On the contrary, when the CF3 substituent is involved,
the shortest distance is observed, as a consequence of its electron-withdrawing nature, which

strengthens the existing HB.

Characterisation of the Non-Covalent Interactions

Building upon the preceding section, this section focuses on the characterisation of interactions
using LMO-EDA, NBO, and QTAIM analyses. Regarding the results obtained from the LMO-
EDA analysis, it is evident that in the charged system scenario, the electrostatic term makes the
most significant contribution to the total energy (Figure 2.8), which aligns with the expected

dominance of Coulombic interactions in charged systems. However, even though the distances
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Table 2.3. Iminium charged and Imine complexes DFT Interaction energies, AE in kJ/mol.
Distances in A. Distances between brackets () refer to the second shortest N—O distance in
those systems where two O atoms of the PO4Mey anion are interacting with the other monomer.
Those systems marked with * were optimised with fixed X-H distance because a H transfer was
produced otherwise.

Complex AFE d(NTX™)
Iminium CF3-CI* -535.3 2.68
Iminium CF3-CN* -527.5 2.52
Iminium CF3-NC* -527.3 241
Iminium_CF3-PO4Mey* -518.6 2.34
Iminium CHj3-Cl -456.3 2.86
Iminium CH3-CN -445.5 2.69
Iminium _CH3-NC -449.0 2.57
Iminium _CH3-PO4Me, -456.9 2.55
Iminium_‘Bu-Cl -397.7 3.04
Iminium_‘Bu-CN -387.1 2.79
Iminium_*Bu-NC -393.8 2.68
Iminium_*Bu-POsMe, -399.2 2.62
Imine CF3-Cl -97.4 3.07
Imine CF3-CN -90.0 2.90
Imine CF3-NC -91.9 2.77
Imine CF3-PO4Me, -84.7 2.74 (3.81)
Imine CH3-Cl -61.2 3.42
Imine CH3-CN -49.3 3.27
Imine CHj3-NC -52.9 3.11
Imine  CH3-PO4Mey -52.3 3.01 (4.41)
Imine ‘Bu-Cl -65.1 3.40
Imine ‘Bu-CN -50.7 3.26
Imine ‘Bu-NC -55.5 3.09
Imine ‘Bu-POsMe, -56.5 3.06 (4.99)

are not much larger, in most of the systems studied, the electrostatic term is lower compared to
that found for ionic salts, similar to that found within the quaternary ammonium salts, N(CF3)4-
X. However, it becomes apparent that iminium/imine systems, attractive terms, polarisation,
exchange and dispersion have increased significantly as a result of the establishment of HBs
upon complexation (almost -200 kcal /mol). It is noteworthy that in the preceding section, these
terms were found to be extremely low in N(CF3)4-X complexes and almost negligible in the
ion-pair systems examined.

Additionally, it should be highlighted that the electron-electron repulsion term has also
increased notably, surpassing its contribution in the previous case. On the contrary, in the case
of the neutral counterpart, the repulsion term emerges as the primary contributor to the total
energy (Figure S2.2.3 and S.2.2.4). This significant Pauli repulsion effect leads to an increased
distance between the interacting species, resulting in a weaker interaction.

The NBO analysis, as depicted in Figure 2.9 and Figures S2.3.3 and S2.3.4, reveals that
the highest values correspond to the presence of charge transfer interactions specifically asso-
ciated with HB formation for both cases, for charged and neutral systems, respectively. These
interactions involve the donation of electron density from the Lone Pair (LP(X ™)) of the an-
ion to any sigma anti-bonding orbital involving the theoretically positively charged nitrogen
atom (BD*(N-H)). The obtained values of E(2), which represent the stabilisation energy due
to charge transfer between the aforementioned orbitals, follow a trend similar to that of the

interaction energy concerning different substituents, e.g. CF3 > CHz > 'Bu. Furthermore,
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Figure 2.8. LMO-EDA energy partition terms for the different Iminium-based complexes under
study. Top - Iminium-CF3, middle - Iminium CH3 and bottom - Iminium-tBu.

considering the charged systems, we find that the E(2) values are higher than their neutral
counterparts because of the positive charge distribution within the molecule. Nevertheless, the

nature of the charge transfer interaction remains unchanged.

The obtained results from the QTAIM analysis provide compelling support for the find-
ings obtained from the previous analyses (Figures S2.4.3 and S2.4.4 and Tables S2.5.3 and
S2.5.4). Examination of the electron density, p(r)pcp, at various BCPs within the studied
complexes, reaffirms the nature of the NClIs established upon complexation. In addition, the
positive V2p(r)gcp values derived from the QTAIM analysis further validate the non-covalent
nature of the interactions observed in all the cases under study. Interestingly, the values ob-
tained for V2p(r) are consistently similar for both neutral and charged compounds; however,
these values are consistently an order of magnitude lower than those observed in ionic com-
pounds (Figure 2.10). This observation suggests that the presence of HBs is influenced by the
surrounding charges, and consequently the systems present a clear HB-assisted IP rather than

a strict IP interaction.

It has been established that the charge carried within the PTC catalysts structure is vital,
and therefore it becomes crucial to conduct an in-depth investigation of the charges associated

with the monomer in its isolated state and upon complexation.
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Figure 2.9. NBO E(2) values corresponding to the different Iminium-based complexes under
study.

Firstly, a comparative analysis of the charges between the charged monomers (Figure 2.11)
and their neutral counterparts (Figure S2.1.2) was conducted. In the isolated monomers, the
C1 atom, which is directly attached to nitrogen, was revealed to exhibit a significant increase
in positive charge in all the cases studied, from neutral to charged monomers. In contrast,
the nitrogen remains relatively unchanged in the CF3 case and slightly more negative in the
presence of CH3 and !Bu substituents, in agreement with the electron-donating nature of those
substituents. Upon complexation with the anion, visible modification is observed in the C1
atom’s charge for most cases, indicating a charge transfer from the anion to C1. Consequently,
the C1 atom becomes less positively charged in all cases, with a more pronounced effect observed

in the scenario involving the CF3 substituents.

Figure 2.10. QTAIM molecular graphs for Imine CH3-CN (left) and Iminium CH3-CN
(right).
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A similar behaviour is observed for the neutral case (Figure S2.1.3), in which C1 presents
the highest charge difference between the monomer and the complex. The aforementioned
variation in the charge distribution within the C1 atom can also be seen in the NBO calculations.
Specifically, the charge transfer from the Lone Pair (LP(X ™)) of the anion to the anti-bonding
orbital of the N-C bond (BD*(N-C)) highlights this distinction (Table S2.4.4). Nevertheless,
it is important to emphasise that the magnitude of this charge transfer is significantly low when
compared to the corresponding value associated with the HB, (Figure 2.9, light grey, Table
S2.4.4). Specifically, the highest value obtained for E(2) BD*(N-C) is 27.0 kJ/mol, while E(2)
involving BD(N-H) ranges from 292.1 to 768.1 kJ /mol.
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Figure 2.11. NBO charges of the monomers and different Iminium-based complexes under
study. Legend: charge difference between the complexes and the monomers is depicted.

Finally, it is important to note that the positive charge in these systems is not localised in
a single atom but is shared among multiple atoms. This shared positive charge results in an
increased positive character (+0.1 e higher) of the hydrogen atom (NH) when the NH transitions
from neutral to cationic structure. Consequently, the establishment of HBs with the different
anions studied is arguably strengthened and favoured because of the increased positive charge
exhibited by the hydrogen (H) atom involved.

The outcome regarding the nature of the different interactions upon complexation studied
within the iminium-based complexes is far from surprising since it has been previously theoret-

ically described in the literature as “charge-assisted hydrogen bonds”.33:34

Solvent Effects

The present investigation was primarily conducted in the gas phase to focus on the characteri-
sation of the nature of the diverse interactions inherent within ionic compounds. Nonetheless,
to achieve a comprehensive evaluation, a supplementary investigation involving solvents was
undertaken, as illustrated in Table 2.4.

As anticipated, the calculated interaction energies exhibited a substantial reduction across
all the solvents examined, with particularly pronounced effects observed in the case of dimethyl-

sulfoxide (DMSO) and water, across all Iminium- and Imin-based complexes studied. When the
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changes in intermolecular distances between both charged atoms, Na™ and X~ atoms, caused
by solvent were examined, it was observed that the separation between cations and anions
augmented uniformly in all cases, aligning with theoretical expectations. Furthermore, as the

distance increased, the interaction energy presented upon complexation weakened.

Table 2.4. DFT Interaction energies in three different solvents and gas phase, for Ionic salts
and Iminium charged complexes, AE in kJ/mol. Distances in A.

Cation Anion Solvent AE d(NatX ™)
Na Cl H>0O -61.4 2.52
Na Cl DMSO -64.9 2.52
Na Cl toluene -250.6 2.44
Na, Cl gas -546.4 2.39
H>O -69.6 2.87
.. DMSO -72.2 2.86
Tminium_ CFs cl toluene -268.0 2.75
gas -535.3 2.68
H>0O -40.2 3.08
.. DMSO -42.3 3.08
[minium_ CHy cl toluene -209.3 2.94
gas -456.3 2.86
H-0O -19.5 3.72
DMSO -19.1 3.69

. . t

Tminium_"Bu ¢l toluene 167.7 3.22
gas -397.7 3.04

A partition energy analysis was conducted for the complexes studied under solvation condi-
tions (Figure S2.5). The EDB-EDA calculation reveals that both repulsion energy and polarisa-
tion are the most affected terms, while the corresponding electrostatic term experiences only a
slight decrease. This decrease in electrostatics arises from the longer distance between the ions,
as evident from the EDB-EDA calculated for the gas-phase optimised geometry in solvent (left
side of Figure S2.5).

More importantly, when implicit solvent molecules are included, the repulsion term decreases;
however, the polarisation term becomes positive and repulsive, particularly in the cases of DMSO
and water. This alignment with the obtained low interaction energy is notable. Consequently,
the sharp decrease in interaction energy can primarily be attributed to the repulsive polarisation

force.35

2.3.3 Guanidine- and Guanidinium-based Models

Guanidinium-based scaffolds have long been recognised for their ability to function as general
acid catalysts, and therefore we decided to conduct an extensive computational investigation to
gain a deeper understanding of the interactions that occur upon complexation. To ensure clarity
and avoid clutter, we present the key findings from our analysis of both neutral, guanide-based,
and charged, guanidinium-based, complexes (Figure 2.12) in the Supplementary Information
(Figures S2.1-2.4 and Tables S2.2-S2.6), utilising the same methodologies as before, e.g. LMO-
EDA, QTAIM and NBO.

The calculated interaction energies for both the neutral and charged complexes were found
to be negative, as anticipated. Furthermore, the interaction energies for the neutral complexes
were consistently lower than those for the charged complexes. In particular, an unexpected case

that warrants attention concerns the guanidinium ‘Bu complexes, which exhibited interaction

81



N N N
F4;C- .CF < P ~ -
e dogor, men oo e X
CF; CF3
H\F\]/CF3 H\+/CH3 H\[tl/tBU
F.C- .CF H1C< .CH - _
3 N/U\’\Il 3 3 l}l/lkl}l 3 tBu r\II/U\[\II tBu
CF3 CF3 CH3 CH3 tBu tBu

Figure 2.12. Gunidine- and guanidinium-based systems under study.

energies that were one order of magnitude lower than the rest of the charged complexes under
investigation. When the monomer and the complexes were carefully examined, it became evident
that accommodating the anion within such a bulky species requires substantial deformation
energy. However, looking at the LMO-EDA total energies the results are consistent amongst
the three substituents and present the expected stability trend. The distance between positively
charged N* and negatively charged X~ ranged from 2.65 to 3.43 A, higher than in the cases
previously analysed.

Furthermore, our analysis of the interactions established upon complexation revealed that
the established HBs are notably stronger in the charged species. Most cases exhibited Laplacian
values, V2p(r)pcop, consistent with a NCI nature. However, some particular cases (five amongst
all the different complexes under study) showed a larger positive Laplacian value at the BCP
that corresponds to the X~ --- HN HB, as indicated in Table S2.5.5. In these particular cases,
the H atom was in close proximity to the anion, almost not bonded to the guanidinium, resulting
in a highly positive charge and the emergence of a slight ionic character between the H and the
involved anion.

By analysing the NBO calculations performed in all systems, it can be corroborated that
the established HBs correspond to the main charge transfers process from the Lone Pair of the
anion to the anti-bonding orbital of the N-H bond (LP(X~) — BD*(N-H)) and the weak
ones can be found from the LP of the anion to the N of the scaffolds (LP(X~) — BD*(N-C))
(Tables S2.4.5 and S2.4.6 and Figures S2.3.5 and S2.3.6).

Finally, the distribution of the different atomic charges was analysed. As we transitioned
from neutral monomers to charged complexes, for the CF3 case, the C-centred atom becomes
more positive due to the electron-withdrawing nature of the substituents. Conversely, in the
CHjs and 'Bu cases, the positive charge was delocalised amongst the carbon and nitrogen atoms
within the scaffold. Remarkably, in all cases, the HB of the NH moiety experiences an increase
in positive charge, which facilitates and reinforces the HB interaction. Upon complexation, a
charge distribution analysis revealed that for neutral compounds, the only significant change
was observed in the carbon atom for CF3 systems, which becomes less positive. However, for
the charged counterparts, a more heterogeneous picture emerges, with the carbon (C) and N1
atoms being the most affected. In the case of CF3 and CHj systems, the central carbon atom
generally becomes slightly more positive, while N1 becomes more negative. Conversely, for the
!Bu substituent systems, both the carbon (C) and nitrogen (N1) atoms present an increase

in negative charge and, therefore, become less positive. The variations in charge exhibited by
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the diverse atoms during complexation align remarkably well with the NBO model, as depicted
in Figures S2.1.4 and S2.1.5. Our findings indicate a discernible but not substantial charge
transfer from the examined anions to the N1 and C atoms (LP(X~) — BD*(NC)). It is
important to note that the magnitude of this charge transfer is consistently lower compared to
the corresponding transfer observed in the HB interaction (LP(X~) — BD*(NC)).

2.3.4 Ammonia- and Ammonium-based Models

In the subsequent phase of our study, we examined more realistic systems in which the theoretical
establishment of HBs is hindered due to the presence of four substituents bonded to the nitrogen
atom and the absence of any strong HB-donor (Figure 2.13).

These quaternary ammonium salts and their neutral counterparts serve as representative
examples for exploring alternative modes of interaction in the absence of direct strong HB-
donors.

The interaction energy values for both the cationic and neutral scenarios are compiled in Ta-
bles 52.2.7 and S2.2.8. Consistent with expected behaviour, charged species exhibit significantly
higher values AFE compared to their neutral counterparts, highlighting that the introduction
of positive charges enhances the strength of interactions within these systems. Furthermore,
charged systems consistently exhibit interaction energies lower than those of ionic compounds,
and the separation distance between the positively charged ion N* and the negatively charged
ion X~ varied between 3.35 and 4.50 A, exhibiting the greatest distances observed amongst the

various complexes investigated in this study.

_H _H _H
H.C H,C H-C
N N N
7~ b N e
F3;C CF; AN
~H H _H
H-oC HoC H-oC
'+ '+ '+
N"I N"I N"I
N CFs3 N CHs; ~ !
FsC CF, H3C CHs AN

Figure 2.13. Ammonia- and ammonium-based models under study.

Characterisation of the Non-Covalent Interactions

When an LMO-EDA analysis is performed, in Figure 2.14 and Figures S2.2.7 and S2.2.8, the
predominance of the electrostatic term for the charged complexes is clear.

A comparison of these values with those obtained in the previous section (iminium complexes)
reveals a lower interaction energy than that observed for the strict IP systems discussed in the
first section. However, compared to the N(CF3),—X systems, the values are found to be higher.

Furthermore, we find that the terms associated with polarisation, exchange, and disper-
sion, although lower than those observed for the iminium/imine systems, are higher than those
observed for the ionic systems, indicating their non-negligible contribution. Additionally, the re-

pulsion term is lower than that of the iminium-charged systems but higher than the N(CF3),—X
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Figure 2.14. LMO-EDA energy partition terms for the different ammonium-based complexes
under study. Top - Ammonium-CF3, middle - Ammonium-CH3 and bottom - Ammonium-tBu.

systems. Thus, it appears that the ammonium salts studied herein exhibit a behaviour that lies

between the HB-assisted IP and the longer-range IP.

The NBO analysis reported the presence of two primary types of charge transfers in the
system under investigation. The first type is commonly associated with HBs and involves the
donation from the LP of the anion to the anti-bonding orbital of the H-C bond (LP(X™) —
BD*(C-H)). The second type involves the donation from the LP of the anion to the centrally
positioned nitrogen atom within the tetrahedral structure (LP(X~) — BD*(NC)), which
is assumed to carry a positive charge in ammonium-based models. The NBO results clearly
indicate the establishment of weak to moderate HB interactions upon complexation, as well as
a weak charge transfer from the LP of the anion to the orbital involving the central nitrogen
atom (Figure 2.15 and 52.3.8).

The QTAIM analysis presented in Table S2.5.7 and S2.5.8 provides additional support for
the aforementioned findings. Overall, the charged complex exhibits higher density and Lapla-
cian values, V2p(r)pcp, compared to the neutral ones, albeit falling within the expected range
for such interactions. Figure 2.16 represents the molecular graphs specifically associated with
ammonia_based CHgz-Cl and ammonium-based CHs3-Cl. These graphs visually depict the dis-
tinct hydrogen bond interactions formed between the Cl™ ion and the hydrogen atoms of the
CHjs groups. The figures illustrate the electron density, p(r)pcp, at various BCPs and also
display the corresponding Laplacian values. The densities identified at the BCPs are compara-

tively lower than those observed within the iminium complexes because of the weaker HB-donor.
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Figure 2.15. NBO E(2) values corresponding to the different ammonia_based complexes under
study.

Additionally, the Laplacian values exhibit a similar range, yet consistently remain one order of

magnitude lower when compared to the tight ion-pair formations detected in the salts.

Figure 2.16. QTAIM molecular graph for ammonia_based CHj3-Cl and ammonium CHj3-Cl.

To finish this section, the charge difference within the monomers and upon complexation for
both, neutral and charged complexes will be discussed (Figure 2.17 and S2.1.6 and S2.1.7).

The charge distribution of the monomers varies as they transition from neutral to charged
states. Both the N and H atoms in the methyl group exhibit an increase in positive charge.

Upon complexation, a similar trend is observed for both neutral and charged compounds.
However, this trend is more pronounced in complexes based on ammonium. The charge on the
central N atom remains constant, whereas the charge on the C1 atom experiences a significant
decrease, becoming more negative in all cases, due to the interaction with the anion. In the case
of the R=CHj3 substituent, C1, C2, and C3 are interacting with the anion and so their charges
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Figure 2.17. NBO charges to the different Ammonium-based complexes under study.

become slightly more negative.

The findings of our study are in perfect alignment with the literature. Specifically, in a
seminal work published in 2002, Cannizzaro and Houk conducted a comprehensive evaluation
of the interactions present in the MesNH-CH,COOMe complex.?® This complex, which served

as an [P model, was examined using the MP2 level of theory.

The study identified the presence of an ion-pair arrangement stabilised by HBs (Figure 2.18)
but also placed the positive charge shared amongst the different C atoms. The work by Can-
nizzaro and Houk provided significant insights into the nature and stability of IP complexes
involving HB interactions, but it falls short of describing the nature of the interactions of the
broad range of possible ion-pair interactions. As discussed, our current investigation builds upon
the work of the authors by focusing on expanding the scope and applicability of the concept of

ion-pair interactions in a broader context of PTC.

Figure 2.18. Non-covalent interactions established within the model MesNH-CHyCOOMe stud-
ied by Houk et al.



2.3.5 Phase Transfer Catalysts

As a final investigation, two real phase transfer catalysts were studied, 1 and 2, Figure 2.19.

In this investigation, our focus was directed solely towards analysing the possible ion-pair
interactions established in both systems. The primary objective of this scrutiny was to ensure
an equitable comparison with the previously elucidated models.

The interaction energies obtained for both 1 and 2 are smaller than the models used in the
previous sections based on ammonium and guanidinium (Table 2.5). Furthermore, the distances
between the anion and the theoretically positively charged atom, NT, are smaller than those
observed in the corresponding similar models examined earlier, both models based on ammonium
and guanidinium. These distances range between 3.39 and 3.60 Afor 1 and, 2.54 and 2.97 Afor
2, respectively.

We performed the same analysis of the interactions upon complexation, e.g. LMO-EDA,
NBO, and QTAIM (Figures 52.2.9-10 and S2.3.9-10 and Tables S2.5.9-10 and S2.6.9-10).

Figure 2.19. PTC catslysts under study, 1 and 2.

All LMO-EDA values related to the nature of the interaction are found to be close to those
found for the models studied previously, models based on guanidinium and ammonium, pre-
senting a behaviour between the HB-assisted IP and the longer-range IP, as expected (Figure
S2.2.9-10).

Table 2.5. Cinchona-based catalyst (1) and Guanidinium-based catalyst (2) DFT Interaction
energies, AE in kJ/mol. Distances in A.

Complex AFE NtX—
1-Cl -304.2 3.55
1-CN -308.9 3.60
1-NC -312.7 3.39
1-PO4Me, -225.5 3.47 (3.90)
2-Cl -326.2 2.97
2-CN -347.7 2.69
2-NC -331.0 2.64
2-PO,Me, -188.4 2.54

In both cases, complexation leads to the formation of a web of weak HBs, which is closely
aligned with the observed NBO interactions. For catalyst 1, a network of hydrogen bonds

forms between the anion and the C-H groups of the quinuclidine ring. The E(2) values in this
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arrangement are quite comparable to the range observed in the ammonium-based (R=CHj)
system, approximately 10 kJ/mol. On the other hand, 2 exhibits two distinct HB-donors,
resulting in two types of HBs, much like the small guanidinium-based model. The E(2) values
for this system are approximately -50 kJ/mol for NH as an HB-donor, while those that involve

the CH group are weaker, around -10 kJ/mol.

Finally, to obtain a complete picture of the electron density, p(r)pcp, values at the BCP
involving the anion interaction for all the complexes studied, a graph was generated by plotting
the density at the BCPs against the distance between the atoms involved in the interaction. For
this particular correlation, all complexes were taken into account, including previous sections
and current (Figure 2.20-top). Only the BCPs corresponding to the same pair of atoms involved
were depicted for comparison. The results clearly demonstrate a nearly perfect exponential
correlation, indicating a consistent pattern of NCIs across all complexes. Regarding the differ-
ent anions under study, PO4Mey-X systems present the highest density values, corresponding,

therefore, to the strongest HB interactions.
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Figure 2.20. Top - QTAIM exponential correlation of the different models under study. Bigger
dots correspond to the salts and N(CF3)4-X systems. Middle - Laplacian values for all the
different compounds under study. Bottom - Energy density values for all the different compounds
under study.
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More interestingly, the Laplacian values, V2p(r)pcp, in all systems were investigated (refer
to Figure 2.20-middle). Notably, the values obtained for all the systems analysed were found to
be lower compared to those corresponding to the ionic complexes.

Finally, and in order to obtain a complete picture of the nature of the interactions upon
complexation, the value for the energy density, Hgcp,>” was analysed for all the complexes
under study (Figure 2.20-bottom). It is clear that the outcome is in excellent agreement with
the Laplacian values, showing an H positive value for the polar compounds, while it is becoming
slightly negative for the hydrogen bonds, and a few more negative values corresponding to a
very strong HB, slightly covalent in nature, for the cases in which the phosphate is involved.

The general results from these analyses are in perfect agreement with the findings obtained
from both previously studied models, guanidinium-based and ammonium-based. They demon-
strate an intermediate behaviour between HB-assisted IP and longer-range IP interactions, un-

derscoring the consistency and validity of the conclusions drawn from this analysis.
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2.4 Conclusions

In this work, a comprehensive investigation of ion-pair interactions in the context of PTC was
conducted. This study first focused on the examination of polar ionic compounds to define the
concept of an IP in this context. This was then followed by the analysis of a diverse range of IP
catalyst models to gain insight into the factors governing their interactions. Finally, it focused
on the characterisation of real PTC catalysts, providing crucial insights into the behaviour of
these systems in real applications.

This examination of these systems aimed to unravel the intricate interplay between hydrogen
bonding and IP interactions, discerning the subtle differences that influence the nature and

strength of hydrogen bonding and its role in facilitating IP formation.
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Figure 2.21. Different types of intermolecular non-covalent interactions under study in the
work, within the phase transfer catalysis topic.

In particular, the thorough investigation of a wide range of PTC catalyst-based systems
revealed distinct interaction characteristics: a strict ion-pair nature exhibited by salts, longer
IP interactions, HB-assisted IP, and finally, charged-assisted HBs (Figure 2.21). It was demon-
strated that the presence of HB-donors, either weak or strong, facilitates the formation of ion-
pairs through one or an intricate network of HBs. It also provides directionality and structural
stability to the IP interaction that, by definition, lacks such features. On the other hand,
in the absence of these donors, longer-range IP spanning approximately 4 A are established,
whose electronic nature and distance-dependent behaviour we have characterised and discussed
in depth.

In conclusion, this thorough investigation by means of state-of-the-art density-based theoret-
ical methods revealed that the true interactions governing ion-pair systems undoubtedly depend
on the existence of moieties capable of forming HBs. Given the presence of such structural
motifs, structural stability and catalytic selectivity in PTC will be governed by one or several of
these highly directional and charge-independent NCIs; in their absence, we have demonstrated
that classical IP interactions are formed.

Therefore, a preliminary discussion of the baseline structure and potential intermolecular
interactions of the PTC catalysts under study is imperative to unravel the nature of these
systems: understanding the true interactions within the catalyst and how these go beyond the
classic interpretation of ion-pairs is key to rationalise experimental observations and unlock the
full potential that these systems hold.

To assist synthetic chemists in understanding ion-pair interactions, it is suggested to ex-
amine not only the system structure, where the presence of different interactions, such as HB
is evident, but also consider the relative importance between coulombic interaction and other
energy contributions. This involves naming the interaction under study based on their relative

importance, as indicated by the scale proposed in Figure 2.21. This straightforward guideline
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provides a practical means to discern whether newly designed synthetic systems predominantly
involve coulombic interactions or if other NCIs play a significant role.

Finally, performing computational calculations to unequivocally determine the nature of
these interactions is encouraged. This computational approach improves the precision in identi-
fying and understanding the interaction between coulombic forces and other contributing factors

in ion-pair systems.
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3 | Improving phase-transfer catalysis
by enhancing non-covalent interac-

tions
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3.1 Introduction

As shown in the general introduction, the quest for enantiomerically pure organic products
has long been a focal topic in chemistry during the last few decades, particularly in medicinal
chemistry, where chiral molecules play a pivotal role in drug synthesis. In addition, the recovery
and reuse of catalysts are perspectives. Traditional approaches to the enantioselective production
of chiral compounds involve the use of organometallic compounds or enzymes. However, since the
pioneering work of Hajos and Perish in the 1970s,! showcasing the first highly enantioselective
reaction catalysed by an organic molecule, the field has witnessed significant advancements. Due
to the absence of transition metals, organocatalytic methods are attractive for the preparation
of pharmaceutical compounds in which levels of certain metal-ion contamination are tightly
controlled.

One of the most efficient and commonly used types of organocatalysis is Phase-Transfer
Catalysis (PTC), detailed explained in the Introduction section of this thesis. Since Starks
first introduced the term in 1971,2 it has been widely applied in organic reactions in different
immiscible phases. Asymmetric PTC, based on the use of different structurally well-defined
chiral organic molecules as catalysts, has also attracted the attention of chemists and has been
recognised as a versatile strategy for the preparation of chiral functional molecules. PTC presents
several advantages over other types of asymmetric catalysis, such as organometallic or enzymatic
catalysis, including milder and greener reaction conditions, resistance to moisture and oxygen,
and absence of heavy metals. As a result, many novel organic transformations have been achieved
with high enantioselectivity.?”

Several catalyst scaffolds have been developed based on the Cinchona alkaloid and differ-
ent chiral binaphthyls, including quaternary-onium and phosphoric acids, which have emerged
among the most successful examples in PTC.

lon-pairing
Interaction R

J

- Anion reagent
- Nucleophile

- Cation catalyst
- Asymmetric control

Figure 3.1. Traditionally interactions considered between the catalyst and the anion in PTC.

The traditional mechanism of action of PTC was described by Corey et al.® in 1997, stating a
stereochemical rationale in which the nitrogen of a Cinchona alkaloid quaternary salt is the centre
of a tetrahedron and three of the four faces are sterically hindered by the alkaloid quinuclidine
structure. Consequently, the PTC catalyst should be structured to exclude the anion approach
to three of the faces of this tetrahedron, while the fourth face should be sufficiently open to
assist in the ion-pairing interaction (Figure 3.1).

As described in the extensive synthetic literature,® it was hypothesised that the ionic re-

actant in a PTC cat_ion complex is usually situated proximally to the charged nitrogen or
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910 and therefore in

phosphorous atom, establishing a strict ion pairing interaction (Figure 3.1),
the proposed general mechanism of asymmetric PTC (Figure 3.1) the nucleophilic addition of
an achiral anion to prochiral electrophiles occurs, and a new stereocentre is created.

One notable example of these nucleophilic additions is the cyanation of unsaturated prochi-
ral compounds, such as a,B-unsaturated ketones.!' '3 These transformations have been exten-
sively studied in recent years, as their reaction products are considered highly desirable building

14,15 reported the first highly enantioselective

blocks for pharmaceutical compounds.'! Jacobsen
of one of these unsaturated compounds using chiral Al-Salen and bimetallic cooperative cata-
lyst systems for the enantioselective conjugate additions of Trimethylsilyl Cyanide (TSCN) to
a,S-unsaturated imides (Scheme 3.1, A).

A- Conjugate Addition of TMSCN of a,B-unsaturated imides with Salen-Aluminum Catalyst
(2003-2004, Jacobsen et al.)

o o TMSCN O O
i-PrOH
)J\ (salen)Al-cat Ph)J\N
Ph™ N )| " Toluene, 24°C, 26h H
NC
1 2 up to 98% ee

B- Asymmetric Conjugate Cyanation of a,B-unsaturated N-acylpyrrole sand enones catalysed
by gadolinium complex and Srll complexes with D-Glucose derived ligand

(2008-2010, Shibasaki et al.)

TMSCN
2,6-dimethylphenol R (@)
U chiral ligand /M [Gd(Oi-Pr)3THF, 0°C }
AN Sr(Oi-Pr),Tol , 40°C
R R, R N R, r(Oi-Pr),Toluene
3 4 up to 99% ee

C- Conjugate addition of cyanide B,B' to disubsituted nitroolefins
(2008, Fochi el al.)

Different cinchona NO
JINOZ [a|ka|oids catalystJ Ai 2
solvent, rt
R4 R base(s) Ri RZCN
5 6 up to 53% ee

D- Proposed modes of activation by the bifunctional chiral catalysts
(2011, Deng et al.)

NC_ OH

o X CsCOgy 0 CN E
ph)J\/\/ Tquene/CHCI3, rt Ph)w E @ CN

7 cat 8up to 95% ee )W
- A

Scheme 3.1. Catalytic asymmetric cyanation studied in the synthetic literature.

Io
Io

o
O

Shibasaki'®!7 and co-workers reported two bifunctional chiral catalysts derived from gadolin-
ium, strontium, and different carbohydrate-based chiral ligands for a highly enantioselective
1,4-addition of cyanide to «,B-unsaturated N-acyl pyrroles and enones (Scheme 3.1, B), using
TSCN as a cyanide source. In 2008, Fochi'® studied the first organocatalysed PTC conjugate
addition of a cyanide ion to 3,3’-disubstituted nitroolefins that leads to the efficient formation of
an all-carbon quaternary stereocentre (Scheme 3.1, C) was studied by Fochi.!® Recently, Deng
et al. presented the development of highly enantioselective catalytic 1,4-additions of cyanide
with readily accessible and easy-to-handle cyanation reagents (Scheme 3.1, D).! The strict ion-

pair binding mode described in this study has been used in more recent projects such as the
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2’20

one performed by Champagne and co-workers in 202 where they analysed different binding

modes of conjugate cyanation of S-trifluoromethylated chalcones.

strict ion-pair hydrogen-bonded

Figure 3.2. Two different interactions analysed in the present study.

Although the field of asymmetric organocatalysis is currently growing exponentially, an un-
derstanding of the mechanistic details involved in most of these reactions has often lagged far
behind the pace of catalyst development, which in turn slows the rational design of catalysts.
Therefore, continuous efforts should be made toward the design and development of new catalyst
classes, as well as understanding the existing relationships between the structure of the catalyst
and its ability to transfer stereochemical information.!0-21-26

In this context, our objective was to provide a definitive binding mode for bifunctional
PTC and uncover the origin of the selectivity achieved by these catalysts. To address this, we
present a theoretical study that explores the various interactions that can be established between
well-known alkaloid quinine-derived catalysts and three different cyanations of «,S-unsaturated
ketones.

This chapter is divided into two different sections; the first section being a preliminary
study to shed light on the binding mode question, studying two different activation modes for
bifunctional PTC (Figure 3.2) and then using the new proposed binding mode to study one
of these cyanation reactions, the asymmetric cyanation of E-chalcone (Scheme 3.2). The first
binding mode studied is that in which a strict IP interaction is established (Figure 3.2 left),
analogous to the one studied by the aforementioned authors; alternatively, the establishment
of an intermolecular HB between the PTC counteranion and potential HB-donors was studied
(Figure 3.2 right). These different binding modes were studied under the presence of different
anions of interest in organocatalysis: Cl~, Br—, MeCO, and CN™.

The comparative study and the results obtained from it that will be discussed in this chapter
led to the development of the previous chapter in order to solve the need for a clear classification
of all the interactions integrated under the ion-pair umbrella term.

Due to the importance of the resulting products of these asymmetric cyanation reactions,
the second half of this project investigated the conjugate asymmetric cyanation of other two
distinct «,[-unsaturated ketones under these PTC conditions (Scheme 3.2). The investigation
aimed to understand the impact of different substituents, varying in size and electron-donating
or -withdrawing character, on the performance and selectivity of the phase transfer catalyst.
Furthermore, the study explores the effects of introducing a second anchor point within the
catalyst, providing insights into its influence on the reaction mechanism and the overall enan-

tioselectivity of the process.
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Cyanation reaction 1
0 0

7 + ©c=N —¢cat
Toluene
-30°C

Cyanation reaction 2

N
11
0 O C
= = cat
+ C=N Chloroform
0°C
Cyanation reaction 3 N
lll
0
Jj\/\/\ + ~= —> Jj\)\/\
CN = C=N Chloroform C/

Scheme 3.2. Catalysts and cyanation reactions of the different ketones under study. Ketone 1
- (E)-chalcone, ketone 2 - (2E)-1-Phenyl-2-buten-1-one and ketone 3 - (2E)-1-(1H-Pyrrol-1-yl)-
2-hexen-1-one.

Finally, as the different NCIs established between the catalyst and the reactants are the
driving force of the selectivity, this chapter conducts an extensive analysis using various method-
ologies. The goal was to unravel the origin of the enantioselectivity of these catalysts, providing
valuable insights for the rational design of future catalysts. This comprehensive computational
study aligns the project with the contemporary approach in organocatalysis, where computa-
tional studies serve as a prospective tool for designing new catalysts rather than solely explaining

experimental results retrospectively.
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3.2 Computational Details

As was mentioned in the Introduction, this chapter is a combination of two different side projects,
one being the continuation of the former, and, therefore, the computational details are separated

into two different parts.

3.2.1 Binding Mode Study and Cyanation Reaction of (E)-chalcone

72729 computational

The structures of the complexes were optimised at the M062X /aug-cc-pVD
level. Harmonic vibrational frequencies were computed at the same level used for geometry
optimisation in order to confirm that the stationary points are local minima. Due to convergence
issues, a 6-31g(d)3%3! basis set was used to perform the energy profile, instead of the previously
used aug-cc-pVDZ basis set, since this specific Pople basis set was widely used in the framework
of theoretical asymmetric catalysis.?® A benchmark between both base sets was performed for
both the conformational study and the catalyst-anion interaction study (Table S3.1), obtaining,
in general, the same trend.

Single point energies for the lowest energy small basis set calculations were computed using
the M062X /aug-cc-pVTZ computational level for the conformational analysis and the catalyst-
anion complexes and M062X/6-311-+g(d,p) for the reaction steps.

The effects of the solvent (toluene) were included in optimisation using a continuum method,
the Solvation Model based on solute electron Density (SMD) approach3? and the refined SMD1833
version for Br atoms.

The reported free energies (AGgefarzvp) in this document were computed by adding the
thermal correction (T'Cgcfasyp) from the small basis set calculations to the electronic energy

obtained from the higher level single point calculations (Fgeforzvp), as shown in Eq. 1.

GdethZ'up = Edef2tzvp + TCdestvp (1)

The interaction free energies (AGcomplex) Were calculated as the difference between the free
energy of the optimized complex and the energy of each monomer in its optimized geometry, as

expressed in Eq. 2.

AG(complegv - Gcomplex - Z Gmonome?" (2)

All calculations were carried out using the Gaussianl6 software package3* and the optimised
structures for all studied catalysts, complexes and reaction steps can be found in Table S3.2.

The Molecular Electrostatic Potential (MEP) of the isolated monomers was calculated on
the electron density isosurface of 0.001 a.u. This isosurface was shown to resemble the van
der Waals surface.?> These calculations were carried out using Gaussianl6 software and the
numerical results were analysed using the Multiwfn program?3® and plotted using Jmol.37

Based on the Curtin-Hammett principle®® and according to the calculated Gibbs free inter-
action energies of the transition states, the theoretical ee value was determined based on Eq. 3

where [R] and [S] represent the concentrations of the different enantiomers.
ee = = (3)
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The ee value was determined as the ratio of the rate constants at T = 243 K as described

in Eq. 4),% where 6AG? is the difference of Gibbs free activation energy between enantiomers,

R is the gas constant, and T is the temperature.0

—SAGH
ex —1
ce p ( RT )

(4)

The NBO methodology*! version 7 was used to assess the strength of various NCI present
in the systems, measuring the charge transfer between the occupied LP from the HB-acceptor
and the empty BD* orbitals of the HB-donor. The extracted E (2) energies can be found in
Table S3.5.1.

The QTAIM*243 methodology was used to analyse the electron density of the systems, carried
out within the AIMAII software.** The electron density at the BCP between the catalysts and

the different anions was examined. Results can be found in Table S3.6.1.

3.2.2 Cyanation Reaction of (2E)-1-Phenyl-2-buten-1-one and (2E)-1-(1H-
Pyrrol-1-yl)-2-hexen-1-one

The conformational analysis of all the catalysts was performed employing the RDKit Python
library,*® a reliable tool for catalysts of this nature.*6 The analysis was carried out using the
EmbededMultipleConfs function. The number of conformers was specified as nr3, where nr
represents the number of rotatable bonds. A pre-optimisation RMSD filtration threshold of 0.1
A was applied and the useEzp TorsionAnglePrefs and useBasicKnowledge options were activated.
The generated conformers were then optimized using the MMFF94s force field.4” During the
optimisation process, an energy threshold of 10 kcal/mol was applied. Subsequently, the post-
optimization RMSD filtration threshold was iteratively adjusted so the final number of remaining
confomers was 10. All computations involving RDKit were carried out using version 2021.03.1
of the package.

All systems and complexes under study were optimised at the wW97X-D*8 /aug-cc-pVDZ282?
computational level. Harmonic vibrational frequencies were calculated at the same level to
validate the nature of stationary points as local minima.

Single point energies for the small basis set optimised geometries were computed using the
wWOI7X-D/def2-TZV(P) computational level for the conformational analysis and the complex
interaction energies. To account for the effect of the solvent, a continuum approach based on
the SMD?3? was applied, using chloroform as the solvent.

All calculations were carried out using the Gaussian16 software package®* and the optimized
structures for all studied systems and complexes can be found in Table S3.3.

On the basis of the Curtin-Hammett principle,?® the enantiomeric excess (ee) of a reaction

is given by Eq. 5.

ee

_ kfavoured - kdisfavoured (5)
kfavoured + kdisfavoured

38:49.50 of calculating these reaction rates (k), depending

However, there are different ways
on the characteristics of the reaction, the conformer interconversion rates, and the number of
individual reaction paths considered. Since this is a very complicated hot topic and no general

agreement on how to choose one of them when there are several transition states corresponding
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to each product has been reached within the community, the two most common methods for
calculating the ee have been used and compared in this paper.

For the first method, it is assumed that the reaction rate is much slower than the intercon-
version of the different conformers of the transition state and, therefore, they can be treated as
an ensemble that follows a Boltzmann distribution. This method uses the average free energy
(Aéi, Eq. 6)%9 of the transition states leading to each enantiomer to calculate the enantiomeric

€eXCess.

7
NTS

an
AG =" piGh (6)
J
where p; (eq. 7) is the population of the different TS leading to each enantiomer.

. (—AGjF /RT)

pj = = Nis (-AG/RT)
J

Finally, the reaction rate is calculated using these Aéi values as shown in Eq. 8.

k= o(~AG/RT) (8)

In the second method,®® it is assumed that all the TS happen in parallel, in different reaction
paths that are not interconnected and the efficient reaction rate (k.ss) is calculated as the sum

of the individual reaction rates for each enantiomer (Eq. 9).

k;ﬁff _ e(—AGf,eff/RT) — zT:Se(_AGij/Rﬂ (9)
J

The ee results calculated with both methods for all the catalysts under study can be found
in Table S3.4. For the discussion in the main text, the first situation was assumed and the ee
was calculated using the average free energy (A@i, Eq. 6).

The NBO7 methodology?' was used to assess the strength of various NCIs present in the
systems, measuring the charge transfer between the occupied Lone Pair (LP) from the HB-
acceptor and the empty anti-bonding orbitals (BD*) of the HB-donor.

All possible interactions between the different HB-acceptors (LP of N atom in CN~ (LP(N))
and LP in O atom in the ketone (LP(0))) and the HB-donors of the catalyst (anti-bonding
o orbital of O-H bonds (¢*(OH))) have been analysed and their charge transfer energy, E(2),
evaluated. All these values can be found in Table S3.5.2,3 and the sum of all the individual
charge transfer E(2) in each HB (Eq. 10) is reported in the main text.

N

E@ota = 3 B2)1pi(x) 02 (10)
i=0

The QTAIM methodology was used to analyse the electron density of the systems, conducted
within the AIMAII software.** The electron density at the BCP between the catalysts and the
different reactants, as well as along the reaction coordinate in the different transition states, was
examined. Results can be found in Table S3.6.2,3.

Similarly to what was done in the previous reaction, the NCI were analysed using the NBO
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and the QTAIM methodologies at the theoretical optimisation level.
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3.3 Results and Discussion

The results of this project are divided into two different subsections. The first part will ex-
plore the different binding modes between Cinchona-based catalysts and different anions and
investigate the cyanation reaction of an «, S-unsaturated ketone, (E)-Chalcone.

The second will explore two additional cyanation reactions, studying the effect of differ-
ent substituents in the catalysts over the selectivity and mechanism of the reaction, and the

generalisability of the conclusions extracted from the previous study.

3.3.1 Conformational Analysis, Binding Mode Study, and Cyanation Reac-
tion Investigation of (E)-Chalcone

This first section is divided into several components, focusing on different aspects of the systems
and how they affect the mechanism of the reaction.

First, a conformational analysis of the catalysts is performed, exploring the different struc-
tures obtained by the rotation of the most relevant free bonds of its structure. Then, a compre-
hensive analysis of the complex formed between the catalyst and different anions was performed,
exploring different binding mode positions and comparing their relative stabilities.

Finally, the cyanation reaction of (E)-Chalcone was used as a case study to understand the
underlying mechanism of action of this family of catalysts, and a modification is proposed to

enhance the selectivity of the process.

Conformational Analysis of the Catalyst

We began by exploring the low-energy chemical space of the catalyst by rotating three different

parts of the catalyst, as plotted in Figure 3.3. Relative energies are summarised in Table S3.1.1.

Figure 3.3. Left: Dihedral angles considered for the conformational analysis. Right: Lowest-
energy optimised conformer for the catalyst under study, conf 1.

From the conformational analysis, 12 different conformers (Figure 3.3 and S3.1) were ob-
tained. The relative free energies range from 0.1 to 8.6 kcak/mol. Following the different
conformations, it is clear that compared to catalyst conf 1 (no rotations made, Figure 3.3
right) when only @2 or @3 is rotated (conf 5 or conf 6, respectively) the energy difference
is ca. 3.3 kcal/mol, and therefore the value of ca. 7.2 kcal/mol is obtained when two dihedral
angles are changed (conf 11 and conf 12). Rotations of the dihedral angle 1 do not cause
significant changes in energy outcome. Conf 1 is the most stable one among all the 12 con-
formations studied, in complete agreement with studies reported in the literature by means of

computational methods®® and X-ray techniques.” The Boltzmann population of all conformers
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was calculated (Table S3.7.1), which revealed that conf 1 and conf 2 constitute the major-
ity of conformers, 47% and 46%, respectively. The difference between both conformers is the

rotation of the vinyl group, ¢1, and it is not relevant as it is not involved in the binding side.

Catalyst-Anion Interactions

With the optimal conformations in hand, we began by calculating the MEP surface of the
isolated catalyst to analyse the areas susceptible to anion interactions. The values obtained for

the maxima of the MEP on the 0.001 a.u. electron density isosurface are plotted in 3.4a.

MeO

X ]
CI” Br C=N

(a) Molecular Electrostatic Potential of the catalyst under study. Po- (b) Structure of the different
tential maxima values (Vi,q.) are represented as black dots, in a.u., and cat-anion complexes anal-
extra binding position, found in complexes, as a red dot. ysed in the present study.

1: 01779 3: 0.1378
2:0.1669 4:0.1500, 1

Figure 3.4. MEP of the catalyst under study and different cat-anion complexes under study.

Four MEP maxima values (Vj,q., black dots) were found within the catalyst, one correspond-
ing to the OH group (pos_ 1) and three localised around the quinuclidine ring(pos 2, pos_ 3
and pos_ 4), where the positive charge is theoretically located (3.4a). It should be noted that
the minimum in pos_ 2 corresponds to the open face of the tetrahedron of the quinuclidine
structure (Figure 3.3, left), the position in which, theoretically, the anionic reactant is located
to establish an ion-pair with the catalyst. All V4, values are close, but the most positive
corresponds to the OH group, meaning that it, therefore, corresponds to the most electrophilic
area of the molecular isosurface. When the previous results are considered, it is clear that the
hydrogen bond becomes a significant competitive interaction for the anion, and the interaction

strength of the anionic reactant in both positions must be studied.

Cl- Br- MeCO, CN-
0_ 1 1

—_ I Posl
g —10 Il Pos 2
= Pos 3
g =201 Pos 4
= I Pos5
£ —30"

Q

q

|
IS
o

Figure 3.5. Interaction energies, AGjy,, for all the different cat-anion complexes under study.

In order to provide insight into the different interactions that can be established with the
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catalyst, a thorough computational study upon complexation was performed (3.4b). The nomen-
clature chosen for the formed complexes is complex X N, where X refers to the different
anions involved (X = CI™, Br~, MeCO2~ and CN~) and N corresponds to the different po-
sitions obtained from the maxima values found in the MEP of the catalyst (N = 1-4, shown in
3.4b). For both halogen anions (X = C1~, Br™), an additional complex N = 5 was found in a
position that does not correspond to a MEP maxima position (Figure S). The free energy values
of the interaction (AGjy,:) are presented in Figure 3.5 and range from -17.8 to -41.2 kcal /mol.

Regarding the different anions, the acetate anion complexes present the strongest interactions
while the bromide ion complexes show the weakest interaction energy amongst all of them. It
is clear that within the same anion—complex interaction, the position presenting an establishing
intermolecular HB (pos_ 1) exhibits the strongest interaction. If a comparison is made between
the HB-bound complex (pos_ 1) and the one exhibiting a strict IP interaction, in which both
charged atoms are closest (pos_2), the former is, in general, more than 7 kcal/mol more stable
compared to the latter, even though the X~ - .- NT distance is shorter (Table S3.8).

Characterisation of the Intermolecular Interactions

Subsequently, the QTAIM analysis was carried out in order to analyse and compare the strength
of the NCI established. The main electron density properties at the BCPs of the different HBs
found in these complexes within the BCP analysis are summarised in Table S3.6.1. Molecular
graphs for all the complexes are summarised in Figures S3.2.1 and S3.2.2. The values of the
electron density at the BCP, ppcop, were found to range from 0.079 to 0.004 a.u. The large ppop
values indicate strong hydrogen bonds, while the positive values of V2ppcp are characteristic

of closed-shell systems.

0.08 1 BCPS XHestr - - -Cl—
BCPS XHeaet - - -Br-
~ 0.06 BCPS XHy+ - - -MeCO5
3 ¢ BCPs XHoa+ - - -CN ™
‘% 0.04 y=1.28exp(-1.76x), r* = 0.9960
E * X y =1.05exp(—1.61x),r? = 0.9879
0.02 %o “eip, . y=1091exp(—2.14x),r* =0.9913
Yot 8w . y = 1.62exp(—2.02x), r* = 0.9796
0.00 1 -
15 2.0 25 3.0 3.5 4.0

Distance (A)

Figure 3.6. Exponential relationships of the intermolecular distance between the catalyst and
the anion, in A, with PBCP-

From the molecular graphs and the analysis of the density at the BCPs, it is clear that the
different anions can establish either a strong intermolecular HB with the hydroxy group of the
catalyst (OH --- X~) or mild HB assisted IP with weaker hydrogen bond donors such as CH
groups ([NT]CH --- X7) from the quinuclidine ring of the catalyst. The values of both ppcp
and V2ppcp increase with the intermolecular hydrogen bond established between the anion and
the OH group of the catalyst as shown in Table S3.5.1. In addition, the strength of the most
relevant intermolecular HB (OH --- X ™) is also dependent on the nature of the anion. It becomes

weaker in the order of MeCO2~™ > CN~ > Cl~ > Br~, evidenced by the interaction energy,
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the binding distance, and the electron density. That pattern is in complete agreement with the
electronegative trend; the greater electronegativity of the HB-acceptor will lead to an increase
in HB strength.

Exponential relationships between the intermolecular distance with the anion and ppop in
each BCP were found (Figure 3.6), showing the decay of the electron density with distance.

To provide a visual description of the electron density overlap established in the intramolec-
ular interactions, 3D-NCI plots for the most representative examples (complex X 1) were
obtained and are presented (Figure 3.7). Besides, the 2D-NCI plots are depicted in Figure S3.3.

Figure 3.7. 3D-NCI plots of the interactions found for the most stable complexes com-
plex X 1. From left to right: Cl™, Br—, MeCO2~ and CN~. RDG isosurfaces provide
a 3D representation of interaction regions. The sign of the second eigenvalue of the density
Hessian matrix (V2p) is used to differentiate repulsive (A2 > 0) from attractive (A2 < 0) inter-
actions.

In all cases, a green area corresponding to the values of A2 &~ 0 (weakly attractive) appears
between the anions and the catalyst indicating the interactions taking place. In the case of
MeCO2~ and CN™, two blue areas A2 < 0 (strongly attractive) are shown to coincide with
the position of the established hydrogen bond interaction. Those are consistent with the AG;,;
values shown for both anion complexes. Furthermore, the Cl~ complex presents small blue areas,
which are weaker compared to the other two anions but stronger than those in the bromide case.
The 2D-NCI plots obtained show an intense peak corresponding to both anions MeCO2~ and
CN~, with more negative values of As.

Finally, NBO analysis was used to identify and characterise the intermolecular charge transfer
between the occupied LP molecular orbitals of the anion (LP(X ™)) and the empty BD* orbitals
within the catalyst (¢*(OH)) upon complexation. In Table S3.5.1 the second-order perturbation
energies E(2) extracted from the found complexes are reported. In all anion-HB established in
the series, the orbital interaction decreases following the interaction energy trend (MeCO2~
> CN~ > Cl= > Br~). The smallest contributions of the series come from the ion pair
interaction corresponding to those complexes in which both ions present the larger interatomic

distance (complex X 3 and complex X 5).

Cyanation Reaction Investigation of (E)-Chalcone

Having obtained a clearer understanding of the different interactions that can be established
between the catalyst and the different anions, an application was studied to improve the PTC
performance of cat  OMe ph.

We began by studying the pathway of the enantioselective conjugate cyanation of a,f-
unsaturated ketone, (E)-Chalcone (1), in the presence of the catalyst studied previously,

cat OMe ph, and then a theoretical modification of the catalyst was made, cat OH _ph
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(Scheme 3.3). In order to improve the enantioselectivity of this reaction, an additional anchor-
age point (C6-OH) was added. Although the reaction was not performed experimentally, the
reactants, as well as the conditions, were shown to be widely used in previous synthetic studies

(Scheme 3.1) but not under the promotion of this particular catalyst, cat OMe ph.

=

T
1

Scheme 3.3.  Asymmetric conjugate cyanation of (E)-Chalcone.

Toluene
-30°C

Only the first step, the addition of CN~, was studied since it is responsible for the stere-
ochemistry of the global process. Therefore the global product of the free-energy profile is the
cat-bound enolate (2) shown in Scheme 3.3.

The free-energy profile for the formation of both enantiomers of cat OMe ph-bound
enolate product (2) (Figure 3.8, left) indicates that the barrier corresponding to the C-C bond
formation is very similar for both pathways, around 19 kcal/mol (0AG = 0.1kcal/mol). 1t is
clear from the free-energy profile that no steric issues are presented by the two transition state
(TS)s (R and S) and therefore both are energetically accessible by the cyanide.

Regarding the cat-enolate complexes (2), they present similar energies to the pre-transition

state (pre-TS) assembly, with the corresponding enantiomer S being slightly more stable than

the R one.
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Figure 3.8.  Left: Free-energy profiles for the cyanation of 1 in the presence of cat  OMe ph.
Right: Free-energy profiles for the cyanation of 1 in the presence of cat OH _ ph.

When the OMe group is replaced by a HB-donor group, OH (cat  OH _ph), a second
anchoring point is added, forcing the intermolecular hydrogen bond between the two moieties,
the new hydroxy group of cat OH ph and the oxygen of (E)-Chalcone, respectively. The
free energy profile study was performed (Figure 3.8, right), showing that the energetic barrier

between the two enantiomers had increased up to 2.8 kcal/mol. Regarding the four energy
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pathways studied, in three of them, there is a possibility of reversibility, as the products are
slightly less stable than the reactants. However, it should be noted that cat-bound enolate is
not the final product of the reaction, since a protonation has to take place and will very likely
stabilise the final product.

To investigate the origin of the observed asymmetric induction, we examined the transition
states associated with the key stereocentre forming the addition step for both major enan-
tiomers (Figure 3.9). The binding mode is analogous for both T'Ss. Inspection of the calculated
TS leading to the major antipode provides an understanding of why the simple modification,
6’-hydroxylation, is superior in this process and also sheds light on the catalyst-substrate inter-
actions. Cat _ OH _ ph forms a discernible non-covalent network identified by QTAIM calcula-
tions (Figure S3.2.2) in the TS. This, together with the binding of the OH proton to one of the

carbonyl groups, aligns the electrophile.

cat_OMe_ph cat_OH_ph

extra HB
anchorage -OH

Figure 3.9. Optimised geometric for both TSs in the presence of cat OMe ph (left) and
cat OH _ph (right) for the major enantiomer in each reaction (S and R respectively).
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3.3.2 Conformational Analysis, Binding Mode Study, and Cyanation Re-
action Investigation of (2E)-1-Phenyl-2-buten-1-one and (2E)-1-(1H-
Pyrrol-1-yl)-2-hexen-1-one

The results of this second section are divided into several key components, focusing on different
crucial aspects of the reaction process that must be studied.

First, a comprehensive analysis of the conformational analysis in the different modified cat-
alysts under study and the two different «,B-unsaturated ketones is presented. This analysis
sheds light on the relative stability, abundance, and accessibility of the different conformers.

Next, the diverse complexes between the catalysts and the different reactants are explored.
Two different binding modes, previously seen in the literature, are compared, and a definite
binding mode is identified.

Finally, two distinct asymmetric conjugate cyanation reactions of «,S-unsaturated ketones
are explored, elucidating the underlying mechanisms and identifying key factors influencing the
selectivity of the process and favoured enantiomeric product. Four different modifications in
R; position are studied (anthra, cf3, ph and tbu) as well as two different modifications in Ry
position (OMe and OH). The different NCIs present in the systems are analysed, and their role

in the process is analysed.

Conformational Analysis of the Catalysts

The initial phase of this project involved conducting a conformational analysis of the different
catalysts under investigation (see Figure 3.10) to determine their most stable conformation.
An automatic conformational search, pre-optimisation, and RMSD filtration using an RDKit
implementation? (see computational details) was performed following the procedure described
in the first chapter of this thesis. The resulting conformers were re-optimised by means of DF'T
method to obtain accurate energies for comparison, the energy values for each conformer are

listed in Table S3.7.2.

4 )
"

\\ anthra ph thu )

MeO

Figure 3.10. Catalyst scaffold and substituents (anthra, cf3, ph and tbu) under study and most
important rotatable bonds are highlighted.

The analysis revealed that similar conformational ensembles are obtained for all the generated
conformers, with the largest changes occurring due to the rotation of 1, @2, and @3 (as shown in
Figure S3.1.2). However, we found that not all of these dihedral angles exhibit the same degree
of rotational freedom. Specifically, ¢1 can be found in nearly any angle between 0° and 360°,
while @9 generally collapses into two distinct positions, causing the Ry = OMe group to point
in opposite directions. Additionally, 3 remains mostly static across the various conformers due

to the steric hindrance created by the quinuclidine substructure. These findings are illustrated
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in Figure 3.11 left and Figure S3.1.2.

Ideally, in order to have an efficient catalyst, its active conformer and its most stable con-
former should match, facilitating the interaction with the reactant and enhancing its perfor-
mance. However, that is not always the case with organic catalysts that present such rotational
freedom and in which the solvent and the temperature have such a strong effect on the conforma-
tional stability. Hence, the active conformation of an organic catalyst must not be insignificant,

even if it is not the most abundant one.

Looking at cat OMe anthra (Figure 3.11 centre, right), it is observed that the most
abundant conformer (conf 173, Boltzmann__popupation > 66%) is, as well, the active form of

this catalyst.

Most
abundant

....................................

Second
: most
¢ abundant

Emm Conf 173 (66.27%) Conf 74 (0.45%)
B Conf 67 (24.65%) Conf 47 (0.05%)
B Conf 33 (6.09%) Conf 164 (0.02%)
B Conf 36 (1.83%) Conf 180 (0.02%)
Bmm Conf 37 (0.63%) Conf 39 (0.01%)

Figure 3.11. Conformational analysis of cat OMe anthra. From left to right: conformer
ensemble, Boltzmann population of each conformer at DFT level and 3D structures of the two
most abundant conformers.

From all the studied catalysts, this ideal situation where the active conformer and the most
abundant conformer coincide happens in five of the systems under study (cat OMe anthra,
cat OMe ph,cat OH anthra, cat OH _ ph and cat OH _tbu). Moreover, the most
abundant conformer in three of those ideal cases can also be considered as the sole conformer
present in solution (cat OH anthra > 99%, cat OH_ph > 95% and cat OH_tbu >
99%). In the case of those catalysts in which the most abundant conformer and the active one are
different, the active one is always either the second or the third most abundant and it presents
a non-negligible population, being adequate to be considered as catalysts (cat _anthra cf3 >
19%, cat_anthra tBu > 14% and cat  OH _cf3 > 9%).

Taking these results into consideration, it can be assured that all the catalysts under study
can be considered valid catalysts from the conformational perspective since their active confor-

mation is the most abundant or not negligible in all cases.

However, catalysts are not the sole components that must be examined from a conformational
perspective. The a-S-unsaturated ketones are also capable of generating different conformers
and must be studied in order to determine which of those conformers must be taken into account

for a thorough and rigorous study of the reaction.
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Conformational Analysis of a-S-unsaturated ketones

Generally, a,f-unsaturated ketones are commercially available only in their trans isomer and,
therefore, this is the only isomer that was studied. Additionally, in terms of the relative position
of the two double bonds, s-trans conformers are usually more stable than their s-cis counterparts.
However, due to the presence of (big) aromatic rings within the structures (Figure 3.12a) this
assumption is not valid for these systems and, therefore, the relative stability of the two different
conformations must be studied by means of DFT calculations.

O =

o
|

s-cis s-trans s-cis s-trans
B [
S-Cis s-trans s-Cis s-trans
(81.76%) (18.24%) (97.43%) (2.57%)

Figure 3.12. a) a-f-unsaturated ketones under study: (2E)-1-Phenyl-2-buten-1-one left
and (2E)-1-(1H-Pyrrol-1-yl)-2-hexen-1-one right. b) s-cis and s-trans conformers’ popu-
lations of each a-B-unsaturated ketones.

Considering the conjugated nature of these ketones, only s-cis and s-trans conformers need
to be considered, as any intermediate structure will collapse in one of those conformers almost
immediately. Consequently, there is no need to perform a complete conformational analysis of
these molecules.

The distribution of the population in both ketones is similar (Figure 3.12b), being the s-cis
conformer the most stable with an 81.76% abundance in the case of (2E)-1-Phenyl-2-buten-
1-one (ketone 1) and 97.43% in the case of (2E)-1-(1H-Pyrrol-1-yl)-2-hexen-1-one (ketone
2). The Boltzmann population of the different conformers of these ketones is crucial because
they determine the accessibility of the various possible binding modes that will be studied and,
therefore, must be included in the calculation of the enantiomeric excess (%ee) of the process.

Looking at the Boltzmann populations of the studied a-f-unsaturated ketones it can be
observed that the s-trans conformer is much less abundant than the s-cis conformer. These
results, opposite to what usually happens with smaller substituents, where the s-trans conformer
is the most abundant, are caused by the steric clash between the aromatic substituents and the
unsaturated bond in the s-trans conformation.

Transforming an a-fS-unsaturated ketone from the s-cis conformer to the s-trans implies
breaking the delocalised pi system and, therefore, the rotational barriers or the process needs
to be calculated in order to determine whether the interconversion or the two conformers is
possible. The calculated barriers for these rotations are 4.26 kcal/mol for (2E)-1-Phenyl-2-
buten-1-one (1) and 3.81 kcal/mol in the case of (2E)-1-(1H-Pyrrol-1-yl)-2-hexen-1-one)
(2). Hence, the interconversion of the two conformers of the ketones is possible. Therefore,
since the two different conformers of the ketone are accessible it is reasonable to assume that

the transition states of the reaction will follow a Boltzmann distribution.

112



Binding Mode Study

After verifying the validity of all catalysts for this specific study and assessing the stability of
various conformers of the reactants, the subsequent phase involves investigating diverse interac-
tions and potential binding modes between the catalysts and the reactants.

In a previous investigation carried out by our group,’® it was established that, among the
multiple interaction sites within the catalyst, the most stable and, thus, the only significant
binding mode between the catalyst and the anionic reactant C N~ was through the formation
of a hydrogen bond between the OH group within the catalyst and the anion. Hence, this
interaction site was the sole focus of this study.

Nevertheless, an alternative scenario could involve the ketone, rather than the C N~ an-
ion, being bonded to the OH position. To ensure the prevention of this situation, it becomes
imperative to analyse the binding energy of both the cat-ketone and cat-CN complexes (as
illustrated in Figure 3.13).

Figure 3.13. 3D structures of the cat-CN (left) and the cat-ketone (right) complexes.

The binding energies of complexes (20.3 kcal/mol for complex cat-CN and 3.6 kcal/mol
for complex cat-ketone) show that cat-CN is one order of magnitude more stable than cat-
ketone, even though the latter combines a HB with a 7-7 interaction. Consequently, as pre-
viously mentioned, the only possible binding modes that were studied were those in which the
C N~ anion is forming a HB with the catalyst.

Finally, even though the complex cat-ketone is much less stable than the complex cat-cn,
a transition state coming from each complex was explored (Figure 3.14).

The first binding mode, analogue to the binding mode studied in our recent study aforementioned,>?
comes from the complex cat-CIN. This structure of this binding mode presents almost no de-
viation when compared to the isolated cat-CIN complex without the ketone, making it very
geometrically accessible and with a small energy penalty.

The second contemplated binding mode is based on a previously proposed configuration in
the literature,? wherein the catalyst forms a HB with the O in the ketone. In this binding mode,
the CIN~ is located as close as possible to the positive IV within the quinoline structure. This
transition state presents a remarkable change in conformation when compared to the structure
of the cat-ketone complex, in which the ketone was establishing a 7-7 interaction that is no

longer present in the T'S. This huge conformational change in the structure, losing a stabilising

113



interaction, has a big energy penalty, affecting the stability of this TS.

Figure 3.14. 3D structures of the T'Ss coming from cat-CN (left) and from cat-ketone (right)
complexes.

When the two binding modes are compared and their Boltzmann populations calculated, it
is obtained that the first T'S, where the C'N ™ is establishing the HB with the catalyst, represents
99.75% of the population whilst the second one. In contrast, the second TS, involving the HB
establishment with the ketone, only represents 0.25% of the population. It is important to note
that not only does this second TS originate from a complex that is statistically insignificant,
but even when assuming its formation, the resulting population is negligible. Consequently, this

binding mode was excluded from consideration in this study.

Conjugate Cyanation

Once the conformers of the catalyst and the reactants were studied and a definite binding
mode was established between the catalyst and the reactants, the cyanation reaction of the two

different a-p-unsaturated ketones was studied.

N
"
O C
= o= cat
+ C=N Chloroform
3 0°C 4
N

Chloroform
5 0°
Figure 3.15. Conjugate cyanation reactions under study. a) (2E)-1-Phenyl-2-buten-1-one
cyanation. b)(2E)-1-(1H-Pyrrol-1-yl)-2-hexen-1-one) cyanation.
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Considering that the initial step of the reaction (cyanide attack) is responsible for the chirality

of the product, it was the sole focus of our investigation. Four different possibilities, two for
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each conformer of the a-B-unsatudated ketone, were studied to calculate the %ee of the reaction:
s-cis conformer leading to product R (R s-cis) and product S (S s-scis) and the analogous paths

with the s-trans conformer (R s-trans and S s-trans) (Figure 3.16).

- .0 oR _
’ H\N i _O O_ l? 'N’/H O\O

R s-cis R s-trans S s-cis S s-cis

Figure 3.16. Different reaction paths under study. From left to right s-cis - R, s-cis - S, s-trans
- R, s-trans - S.

(2E)-1-Phenyl-2-buten-1-one cyanation

We began by studying the conjugated cyanation of (2E)-1-Phenyl-2-buten-1-one, 1, (Fig-
ure 3.15-a) using different modifications of the very well know cinchona based phase-transfer cat-
alysts aforementioned (cat OMe_ph, cat OMe anthra, cat OMe cf3 and cat  OMe
__tbu) and the theoretical modification previously proposed®? for each of them (cat  OH _ph,
cat OH _ anthra, cat OH_cf3 and cat  OH _tbu).

The free-energy profile of the four different binding modes shown in Figure 3.16 were studied
for the initial step of the reaction (PES values in Table S3.9.2) and the selectivity of each catalyst
calculated based on the average free energy (A@i) of the different transition states obtained

(see Computational Details section).

R:S

anthra OMe 93.6:6.4
OH 3.1:96.9

OMe 97.1:2.9

3 on 1.6:98.4

h OMe 6.8:93.2

Ph on 0.2:99.8
OMe 95.3:4.7

tbu o 5.0:95.0

Figure 3.17. R:S ratio of the transition states under study for the conjugated cyanation of
a-G-unsaturated ketone 1.

The calculated R:S ration for the four studied transition states for each catalyst is shown in
Figure 3.17.

In terms of Re = OMe, these catalysts consistently exhibit high enantioselectivity, as ev-
idenced by the obtained %ee values (cat OMe anthra—87%ee R, cat  OMe  cf3=94%ee
R, cat  OMe ph=86Ye¢ce S, cat OMe tbu=91%ee R). However, it is crucial to note that,

due to the exponential nature of the reaction rates (Eq. 8), minor errors in energy calculations
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can result in significant changes in %ee within this range, making the quantitative results in the
low-medium ee unreliable but highlighting their lack of perfect selectivity, as it will be explained
more extensively in the next chapter.

Additionally, it is evident that cat  OMe _ph displays distinct behaviour compared to the
other catalysts, favouring the opposite enantiomer of the product (S instead of R).

This distinct behaviour arises from the differing stability of the most stable T'S conformations
depending on the catalyst.

Upon comparing the 3D structures of the most stable TS in each case, Figure 3.18, two
different groups can be identified based on the NCIs established between the catalyst and the
reactants. The first one, formed by cat OMe anthra and cat OMe ph, establishes a
-7 interaction between the aromatic ring R; and the phenyl ring within the ketone. However,
each of these TSs promotes a different enantiomer, presenting the ketone in a similar position
but with opposite enantiomers (s-trans when Ry = anthra and s-cis when R; = ph). If the
3D structures are observed, this change is produced by the size of the Ry aromatic ring. Since
the phenyl ring is much smaller than the anthracene ring, the C N~ has enough space to be
positioned below it, however, this position with the anthracene ring is not as favoured because
of its bigger size and, therefore, the other conformation of the ketone is more stable.

On the other hand, the other two catalysts, cat OMe cf3 and cat OMe tbu, fail to
establish these -7 interactions because of the bulky R; substituents. In the first case, Ry = ¢f3,
the ketone does not interact with the catalyst in any remarkable way, avoiding all the repulsive
interactions; while the second case, Ry = tbu, is able to establish an attractive m-m between the

ketone and the quinoline ring of the catalyst, further stabilising this conformation.

\
’ T\ —
Figure 3.18. TS 3D structure of the most stable TS conformer for each Ry = OMe cata-

lyst under study: R s-trans for cat  OMe anthra, R s-cis for cat  OMe_cf3, S s-cis for
cat OMe_ ph, and R s-cis for cat _ OMe_tbu.

Despite presenting different stabilities, the studied T'Ss present a consistent characteristic
observed among all of them; the position of the oxygen of the ketone, forming a web of charge-
assisted hydrogen bonds with the quinuclidine ring.

This HB web determines the primary position of the ketone in all the T'Ss and the attractive
secondary NClIs, like the 7-7 with between 1 substituents and the ketone in cat  OMe _anthra
and cat _ OMe _ph or the repulsive sterical clashes (e.g. cat  OMe cf3) determines the rel-
ative stability of the different TS conformers. It is also clear that despite the %ee values being
quite similar amongst all the studied substituents in position R;, those catalysts that can es-
tablish the -7 interactions with the ketone in that position produce lower selectivities.

Despite the theoretical selectivities of the first set of catalysts with Ry = OMe are not
exceedingly low, the NCIs interactions established between the ketone and the catalyst are,

sometimes, not sufficient to hold its position amongst all the TS conformers and favour the
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production of only one enantiomer of the product. Considering that the primary issue identified
is the freedom of the ketone and its capacity to establish different NCIs with different parts
of the catalyst, the most evident and rational design choice involves attempting to constrain
this movement. This would entail securing the position of the ketone through interactions that
are stronger than those already existing. The most promising candidate for achieving this is
the OMe group, which can be replaced by an OH group capable of potentially forming an
additional hydrogen bond, as shown in the aforementioned study.?? This additional interaction
would anchor the ketone in place, theoretically boosting the selectivity.

Consequently, the catalysts were modified, and all the previously studied stationary points
were reoptimised using these newly modified catalysts. The R:S ratio of the different transition
states obtained for the modified catalysts (Re = OH) can be found in Figure 3.17, illustrating

a dramatic change in the situation after modification compared to the original catalyst.

Figure 3.19. Superposition of the S s-cis TS for ketone 1. In green cat  OH anthra, in blue
cat OH _cf3, in purple cat  OH_ph and in orange cat  OH _tbu.

The enantioselectivity of all the catalysts studied has been maintained (cat OH _tbu
90%ee S), slightly increased (cat OH anthra 94%ee S and cat OH _cf3 97%ee S) and
greatly increased (cat OH_ph 99%ee S). However, the most remarkable effect of this mod-
ification is not this increase of the selectivity but the inversion of the favoured enantiomer for
cat OH_ anthra, cat OH_cf3 and cat OH _tbu. These catalysts previously favoured
the R enantiomer, with Rj=0OMe, and now they exhibit a preference for the S product. More-
over, the addition of this second anchor point produces very consistent T'S amongst all the
studied R; substituents. This consistency emerges from the new HB established between the
catalyst and the oxygen atom in the ketone, stabilising the S s-cis transition state in all the
cases under investigation.

However, despite this agreement between the most stable T'Ss for all of the studied catalysts,
their selectivity is not uniformly high across the board. Analysing the structures of the most
stable TS in each system (S s-cis, Figure 3.19 and S3.9.2) it can be seen that both the catalyst

and the reactants are in very similar positions, showing almost perfect superimposition in certain
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areas. Nevertheless, cat OH anthra (green) presents a more distorted structure due to the
size of the anthracene ring in the R; position, destabilising the system and contributing to
the reduction in observed selectivity, as mentioned earlier. In the case of cat OH tbu,
the structure closely resembles that of the highly stable cat OH _ph and cat OH _cf3.
However, due to the bulkiness of the !Bu substituents, the stabilising -7 interactions are
replaced by weaker m-ocp interactions. This substitution results in a less stable transition state

and a less enantioselective catalyst.

Characterisation of the Intermolecular Interactions

In order to characterise the different HBs present in each system, a NBO analysis of different
TSs wave functions under study was performed. Examining the total NBO values (Eq. 10, Fig-
ure 3.20) across all investigated transition states, a notable finding emerges: the most stabilising

(stronger) HBs are consistently associated with the s-trans TS leading to the S enantiomer.

R,:OMe CN- -Cat* R,:OH CN- -Cat* R,:0H Ketone-Cat*
[LP(N)>BD™ (0 — H)] [LP(N) »BD*(0 — H)] [LP(O) = BD * (O — H)]
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Figure 3.20. NBO E(2) stabilisation energies corresponding to the different HBs present in
the transition state in reaction 1. Left Ry = OMe, CN~ — Cat™ [LP(N) — BD*(OH)],
Center: Ry = OH CN~ — Cat™ |[LP(N) — BD*(OH)], Right: Ry = OH Ketone — Cat™
[LP(O) — BD*(OH)].

However, when Ry = OMe, this consistency in the strength of the analysed HBs is not
reflected in the global stability of the corresponding transition states. This discrepancy between
the HB stabilisation and the binding energy reveals that the driving force of the selectivity in
these catalysts is not the HBs established between the catalyst and the C N~ but different steric
issues and NCIs of the ketone when approaching the system, as shown in the previous section.

On the other hand, when Ry = OH, the observed NBO values for HB between cyanide
and catalyst (LP(N) — 0*(O — H)) decreased drastically, while the new HB between ketone
and catalyst (LP(O) — ¢*(O — H)) shows higher values, similar to those between cyanide and
catalyst with Ry = OMe.

This decrease in the HB strength between the cyanide and the catalyst is in complete agree-
ment with the position of the theoretical negative charge in the TS. When Ry = OMe, only
one strong HB could be established; consequently, the negative charge was partially located
in the cyanide, restrained by this HB. However, the addition of this new anchor point drags

this negative charge towards its final location in the oxygen atom within the ketone, decreasing

118



the charge located in the cyanide and consequently reducing the strength of the HB that it
establishes with the catalyst.

Finally, a thorough QTAIM analysis was performed for all the studied T'Ss for the reaction.
The values for all the BCPs corresponding to the different HBs and the reaction coordinates
are collected in Table S3.6.2. Plotting these ppcp values against bond distances (Figure 3.21)
revealed robust exponential relationships between the densities (p(BCP)) and distances for all

the examined interactions.
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Figure 3.21.  Exponential relationships of the intermolecular distance, in A, and the correspond-
ing p(BCP) between the catalyst and the anion CN~ (orange), the catalyst and the ketone
(blue and purple) and the CN~ anion and the CN~ and the ketone (green).

It would be expected that these data points would form three distinct groups, one for each
type of interaction: OH_ g+ - - - Oketones OHegi+ - - - Non-, and Con- - - - Chretone- However,
OH_ i+ - - - Ogetone presents two different trends and has to be divided into two different groups.
The first of these trends (purple) contains those TSs leading to the R with the ketone in s-cis
conformation and those TSs leading to the S enantiomer with the ketone in s-trans; and the
latter (blue) containing the other two T'Ss (R-enantiomer & s-trans ketone and S-enantiomer &
s-cis ketone).

This behaviour appears highly unusual, considering that the interactions analysed in the
different systems are analogous, containing the same atoms and varying only their spacial posi-
tion. However, the 3D structures of the different TS binding modes (Figure 3.22) reveal that,
in this case, the first two groups, R s-cis and S s-trans enantiomers (Figure 3.22 top, purple in
Figure 3.21), present the phenyl ring of the ketone close to the quinoline ring in the catalyst.
On the other hand, the other two groups S s-cis and R s-trans (Figure 3.22 bottom, blue in
Figure 3.21), position the phenyl ring of the ketone next to the catalyst group Rj, in an almost

vertical position.

Figure 3.22. 3D structures of the optimised TSs under study for the cyanation of ketone 2.
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These two different placements of the ketone and the different alignments that they cause
are able to distort the established HBs enough to produce changes that are noticeable in the
QTAIM analysis.

(2E)-1-(1H-Pyrrol-1-yl)-2-hexen-1-one cyanation

The second reaction under study was the conjugated cyanation of (2E)-1-(1H-Pyrrol-1-yl)-2-
hexen-1-one, 2, (Figure 3.15-b) using the same set of catalysts and modifications as used above
(cat OMe ph,cat OMe anthra,cat OMe cf3,cat OMe tbu,cat OH ph,cat
__OH_anthra, cat  OH_cf3 and cat  OH _tbu), and under the same conditions.

This new a-fS-unsaturated ketone was selected to study how a different aromatic ring (pyrrole
instead of phenyl) and different aliphatic chain length affect the mechanism, the binding modes
and the selectivity of the reaction, studying the effect of possible new NCIs and steric hindrance
within the system.

The PES of all the different binding modes in Figure 3.16 were studied (Table S3.9.3) and
the selectivity of each catalyst was calculated based on the average free energy (A@i) of the
different transition states obtained (Figure 3.23). The calculated R:S ratio for the four studied
transition states for each catalyst is shown in Figure 3.23.

Focusing on the first set of catalysts (Ra = OMe) it can be seen that the R enantiomer
is preferred in all cases. This situation is similar to the one found in the cyanation of ketone
1, where this same enantiomer was the most favoured one in most of the cases. However,
the selectivities achieved in this new reaction are, in general, greater than in the previous
case (cat OMe anthra=98%ee R, cat OMe cf3=99%ece R, cat OMe ph=T77%ee R,
cat OMe tbu==88%ee R).

When analysing the 3D structure of the most stable transition state in each case (Fig-
ure 3.24), the situation is almost identical to the one found in the previous reaction where the
ketone is located with the O atom as close as possible to the N in the catalyst, forming a web

of charge assisted HBs, and does not present any steric clashes with the substituents within the

catalyst.
R:S
anthra OMe 99.1:0.9
OH 0.1:99.9
OMe 99.8:0.2
3 on 0.2:99.8
, OMe 88.3:11.7
PR on 0.9:99.1
OMe 94.1:5.9
tbu o, 2.2:97.8

Figure 3.23. R:S ratio of the transition states under study for the conjugated cyanation of
a-F-unsaturated ketone 2.

These R leading, s-cis, transition states overlap almost perfectly independently of the cata-
lyst, showing very clearly the consistency of their stability and the strength of the NClIs involved
(Figure S3.4.2). However, they do not present any attractive NCI between the catalyst and the
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ketone that favours them over the other three binding modes, like happened in the previous re-
action with cat  OMe anthra and cat OMe ph. The only attractive interaction present,

the aforementioned HB web, is not exclusive of this binding mode and appears in all of them.

Figure 3.24. 3D structures of the TS leading to enantiomer R with ketone 2 in the s-cis
conformation.

If the structures of the second most stable binding mode, S s-trans, is visualised (Figure
S3.4.2), it can be seen how the longer aliphatic chain the ketone produces a bigger distortion
of the structure, moving the ketone away from the catalyst. A similar situation can be also
seen in the other two binding modes (Figure S3.4.2). Therefore, the increase of selectivity in
this reaction seems to be caused by the destabilisation of some of the binding modes due to the
bigger size of the ketone, rather than the effect of any attractive interaction.

In accordance with the preceding procedure employed in the previous reaction, the present
investigation involves the examination of the reaction employing catalysts modified as Ry =
OH. This investigation aims to elucidate the impact of this modification on selectivity and to
determine whether this modification exhibits consistent effects when different ketones are used.

As it can be seen in Figure 3.23 the S enantiomer is favoured in all the cases (cat  OH _an-
thra=99%ee S, cat OH _cf3=99%ee S, cat  OH _ph=98Y%ee S, cat  OH__tbu=96%ee ).
This preferred enantiomer is in complete agreement with what was found in the previous re-
action (Figure 3.17-down), highlighting the consistency of this modification. When visualising
the most stable binding mode for all the catalysts (Figure 3.25), a similar situation to what was

found with ketone 1 is presented.

Figure 3.25. Superposition of the most abundant binding mode for ketone 2. In green
cat OH anthra, in blue cat  OH _cf3, in purple cat  OH_ph and in orange cat  OH __
tbu.

The ketone and the new catalyst establish an extra hydrogen bond that anchors the ketone
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in place, favouring one conformation over all the others. Besides, all these TSs show a very nice
-7 stacking between the aromatic ring in ketone 2 and the aromatic Ry in the catalyst, further
stabilising the system.

Despite being the least populated binding mode, it is also worth mentioning that, in the case
of the TSs leading to the R enantiomer (Figure S3.4.2), with ketone 2 in s-scis conformation,
this second HB is not established between the O H 4141yt and Ogetone and instead an interaction

between the OH4tq1ys¢ and the aromatic ring within the ketone is established.

Characterisation of the Intermolecular Interactions

Following the methodology established in the preceding section, the distinctive HBs present
in the studied TSs have been systematically characterised by means of NBO, evaluating the
stabilisation associated with the charge transfer (E(2)) between the different HB-donors and
HB-acceptors (LP(Ngoyn-) = BD*(OHeat), LP(Oketone) — BD*(OHegt). All the extract values
can be found in Table S3.5.3 and the sum of the individual charge transfer (Eq. 10) can be found
in Figure 3.26.

Similarly to what happened in the previous reaction, the TS presenting the strongest HBs
do not correspond to the major TS, showing that this interaction is not the driving force of
the selectivity in this process. This observation is in agreement with the geometrical analysis

in which it was observed that the most stable transition states were those with lower sterical

hindrances.
R,:OMe CN- -Cat* R,:OH CN~- -Cat*t R,:0H Ketone-Cat*
[LP(N) - BD* (O — H)] [LP(N) - BD* (O — H)] [LP(O)»BD™ (0 — H)]
40 4 40 4 40 A
= o
O 35 A 35 A 35 A
E18 °© o
FECS @ ® ® 30-8 30-Q ° @) 6)
] 2510 0] ° @ 20 g O O 251 o © 9
o 6] 8
201, . . 421 . . 4 e ©
ar cf3 ph tbu ar cf3 ph tbu ar cf3 ph tbu
Ri Ri Ri
® Rs<cis S s-cis
R s-trans ® Ss-trans

Figure 3.26. NBO E(2) stabilisation energies corresponding to the different HBs present in
the transition state in reaction 1. Left Rs = OMe, CN~ — Cat™ |[LP(N) — BD*(OH)],
Center: Ry = OH CN~ — Cat* [LP(N) — BD*(OH)|, Right: Ry = OH Ketone — Cat™
[LP(O) — BD*(OH)].

When comparing the values obtained for the HBs between the cyanide and the catalyst
in the different versions of the catalyst (R = OMe and Ry = OH), the same decrease in
their strength as in the previous reaction is found. However, this difference is smaller and the
new HB (LP(Ogetone) — BD*(OH,qt) is weaker than the one shown in the previous reaction.
Besides, looking at the 3D structures of these transition states (Figure 3.25 and S3.4.2) and
comparing them with the ones found in the previous reaction (Figure 3.22), it can be seen that

the smaller aromatic ring is now better aligned with the m system of the ketone, allowing the
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negative charge to be delocalised all over the system instead of locating it in the oxygen atom,

consequently reducing the strength of the new HB.
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Figure 3.27. Exponential relationships of the intermolecular distance, in A, and the correspond-
ing p(BCP) between the catalyst and the anion C N~ (blue), the catalyst and the ketone (red)
and the CN~ anion and the C N~ and the ketone (green).

Subsequently, mirroring the procedure employed in the previous reaction, an exhaustive
QTAIM analysis was systematically conducted for all transition states. This analysis includes the
evaluation of the electron density at the BCPs (ppcp) associated with the established hydrogen
bonds (OH_4+ - - - Noy- in cases where Ry = OMe or OH, and OH_ 4+ - - - Oketone When
Ry = OH). Additionally, the analysis encompassed an examination of the reaction coordinate
(Con-+ +  Cketone)- The resulting values for electron density at the BCP and the associated
interaction distances are reported in Table S3.6.3.

Upon plotting the electron density at the BCP against the corresponding interaction dis-
tances (Figure 3.27), a robust exponential correlation emerges among these values. In contrast
to observations made in the previous reaction, it is noteworthy that the values corresponding to
OH_ i+ -+ - Ogetone interactions do not segregate into distinct clusters, showing a more uniform
alignment of this interaction within these transition states. It is also worth mentioning that such
interactions are absent in any of the transition states leading to the R enantiomer in the s-cis
conformation, thereby limiting the number of transition states in which this hydrogen bond can

be analysed.
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3.4 Conclusions

This chapter was divided into two interconnected sections.

In the first section, a theoretical study of different interactions that can be established
between a well-known alkaloid quinine-derived PTC catalyst and four different anions of interest
in organocatalysis was performed: Cl~, Br—, MeC0O2~ and CN~. Competition between the
ion pairing processes with the establishment of an intermolecular hydrogen bond between the
catalyst counteranion and potential hydrogen bond donors was studied.

The results revealed that acetate anion complexes exhibit the strongest interactions, while the
bromide ion complexes show the weakest interaction energy among of all them. Consequently,
the complex establishing an intermolecular hydrogen bond presented the strongest interaction.
Notably, the complex exhibiting a strict ion-pair interaction, where both charged atoms are
closest (pos_ 2) (the shortest X~ --- N distance), is 30 kJ/mol less stable than the HB-bound
complex (pos_1).

A theoretical study of the free-energy profile corresponding to the enantioselective con-
jugate cyanation of «a,f-unsaturated ketone, (E)-Chalcone (1), in the presence of the cat-
alyst cat  OMe ph was performed. The barrier for both enantiomers of the catl-bound
enolate product indicates that the C—C bond formation is very similar for both pathways
(0AG = 0.6kJ/mol). From the free-energy profile both enantiomers (R and S) are energet-
ically accessible by cyanide, obtaining a theoretical ee value of 13%.

To enhance the enantioselectivity of this reaction, an additional anchor point was added,
cat OH_ph. The corresponding free-energy profile was studied. The calculated ee value
when the reaction proceeds in the presence of cat2 increases up to 99%.

In the second section, the theoretical study of the cyanation reaction of two new «,(-
unsaturated ketones was conducted under the presence of a set of four common cinchona catalyst
modifications (cat OMe anthra, cat OMe cf3, cat OMe ph, cat OMe tbu) and
a modified set of catalyst (cat OH _anthra, cat OH cf3,cat OH_ ph,cat OH tbu).

The effect of the different substituents R; on the relative stability of the different binding
modes under study was analysed, showing how each one of them can favour different binding
modes and the effect that this has on the favoured enantiomer. Greater selectivity values than
those seen in the first part were obtained with the first set of catalysts, Re = OMe, ranging
76.6-99.6 %ee. Despite those better results, the modification of Ry proposed in the first section
was applied to these catalysts to analyse its effect and determine whether the effect was specific
for the cyanation of (E)-chalcone or if it produces a similar effect independently of the «, 8-
unsaturated ketone used. The obtained selectivities with the new modified set of catalysts,
Ry = OH, ranged 90.0-99.6 %ee, achieving greater selectivity values.

However, the most remarkable effect of this modification is that, in addition to the selectivity
improvement, it favours the opposite enantiomer demonstrating how a simple modification can

invert the selectivity of a catalytic process.
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4 | Dynamic kinetic resolution of azlac-
tones for the production of bis- pro-

tected amino acids
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4.1 Introduction

Phase-Transfer Catalysis (PTC),! as previously discussed in this thesis, stands out as one of the
most prolific catalytic methods within the organocatalysis family, demonstrating high enantios-

electivities in various reactions.2®

Asymmetric organocatalysis can be applied to generate enantioenriched products in two
different manners. Using an achiral reactant in which a new chiral centre is created, e.g. the
asymmetric cyanation reactions explored in the previous chapter, or using a racemic mixture
of a chiral compound as starting material and carrying out what is known as a deracemisation
reaction, where the reaction of one of the enantiomers is favoured over the other. This way
of producing an enantiomerically pure product using a racemic mixture of starting material
is known as Kinetic Resolution (KR) and has been widely used in the past.” However, the
yield is limited to a maximum of 50% due to the racemic nature of the reactant. An elegant
way to overcome this yield limitation can be achieved by developing a dynamic variant of these
processes, obtaining what is known as Dynamic Kinetic Resolution (DKR).1%!! Reactions under
DKR control have recently emerged as a powerful alternative that leads to complete conversion
of both enantiomers, producing a high enantioenriched product.'? 16

However, several conditions must be fulfilled in order to consider that a reaction is under
DKR control. In terms of reaction rates, as it can be seen in Scheme 4.1 left, the rate of
racemisation of the reactant (k,q.) must be higher than the rate of any of the reaction rates, either
favoured (k tqvoured) or unfavoured (kynfavoured). Likewise, the reaction rate of the favoured
enantiomer (K fqyoured) Must be much higher than the reaction rate of the unfavoured enantiomer

(Kun favoured). Therefore, the DKR conditions can be summarised in terms of reaction rates as

krac > kfavoured >> kunfcwoured'

TS unfavoured
P ST CTI T IR IR — oo
s kfavoured . P AAG ,: I',
R SRR 2 TStavoured ... A T
k PV AG. |
rac : |‘ ) rac _ ‘| |l
K ! \Sp/ ¢t \ Ss! :
S UnfaVOUred P ......... " ........ S - ccccc U ¢ |I ........
S S ! AGtavoured AGynavoured
] ]
L 2 e

Scheme 4.1.  General scheme of Dynamic Kinetic Resolution reaction rates (left) and the cor-
responding energy scheme of the different processes (right).

These conditions can be shown in terms of relative energies (Scheme 4.1 right), observing
a small racemisation energy barrier (AGy,.) and two different reaction barriers; one smaller
reaction barrier (AG fapoured) and one much bigger (AGun favoured)- The selectivity of the global
reaction will be determined by the energy difference between the two TSs (AAG7).

One very well-known and widely used example of these derasemisation reactions is the DKR
of a-substituted azalactones via alcoholysis, a valuable route to obtain N-protected a-amino
acid derivatives with high enantioselectivity and it has been extensively investigated over the

last decade. In this chapter, the hydrolysis of an azalactone (isopropyl 2-(4-benzyl-5-ozxo-4,5-
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dihydroozazol-2-yl)-3,4,5,6-tetrachlorobenzoate, 1) has been study (Scheme 4.2).
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Scheme 4.2. Hydroysis of azalactone 1 to produce a bis-protected amino acid.

DKR conditions are ideal for this reaction because the acidity of the a-hydrogen of the
azalactone allows the interconversion of both enantiomers, continuously regenerating the fast
reacting enantiomer as it reacts producing the protected amino acid in an enantioselective man-
ner. The derasemisation reaction of an a-substituted azalactone to produce an enantioenriched

protected amino acid under DKR, conditions is depicted in Scheme 4.3-a.
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Scheme 4.3. a) Scheme of the DKR of an a-subsituted azalactone. b) Scheme of the new
protective group (tetrachloroisopropoxyester) and the thalamide product. c¢) Peptide growth
mechanism and intermediate involved.

The chemistry of this process is well-known as several publications on the field have been
published over the past few years.!” 20 However, the potential uses of these enantioenriched
amino acids present two problems: the two protecting groups are not orthogonal, so the product
cannot be used for peptide chemistry,?! and also, it is not possible to use these products to grow
peptides enantioselectively since their reaction with amines is too fast and happen even in the

absence of an asymmetric catalyst, resulting in very poor enantioselectivities.
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The problem with the non-orthogonal protective groups was solved by Connon et al. with
the addition of tetrachloroisopropoxyester substituent to the azalactone (Scheme 4.3-b). This
substituent, after the azalactone ring is opened in the first step of the reaction upon the nu-
cleophilic attack, allows the intermolecular ring closure of the intermediate, forming thalamide,

that can be removed in the presence of other organic reactants, e.g. an ester.

However, in order to take one step further and use these enantiomerically pure amino acids
to grow peptides, the second problem must be also addressed. The novel approach to solve
the rapid reaction of the amines was the use of a faster nucleophile that attacks the azalactone
under PTC conditions, producing an intermediate stable enough to be isolated and that is, at
the same time, active enough to react with the amine in one pot. The PTC conditions generate a
charge separation between the catalyst, cationic, and the nucleophile, anionic, greatly improving
the reaction rate of this nucleophilic attack over the amine reaction, theoretically solving the

problem (Scheme 4.3-c).

This novel solution was tested by was experimentally tested by our experimental collabora-
tors in Connon’s group and it was successfully proved that the intermediate is stable enough
to be isolated and used to react with the selected amine, producing the desired peptide as a
product. After several attempts, it was determined that the best nucleophile for this reaction
was p-nitrophenolate as it is not as basic as other nucleophiles tested, e.g. fluoride, it is a
decent leaving group for the second step of the reaction and, most importantly, it is insoluble
in organic solvents, avoiding the nucleophilic attack in absence of the catalyst. However, the
enantioselectivity values obtained with the catalysts selected for this preliminary study were
either non-existent, reacting with both enantiomers of the azalactone, or very low; therefore,
the rational design of new catalysts is required. The complete mechanism of the reaction under

study can be seen in Scheme 4.4.

In this mechanism, it can be observed that the reaction is initiated by the nucleophilic attack
of the phenolate 2 to the azalactone 1, generating the tetrahedral intermediate Int1. This nu-
cleophilic attack is followed by the ring opening of the unstable intermediate, resulting in Int2
where the negatively charged amide N atom is immediately protonated, generating 3. Subse-
quently, this amide is deprotonated again, leading to an intra-molecular cyclisation, forming
the tetrahedral intermediate Int3. The unstable intermediate is followed by the elimination of
the isopropylate anion, generating 4. Finally, amide 5 attacks the ester generated in the first
step of the reaction, producing the tetrahedral intermediate Int4, followed by the elimination

of phenolate 1, resulting in the formation of the protected bis-aminoacid 6.

The novelty of this reaction lies in its comprehensive study under PTC, all in one pot. Addi-
tionally, a new nucleophilic agent initiates the process—the phenolate 1, replacing the previously
suggested F'~ ion. This substitution helps avoid the difficulties and problems associated with
the latter.

In the preceding chapters, different methodologies for studying cinchona-based catalysts
were benchmarked, leading to the identification of the most efficient one for working with these
organic catalysts. The nature of the interaction established between charged organo-catalysts
and anionic reactants was revisited and a detailed analysis was conducted, providing a foundation
for their examination in future projects. Finally, the topology of the cinchona-based catalyst was
analysed, exploring several binding positions and revealing a definitive binding mode between

the catalyst and the anionic reactants crucial in PTC catalysis reactions.
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Scheme 4.4. Reaction mechanism of the production of protected amino acids using azalactone

as starting material.

The preceding steps were undertaken to identify the most efficient and unbiased workflow

and techniques for studying reactions under PTC conditions, specifically in the presence of

cinchona-based catalysts.

In this chapter, all those techniques will be applied to the computational design of effi-

cient cinchona-based organocatalysts for the production of enantiomerically pure protected bis-

aminoacids under PTC and Dynamic Kinetic Resolution (DKR) conditions.
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4.2 Computational Details

T?2°24 package, part of the

Analogously to what it was done in the previous chapters, the CRES
xTB?® program, was used to perform a conformational search of the isolated catalysts. This
conformational analysis was performed using the iMTD-GC algorithm at the GFNn-xTB?0
(GFN2-xTB) semiempirical level. The energy limit for the metadynamics simulation was set to
6.0 kcal /mol, the RMSD cutoff to 0.125 A and the energy threshold between conformer pairs to
0.05 keal/mol. All the calculations were performed using version 6.2 of the CREST package.

This RMSD calculations were performed using calculate rmsd?” package. The Hungarian
algorithm?® was used as the atomic reordering method and the Kabsch algorithm?® was used as
the system rotation method.

The RMSD value for all the possible pairs of conformers of the same catalyst is calculated,?”
using the Hungarian algorithm?® and the Kabsch algorithm?® as the reordering and system
rotation methods, obtaining an N x N RMSD matrix. Then an RMSD threshold was iteratively
calculated to filter the generated conformers, obtaining Nyemaining = 10 that will be reoptimised
using DF'T. The structures of the optimised catalysts can be found in Table S3.2.1.

The structures of all the systems under study were optimised at the M062X/6-31g(d)30 32
computational level. Harmonic vibrational frequencies were computed at the same level used
for geometry optimization in order to confirm that the stationary points are local minima.

Single point energies for the lowest energy small basis set calculations were computed using
the M062X/6-311-+g(d,p) computational level for the conformational analysis and all the studied
reaction steps.

Solvent effects (toluene) were included in the optimization by means of a continuum method,
the Solvation Model based on solute electron Density (SMD) approach.33

The reported free energies (AGdefthUp) in this document were computed by adding the
thermal correction (T'Cgefasyp) from the small basis set calculations to the electronic energy

obtained from the higher level single point calculations (Fge fgtzvp), as shown in Equation 1.

Gdethzvp = Edef2tzvp + Tcdef2svp (1)

The interaction free energies (AGcomplex) Were calculated as the difference between the free
energy of the optimised complex and the energy of each monomer in its optimised geometry, as

expressed in Equation 2.

AG(complear - Gcomplex - Z Gmonomer (2)

All calculations were carried out using the Gaussian09 software package|34| and the optimised
structures for all studied catalysts, complexes and reaction steps can be found in Table S4.1.

Based on the Curtin-Hammett principle®® and according to the calculated Gibbs free in-
teraction energies of the transition states, the theoretical enantiomeric excess (ee) value was
determined based on Equation 3 where [R] and [S] represent the concentrations of the different

enantiomers.

_ kfavoured - kunfavoured (3)
kfavoured + kunfavoured

ee

The ee vale was determined as the ratio of the rate constants at T = 243 K as described
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in Equation 4),36 where §AG? is the difference of Gibbs free activation energy between the

enantiomers, R is the gas constant, and 7' is the temperature.

(4)

The energy values for the different species and the corresponding calculated %ee can be
found in Table S4.2

The strength of the different HBs found in the cat-reactant complexes under study was
evaluated by means of NBO and QTAIM analysis.

The NBO methodology3” version 7 was used to assess the strength of various NCI present
in the systems, measuring the charge transfer between the occupied LP from the HB-acceptor
and the empty BD* orbitals of the HB-donor.

The QTAIM?%39 methodology was used to analyse the electron density of the systems,
conducted within the AIMAIl software.*’ The electron density at the BCP between the catalysts
and the different anions was examined.

The NBO and QTAIM calculations were performed at the optimisation level of theory.
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4.3 Results and Discussion

4.3.1 Preliminary Study

As previously highlighted in the Introduction section, this study marks a groundbreaking chap-
ter since it is the first time that the production of bis-protected amino acids (Scheme 4.5) is
performed under PTC conditions. Hence, the initial step in this collaborative project was to
demonstrate the feasibility of this reaction under these conditions. This validation was con-
ducted by our experimental collaborators, the research group led by Professor Connon, who
tested four of the most commonly employed cinchona-based catalysts (cat ph, cat anthra,
cat_cf3, cat tbu). The modifications at position R; cover a wide range of sizes (ph < cf3 <
tbu ~ anthra). This variation takes into consideration the steric effects of the substituents on
the selectivity. Additionally, different electron withdrawing groups (EWG) (cf3) and electron
donating groups (EDG) (tbu) were incorporated to assess how different electronic properties

affect the selectivity of the catalyst.

1.
S O

(5 mol%) N—
cat. (5 mol%) cl _>*NHBn
p-nitrophenol(1 eq.) Cl ORI

toluene (0.1 M), rt
2. benzylamine

\
racemic racemic 16% ee 20% ee
97% yield by "H NMR 96% yield by "THNMR 92% yield by "H NMR 94% yield by "THNMR
k 89 % isolated yield 98% isolated yield 83% isolatedyield 89% isolated yield J

Scheme 4.5. Reaction under study and catalyst tested experimentally to validate the experi-
mental conditions.

This preliminary experimental study effectively served as a proof-of-concept for the reaction.
It demonstrated that these catalysts were capable of producing high reaction yields consistently
in all cases (\H NMR yield > 92% and isolated yield > 83%). Additionally, it provided the
optimal experimental conditions that should be replicated in computational studies. These
conditions involve using toluene as a solvent and studying the reaction at room temperature
(298K).

Despite the high yields achieved in this preliminary study, the enantioselectivity of all of
the studied catalysts is absent or extremely low (%ee < 20%). This results in the production
of both enantiomeric products at comparable rates, highlighting the inadequate design for this
particular reaction.

In light of these findings, the initial objective of this project was to elucidate the factors
behind the lack of selectivity exhibited by these catalysts. To achieve that, a conformational

analysis of both the catalysts and the reactants was performed, to address their structural
flexibility.
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Conformational Analysis

This initial set of catalysts was already studied in the second part of the previous chapter; there-
fore, despite using different methodologies (see computational details), the same computational

results will be considered.

The active conformer of each of the catalysts under study, along with the Boltzmann popu-

lation of all of the different conformers studied, can be observed in Figure 4.1.

mmm Conf 132 (80.87%) s Conf 51 (0.06%) mmm Conf 173 (66.27%) Conf 74 (0.45%) mmm Conf 18 (48.15%) @ Conf 104 (0.56%) mmm Conf 140 (74.24%) mmm Conf 179 (1.28%)
mmm Conf 48 (12.47%) W Conf 7 (0.0%) B Conf 67 (24.65%) Conf 47 (0.05%) mmm Conf 166 (23.67%) Conf 158 (0.55%) mmm Conf 118 (14.92%) Conf 43 (0.11%)
mmm Conf 14 (6.16%) Conf 114 (0.0%) mmm Conf 33 (6.09%) Conf 164 (0.02%) W Conf 69 (17.16%) Conf 48 (0.12%) mmm Conf 190 (5.61%) Conf 2 (0.07%)
W Conf 91 (0.34%) Conf 71 (0.0%) mmm Conf 36 (1.83%) Conf 180 (0.02%) mmm Conf 161 (6.25%) Conf 33 (0.03%) mmm Conf 128 (1.9%) Conf 42 (0.02%)
W Conf 60 (0.09%) Conf 26 (0.0%) mmm Conf 37 (0.63%) Conf 39 (0.01%) mmm Conf 66 (3.48%) Conf 167 (0.03%) mmm Conf 21 (1.84%) Conf 7 (0.0%)

Figure 4.1. Conformational analysis catalyst and their active species. Left to right: cat ph,
cat anthra, cat cf3, cat tbu.

It is clear that for cat ph and cat anthra, the active conformation is also the most
stable. Furthermore, in cases where the most stable and active conformation do not align
(e.g. cat_cf3 and cat_tbu), the active remains significant, representing approximately 15%
of the total population. Additionally, an examination of the preliminary experimental results,
consistently reveals high yields in those reactions, demonstrating that all the catalysts present
the active conformation that facilitates the transfer of the phenolate from the aqueous phase to

the organic phase, thereby activating the reaction mechanism.

The catalysts are not the only flexible components involved in this reaction. The azlactone
derivative 1 (isopropyl 2-(2-benzyl-5-oxo-2, 5-dihydroozazol-4-yl)-3, 4, 5, 6-tetrachlorobenzoate,
Figure 4.2 top left) also has several rotatable bonds that will greatly affect the stability of the
system and that must be studied. Consequently, a conformational analysis of this azlactone was

performed (Figure 4.2).

The conformational analysis revealed that the majority of the conformers were produced by
the rotation of only two of the rotatable bonds within the structure, resulting in a myriad of
structures with similar populations, rather than a single very stable conformer that distinguishes

itself from the rest.

In view of these results, the most adequate conformer in each situation was used to build
the different systems using chemical intuition and giving priority to those that are more stable

and establish the best non-covalent interactions with the catalysts.
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Figure 4.2. From left to write and top to bottom: 2D scheme of the azlactone derivative under
study, Boltzmann population of the different conformers obtained, structure of the three most
stable conformers.

Cl O
Cl

Binding Mode Study

As in the previous chapter concerning the cyanation reaction, these catalysts exhibit different
binding positions for accommodating the different reactants. However, given that all of them
were thoroughly examined in the previous chapter, and the results consistently demonstrated
that establishing a HB was always the most favoured interaction, only this specific position will

be considered.

Figure 4.3. 3D structures of cat-phenolate (left) and cat-azlactone (right).

However, the interaction energy between the catalyst and the two reactants must be studied
in this position to determine which establishes the strongest HB. Considering the mechanism
of a PTC (Scheme 2), the catalyst must interact with the phenolate in the aqueous phase and
transfer it to the organic phase for the reaction to proceed. Therefore, it is expected that the
phenolate is the reactant interacting at this OH position in the catalyst, especially taking into

account that a HB between a cation and an anion would be particularly strong. However, this
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situation may change in the organic phase. Consequently, the interaction energies in the two
potential cat-reactant complexes (cat-phenolate and cat-azlactone) were optimised and
analysed (Figure 4.3).

As anticipated, considering that both the catalyst and the phenolate are charged species
with opposite charges, the complex cat-phenolate is considerably more stable than the catalyst
cat-azlactone. To illustrate, the cat-phenolate complex is 38.6 kcal/mol more stable than
the cat-azlactone complex. Therefore, it can be confidently concluded that the only viable

interaction in the organic phase is between the catalyst and the phenolate.

Decoding Chirality: Mechanism and Catalyst Role in Azlactone Nucleophilic Attack

After determining the definite binding mode of the catalyst with the different reactants, forming
a HB between the catalyst and the phenolate, the mechanism of the reaction and the role of the
catalyst was studied. The first step of the reaction involves the rapid nucleophilic attack of the
p-nitrophenolate on the azlactone derivative, locking the chirality of the product (Scheme 4.6).

This step is the focus of the current investigation.
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Scheme 4.6. Nucleophilic attack of the phenolate to the azlactone; the first step of the reaction
and responsible for the enantioselectivity of the product.

The different TSs leading to the R and S products were constructed on the binding mode
determined in the previous section, where the phenolate forms a HB with the catalyst. The
placement of the azlactone was guided by chemical intuition to enhance the NCIs with the
catalyst while avoiding sterical clashes. The aim was to obtain the most stable and accessible
TS for each of the chiral products.

Applying the Curtin-Hammett principle, the %ee induced by each catalyst was calculated,
based on the energy of the different TS (see computational details). The resulting theoretical
and experimental %ee values are provided in Figure 4.4.

Examining the results reveals two distinct situations. The computational and the exper-
imental %ee values align closely for cat ph (3.8%eecomp vs. 0%eeesp) and reasonably for
cat _anthra (44.4%comp vs 0%eeczp). However, a notable disparity emerges for cat tbu
(87.0%¢€€comp Vs 20%erp). The largest discrepancy is observed with cat cf3, where the dif-
ference between the experimental and computational enantioselectivity exceeds 80% (96.6%mmp
vs 16%eap).

These discrepancies may have arisen because the most stable conformer of one of the two
transition states in each case, T'Sg for cat cf3 and T'Sy for cat _tbu, was not successfully ob-

tained. This highlights that relying solely on chemical intuition is insufficient for comprehending
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the mechanism of a reaction and the role played by its various components involved.

major: minor

ph comp 51.9:48.1
exp 50.0:50.0

thra coMP 72.2:27.8
anthra ey 50.0:50.0
comp 98.3:01.7

3 exp 58.0:42.0
comp 93.5:06.5

tbu exp 60.0:40.0

Figure 4.4. Computational and experimental major:minor ratios for, top to bottom, cat _ph,
cat anthra, cat cf3 and cat tbu.

Furthermore, it is important to note that this disagreement between experimental and com-
putational %ee results becomes significantly pronounced at low %ee values. This amplification
is due to the exponential nature of the %eecomp calculation (Figure 4.5). This exponential na-
ture of this calculation means that even small energy differences between the obtained TS lead

to substantial differences in the ee calculated values.
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Figure 4.5. Experimental vs computational %ee error calculated with 0.20 kcal /mol (light blue)
and 0.68 kcal/mol (dark blue) DFT free energy error and +10% confidence area (grey).

Based on the minimum and maximum error values calculated by Walker et al.,*!

using a
methodology akin to that applied to similar NCIs, the minimum DFT error, 0.20 kcal /mol, lead
to a %eeerror up to 18% at low %ee values (dark blue area in Figure 4.5); while the maximum
DFT error, 0.68 kcal/mol, can lead to %eecrror bigger than 50% at the low %ee regime (light
blue area in Figure 4.5). Within this maximum error range, predictions for selectivities below
50% can favour the opposite enantiomer, implying not only a different but also an opposite
selectivity. In fact, it is necessary to reach ee values up to 75% to ensure that the selectivity
error remains below 10% (grey area in Figure 4.5). Considering the previously discussed insights,
it can be stated that computational results for ee maintain their quantitative accuracy primarily
within the high selectivity ranges (< 80%). In contrast, they should be viewed as qualitative in

the context of low selectivity regimes.
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In light of these considerations, it becomes evident that the selectivity values for these
catalysts must be regarded as qualitative. This is mainly because they tend to fall within
the low selectivity regime. Consequently, our analysis will shift its focus towards a detailed

examination of the different TS, aiming to uncover the origins of this limited selectivity.

Figure 4.6. 3D structures for T'Sg (left) and T'Ss (right) under the presence of cat ph.

Despite the suboptimal design of these catalysts for this specific reaction, the transition
states must be analysed to gain insight into the factors contributing to this lack of success.
Upon examining the 3D structures of the different T'S obtained (Figure 4.6 and S4.1) it becomes
apparent that in all the cases the azlactone is located in a very similar position for both T'Sg and
TSg. Furthermore, it is noteworthy that the azlactone appears entirely unbound, displaying no
interactions with the catalyst. This mobility and the open orientation necessary for the azlactone
to facilitate the reaction explains the minimal variations in energy among the different TS, thus

accounting for the process’s limited selectivity.

Figure 4.7. a) Schematic view of the NClIs established in the T'S under study under the presence
of cat_ph. b) 3D molecular graph of the TS showing the web of HBs established between the
azlactone and the catalyst and their corresponding BCPs as black spheres.
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Nonetheless, upon closer examination, it becomes apparent that the O atom in the azlactone
is establishing a bifurcated HB with one of the H atoms in the C'Hs and another H atom in the
aromatic ring in all the structures under study (Figure 4.7-a). In order to confirm the presence
of these weak interactions, an QTAIM and a NBO calculations were performed on both TSs
under the presence of cat ph.

Three relevant HBs are identified by means of QTAIM analysis between the O atom in the
azlactone and the different H atoms in a-position to the N of the quinuclidine and one Hpcp
of the phenyl ring (Figure 4.7-b) and the NBO charge transfer between the LP orbital of the
O atom and the different anti-bonding sigma orbitals of the different HB-donors (LP(O) <—
BD*(X — H)).

The results of the topological analysis, ppop and Hpcp, of these HBs and their correspond-
ing second-order perturbation energy, E(2), are presented in Table 4.1. This analysis reveals
that, as anticipated, these interactions constitute exceptionally weak HBs (ppcp < 0.0153a.u.,
H < 0.00la.u. E(2) < 5.0kcal/mol). They give rise to an exceedingly flexible HB-web that only
loosely confines azlactone in position. This feeble confinement fails to generate a substantial

disparity between T'Sp and T'Sg, favouring the formation of both enantiomers equally.

Table 4.1. Density values at the BCP, ppcp (a.u.), Energy density, H (a.u.), and Second order
perturbation energy, E(2) (kcal/mol), of the different HB in T'Sg and T'Ss between the azlactone
and cat_ ph.

HB, HB, HB4
ppcp  Hpcp E(2) | ppcp Hpcp E@2) | ppcp  Hpcp  E(2)
TSk | 0.0153 0.000938 4.72 | 0.0150 0.000143 4.80 | 0.0113 0.000745 3.11
TSs | 0.0150 0.000966 4.55 | 0.0141 0.000221 4.49 | 0.0114 0.000724 1.49

Nonetheless, the presence of these weak HBs between the catalyst and the azlactone repre-
sents an auspicious initial step to fortify the interactions between the catalyst and the azlactone,
aiming to stabilise one of the T'Ss and favour the production of one of the enantiomers over the
other. Although the initial results may have been disappointing in terms of achieving high enan-
tioselectivity and designing an optimal catalyst, this discovery paved the way for the following

enhancements and modifications.

4.3.2 Additional Anchor Point

Considering the observed weak bifurcated HB between the azlactone and the aromatic sub-
stituents in the catalyst, a decision was made to modify the catalyst at this position. Different
groups were chosen to introduce an additional HB-donor, with the goal of strengthening the
interaction between the catalyst and the azlactone. This enhancement aimed to stabilize the
azlactone and promote the preference of one of the TS over the other.

The selected groups must satisfy two requirements. First, they needed to closely resemble
the original groups in terms of their structural arrangement, thus minimising any significant
alterations to the positions of the hydrogen atoms. Additionally, these selected groups had to
incorporate a strong HB-donor capable of forming stronger hydrogen bonds, thereby creating a
second anchor point in the catalyst. Our investigation led us to consider two distinct groups as
potential candidates: acetamide and n-phenyl acetamide (Figure 4.8).

The selection of these two groups allows us to study the role of the isolated anchor point
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(cat _conh2) and study the combined effect of the HB-donor and the addition of an aromatic
ring (cat _conh2ph), along with their effects.

Figure 4.8. Modified catalysts under study after adding a second HB-donor: cat conh2 (left),
cat _conhph (right).

The introduction of a second anchor point fundamentally transformed the catalyst’s inter-
action with the phenolate before the reaction. Therefore, a detailed analysis of the catalyst,

exploring the different binding modes that can be established was performed.

Binding Mode Study

As observed in the previous section, the preferred binding position for the anion to interact
with the catalyst involves the formation of a HB with the hydroxyl group within the catalyst.
However, with the introduction of this second amide HB-donor, a new potential binding site
comes into play, and it requires consideration.

To initiate the comparison of the two distinct binding sites, a topological analysis of the
Molecular Electrostatic Potential (MEP) of the catalyst (Figure 4.9) was performed. This anal-
ysis not only yielded a map of the high- and low-electron-density areas but also provided the
electrostatic potential value at the critical points corresponding to the two different donors in
each catalyst (OH and NH). This comparative analysis aimed to reveal valuable insights into
the strength of the HBs that each HB-donor could potentially contribute to complexation. Con-
sequently, it would help determine the most likely position for the anion to interact with the

catalyst.

Figure 4.9. Molecular Electrostatic Potential (MEP) (a.u.) of cat conh2 and cat _conhph
showing the critical points corresponding to the two different HB-donors.

The results showed that the NH HB-donor position is slightly more positive than the OH
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binding site. Consequently, it is more likely for the phenolate to establish the interaction in
this position. However, this difference is not significant enough to provide a definite answer.
Furthermore, there are additional NCIs that can be established between the catalyst and the
phenolate that stabilises one position over the other. For instance, a w7 can be observed
between the quinoline ring within the catalyst and the phenolate in all the structures in the
previous section. These supplementary interactions may contribute to the overall stability and

preference for a particular binding site.

OH NH 2HB

Figure 4.10. Different binding modes studied for the cat-phenolate complexes; from left to right
NH, OH and 2HB.

To comprehensively explore the diverse binding possibilities, our study examined three dis-
tinct binding modes (Figure 4.10). The first two binding modes are the most straightforward,
involving the formation of HB with each of the HB-donors (NH and OH). However, a third
binding mode (2HB) is essential to consider due to the nature of the phenolate. The O atom in
phenolate possesses three LP orbitals, and the two HB-donors are attached to flexible groups
that have the potential to rotate. This dynamic behaviour can bring these hydrogen bond donors
closer in spatial proximity, resulting in the formation of a bifurcated HB.

The cat-phenolate complexes in the three different binding modes (NH, OH and 2HB)
were built and optimised with both cat conh2 and cat conhph catalysts. However, it was
observed that in the case of the HB systems, they invariably transitioned to the 2HB binding
mode, rendering the other modes elusive. Despite this challenge, three distinct positions of the
phenolate name back, front, bottom were identified in both catalysts and their 3D structures
can be found in Figure 4.11.

All the different complexes obtained exhibit identical interactions, two HBs between the
phenolate and the catalyst. Remarkably, the 3D structures of these complexes remain highly
consistent, regardless of the catalyst under study. Furthermore, the orientation of the phenolate
of the front conformation is analogous to the binding mode found for the previous set of catalysts
(Figure 4.3) establishing, in addition to the two HBs, a 7-7 interaction with the quinoline ring
of the catalyst. To compare the importance of the different conformers of these complexes, their
Boltzmann populations were calculated and shown in Figure 4.12.

As expected, the combination of the good alignment of the O atom within the phenolate
and the two different HB-donors of the catalyst in the front conformation and the extra stabilis-
ing 7-7 interaction in the front conformation (Figure 4.11 middle) makes this conformation the
most stable and, therefore, the most abundant. The second most abundant conformation, down
(Figure 4.11 right), presents a similar structure, with the phenolate placed on the same side of

the catalyst, and a parallel alignment between the different HB-donors and the HB-acceptor
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back front bottom

Figure 4.11. 3D structures of the different conformers of the cat-phenolate complexes between
the phenolate and cat _conh2 (up) and cat _conhph (down).

(O), minimising the strain of the structure of the catalyst. Conversely, the least favoured and
most unstable configuration is the back conformer, constituting less than 1% of the Boltzmann
population. This conformation exhibits a markedly different structure, with the phenolate posi-
tioned on the opposite side of the aromatic ring of the catalyst. Unfavourable alignment between
HB donors and acceptors, coupled with the absence of other attractive interactions, renders the
back conformation highly unstable. Because of its negligible population, this conformation is

considered insignificant and will not be subjected to further scrutiny in the subsequent analysis.

I Conf front (89.87%) B Conf down (9.43%) Conf back (0.7%)

Hl Conf front (77.94%) I Confdown (21.83%) I Conf back (0.22%)

Figure 4.12. Boltzmann population of the different conformers of the cat-phenolate complexes
between the phenolate and cat conh2 (left) and cat conhph (right).

As aforementioned, the incorporation of this second anchor point into the catalyst serves the
purpose of creating a robust and attractive interaction between the catalyst and the azlactone.
To achieve this interaction, once the cat-phenolate complex is transferred to the organic phase,
one of the two HBs established between the catalyst and the phenolate must be disrupted by the
presence of the azlactone. Without this necessary structural adjustment, the reactants would be
unable to approach each other closely enough, rendering the nucleophilic attack and subsequent
reaction unattainable.

To assess the relative strength of both Hydrogen Bonds (OH and NH), as well as the addi-
tional HB found (CH) (Figure 4.13), an in-depth analysis by means of QTAIM and NBO was
conducted. The primary goal was to identify which of these bonds would be more susceptible to

breaking upon the approach of the azlactone, determining the binding mode essential for study-
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ing the transition states. The density at the BCP (ppcp, the energy density of the interaction
(H) and the second-order perturbation energy (E(2)) were measured and compared for each of
the interactions analysed (Table 4.2).

0.017 CH: NH:
OH: -0.0019 OH: 0.026 0.035
0.043 -0.0023 29.1 10.42 0.042 -0.0029 27.9 5090017 -203-07025

OpBCP(a.u.) OHBCP(a.u.) ®E(2) (kcal/mol)

Figure 4.13. Molecular graphs of cat _conh2-phenolate and cat _conhph-phenolate com-
plexes in front conformation and ppcop, H and E(2) values associated with each HB between
them.

Upon studying the various HBs among the different conformers analysed, a surprising rev-
elation emerges. Contrary to expectations, the strongest HBs do not correspond to the most
stable conformation (front) but rather to the bottom conformation, which presents the opti-
mal alignment between the donor and the acceptors. In the front conformation, the individual
hydrogen bonds exhibit lower strength, highlighting the importance of the 7-m interaction to
the global stability of the system.

Remarkably, a consistent pattern emerges when examining the strength of individual HBs,
regardless of the catalyst (cat conh2 or cat conhph), the conformation of the complex

analysed (front or bottom) or the measurement compared (ppcp, H or E(2)).

Table 4.2.  Density values at the BCP, ppcp (a.u.), Energy density, H (a.u.), and Second order
perturbation energy, E(2) (kcal/mol), of the different HB in the different conformers under study.

(a) HB analysis in cat _conh2.

OH NH CH

Position | ppcp  Hpcop E(2) | ppcp  Hpcp E(2) | ppcp  Hpcp E(2)
Front 0.043 -0.0023 29.1 | 0.027 -0.0010 14.4 | 0.017 -0.0019 10.42
Bottom | 0.063 -0.0073 55.1 | 0.033 -0.0020 174 | 0.026 -0.0016 10.47

(b) HB analysis in cat _conhph.

OH NH CH

Position | ppcp  Hpcp E(2) | ppcp  Hpcp E2) | ppcp  Hpcep E(2)
Front 0.042 -0.0029 27.9 | 0.035 -0.0025 23.7 | 0.026 -0.0017 8.9
Bottom | 0.062 -0.0068 53.3 | 0.042 -0.0026 27.1 | 0.024 -0.0013 7.9

The HB established with the OH HB-donor (HBpg ) is consistently the strongest interaction,
often surpassing the combined strength of the other two HBs. As anticipated, HByr follows in
strength, while theHB g exhibits the weakest one.
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Despite the consistent superiority of the hydrogen bonds at the OH position (HBog) over
those in NH position (HBy ), the difference in strength is not pronounced enough to conclusively
predict the breaking point upon the approach of the azlactone. Therefore, both scenarios will
be explored under the presence of cat conh2 allowing for a comprehensive comparison. This
investigation aims to ascertain whether establishing the new HB between the catalyst and the
azlactone in the NH position is more stable than its counterpart in the OH position.

The 3D optimised structures of the two TSs obtained for the two different binding modes
originating from the front conformation of the cat-phenolate complex are presented in Fig-
ure 4.14. In the first binding mode, BM1, the phenolate interacts with the catalyst in the OH
position and the azlactone establishes the new HB in the NH position. In contrast, BM2 reveals
the opposite situation, where the phenolate establishes the HB in the NH position, while the

azlactone is anchored at the OH position.

Figure 4.14. 3D structures of the two different binding modes under study for the TS under
the presence of cat conh2. BM1 left, BM2 right.

The energy difference between these two binding modes is AAG = 4.88 kcal/mol. Conse-
quently, the Bolztman population of the most stable one, BM1, is greater than 99.99%. This
significant disparity unequivocally establishes BM1 as the overwhelmingly more stable binding
mode. Consequently, it is evident that, for the investigation of these catalysts, only BM1 needs

consideration, in where the azlactone interacts with the new anchor point of the catalyst.

Decoding Chirality: Mechanism and Catalyst Role in Azlactone Nucleophilic Attack

Upon establishing the definitive binding mode, the focus shifts towards studying the enantios-
electivity of the modified catalysts, namely cat conh2 and cat conhph. This investigation
follows a systematic approach, akin to the methodology employed in the preliminary evaluation
of catalysts in the initial round.

The optimisation of the two TSs, denoted as T'Sg and T'Sg, is carried out based on the
previously determined binding mode (BM1). In this mode, the phenolate forms a HB interaction
at the OH position, while the azlactone establishes it at the NH position of the catalyst. The
3D structures of these optimised T'Ss can be referenced in Figure 4.15 and S4.1.2.

In Figure Figure 4.15, both TS exhibit structural similarities, with the new anchor point

securing the azlactone in a consistent manner for both R and S enantiomers. The primary
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difference lies in the orientation of the phenyl ring within the azlactone, pointing in different
directions in each of the TSs. In T'Sk (Figure 4.15-left), the phenyl ring engages in o-7 interac-
tions with several H atoms from the quinuclidine ring establishing. However, the rigidity of this
new hb between the azlactone and the catalyst restricts the space for the interaction, forcing the

phenyl ring to adopt a significantly altered conformation, thereby destabilising the structure.

(9

Figure 4.15.  Optimised 3D structures for T'Sg (right) and T'Sg (left) with cat conh2.

This difference between the two transition states and the rigidity of the interaction estab-
lished in this new anchor point, contribute to an increased energy difference between the two T'Ss
(AAG = 0.49 kcal/mol), favouring the approach of the R enantiomer over the S, and resulting
in a 42%ee.

A similar situation can be observed with cat conhph, where the azlactone is located in
an analogous position in the corresponding TSs. However, the addition of the phenyl ring
to the amide introduces steric hindrance between the catalyst and the azlactone, marginally
destabilising this position and decreasing the energy difference between the two TSs (AAG =
0.06kcal/mol). This slight destabilisation leads to a preference for the reaction with the S
enantiomer, yielding a result of 6.2%ee, nearing a racemic mixture.

Despite the structural disparities and the modest enantioselectivities achieved, the potential
of this new anchor point appears promising. Following discussions with our experimental col-
laborators, they express eagerness to conduct laboratory trials (Figure 4.16) to assess its impact
on the reaction and viability.

Furthermore, two new catalysts based on cat conhph were developed, to investigate how
modifications to the phenyl ring impact catalyst selectivity. The first modification strengthens
the new HB by introducing an EWG (-NOs, cat _conhph-pno2) to the phenyl ring at the para
position; while the second one introduces a bulky group to the phenyl ring (-Br, cat _conhph-
obr) at the ortho position, increasing the steric hindrance between the catalyst and the azlactone
in one of the TS. These modifications were collaboratively selected based on their chemical and
structural properties, considering experimental feasibility.

The same computational procedure was followed with the two new catalysts, optimising the
TSs with the different enantiomers. Simultaneously, the experimental group synthesised and

tested the four catalysts are shown in Figure 4.8 and Figure 4.16.

148



Figure 4.16. Modified catalysts under study after adding a second HB-donor: cat conh2
(left), cat _conhph (right).

The TS for each enantiomer with the different catalyst were optimised, and computational ee
were calculated using the energy difference (AAG) between T'Sk and T'Sg. Notably, the two new
catalysts exhibited higher and comparable selectivity values, 84.8%ee with cat conhph-pno2
and 85.0%ee with cat _conhph-obr, representing a significant enhancement in selectivity com-
pared to the previous ones. These selectivity values, along with the corresponding experimental

ee results, are presented as the major:minor ratio, in Figure 4.17.

major: minor

conhzcomp 71.2:28.8

exp 62.5:37.5

comp 53.1:46.9

conhph™ o 69.0:31.0
comp 92.4:07.6
conhph-pno2 exp 76.0:24.0
comp 92.5:07.5
conhph-obr oxp 82.0:18.0

Figure 4.17. Computational and experimental major:minor ratios for, top to bottom,
cat conh2, cat conhph, cat conhph-no2 and cat conhph-obr.

Comparing the experimental and the computational data, a better agreement than in the
first set of catalysts is observed, despite the low %ee values obtained for the first two cata-
lysts, cat conh2 and cat conhph. From the computational results, it can be seen how the
most stable TS gradually changes from T'Sg under the presence of cat conh2 (42.4%ee R)
to T'Sg when cat _conhph-pno2 (84.8%ee S) or cat conhph-obr (85.0%ee S) are consid-
ered, obtaining almost a racemic mixture with cat conhph (6.2%ee S). This behaviour was
also observed experimentally, presenting very low selectivities for cat _conh2 (25.0%ee) and
cat__conhph (38.0%ee). However, selectivity values increased up to 52%ee with cat _conhph-
pno2 and 64%ee with cat _conhph-obr, highlighting the importance of combining attractive
NCIs formed with the new anchor point of these catalysts and bulkier groups that create sterical
crashes, favouring one enantiomer over the other.

The 3D structures of the TSs obtained for cat conhph-pno2 (Figure S4.1.2), are observed
to be almost identical to those obtained with cat conhph, with the azlactone located in a
very similar position and establishing the same interactions with the amide. The addition of
the -NO» group to the phenyl ring has increased the acidity of the H atom in the amide and,

therefore, increased the strength of the HBs established with the azlactone. Furthermore, it has
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also increased the acidity of the H atoms in the phenyl ring, which are now acidic enough to
establish a weak, bifurcated, HB with the O atom in the isopropyl ester present in the azlactone
(Figure S4.1.2).

The situation, when looking at the T'Ss with cat conhph-obr, remains similar but, in this
case, due to the bigger size of the Br atom in the phenyl ring, the azlactone presents a greater
displacement and the weak bifurcated HB between the ester and the aromatic ring, present in
the previous catalyst, is not observed.

The results obtained from studying these modified catalysts greatly improved the selectivity
of the reaction, starting from a racemic result in the first catalyst cat ph and getting a 64%ee
with cat _conhph-obr. This improvement is considered a great achievement for a single round
of modifications and it reveals the huge potential of computational rational design of asym-
metric catalysts; however, further improvements of this selectivity have been proven to be a
computational and experimental challenge.

Additionally, when computationally studying these systems, several potential problems that
might be the cause of the lack of selectivity were identified. The first one is the flexibility of these
TSs and the myriad of NCIs that can be established between the catalyst and the reactants. This
makes it particularly difficult to obtain the most stable conformation, representing a challenge
for chemical intuition and resulting in biased results.

It was also observed that, as the reaction proceeds and the negative charge from O in the
phenolate to O in the azlactone (Scheme 4.7) forming the intermediate, Int1, the binding mode
changes and the interactions between the catalysts and the reactants change, establishing new
NCIs that might affect the global stability of the reaction or even mean that the first step of

the reaction is not the only one defining the selectivity of the global mechanism.
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Scheme 4.7.  Suggested movement of electrons and of charge over during the nucleophilic attack
of the phenolate to the azlactone and the ring opening process.

Furthermore, our experimental collaborators observed that traces of the protonated version
of the phenolate (p — nitrophenol) present in the organic phase of the reaction have an effect
on global selectivity, making it necessary to include this species in the computational study of
the reaction.

Finally, racemisation studies are currently being conducted, testing the stability of the in-
termediate and the rate of this process in order to check whether it is the cause of the low

selectivity results obtained experimentally.

4.3.3 Future Work

In view of the current results and given the impossibility of improving the selectivity induced

by these catalysts, the different problems aforementioned will be addressed in the future.
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The most crucial problem, but easiest to address, is the obtention of the most stable con-
former of each TS studied. A workflow that automates this search and explores different possi-
bilities, along with different reaction paths, will be implemented, not only facilitating the process
but eliminating most of the human input and the consequent bias.

It was also observed how, as the reaction proceeds, the negative charge, originally located
in the phenolate, moves around the system at the different stages of the reaction (Scheme 4.7),
modifying the strength of the different intermolecular NCIs between the reactants and the
catalyst and even breaking the different HBs established, completely changing the binding mode.
It is possible that this change in the binding mode has crucial effects on the global process and,
therefore, the different possibilities must be studied. Additionally, further steps of the reaction
will be studied, attending to these different BMs, aiming to analyse if any of them has a negative
effect on the selectivity of the catalyst.

Finally, the ring-opening step of the reaction, after Intl, increases the flexibility of the
molecule and, particularly, the chiral C atom of the azlactone; potentially allowing the partial
racemisation of the structure and consequently decreasing the overall selectivity of the process.
The racemisation barrier of this intermediate product will be computationally studied and ex-
perimental racemisation studies will be conducted, testing the stability of the intermediate and
its racemisation rate.

In addition to the study of the aforementioned problems, a new set of catalysts was designed
due to the observation of the new bifurcated HB between the phenyl ring of the phenylamide
and the O atom in isopropyl ester within the azlactone. modifying the current catalyst and
increasing the flexibility of the different phenylamide substituents, replacing the phenyl ring

with a cyclohexane ring with an extra phenylamide in ortho position (Figure 4.18).

N H N/,"O“\\N H

Figure 4.18. New modified catalysts for future studies: cat conhc6conhph-rr and
cat conhc6 conhph-ss.

These catalysts will be computationally and experimentally studied, evaluating how a more
flexible substituent will affect the stability of the different T'Ss and also the possibility of rein-
forcing that extra HB between the catalyst and the isopropyl ester of the azlactone by adding a
third strong HB-donor to the system, like the new phenylamide.

However, the remarkable flexibility of these new catalysts makes imperative the development
of the systematic and automatic workflow aforementioned and, consequently, these catalysts will

be studied once the workflow is fully optimised.
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4.4 Conclusions

A theoretical study of the generation of bis-protected amino acids in the presence of different
cinchona-based catalysts was performed.

A conformational analysis was performed on all the reactants and catalysts under study to
obtain the most stable conformers and their relative stabilities; followed by the study of the
different complexes that can be formed between the catalyst and these reactants, observing
that, as expected for a PTC system, the complex between the catalyst and the phenolate (cat-
phenolate) is more stable than the complex between the catalyst and the azlactone (cat-
azlactone).

Once the isolated catalysts and reactants were analysed and the most stable complex was
determined, the first step of the reaction, the nucleophilic attack of p-nitrophenolate to azlactone
1, was computationally studied in the presence of a first set of catalysts, and the results were
compared with the experimental results obtained by our collaborators. Very low ee values
were obtained both computationally and experimentally for cat _ph (3.8%eecom;p and 0%eecqp)
and cat anthra (44.4%eecomp and 0%eeq,,) and a considerable disagreement between the
computational and the experimental selectivities was observed for cat cf3 (96.6%e€€comp and
16%¢e€erp) and cat _tbu (87.0%eecomp and 20.0%eecqp).

The poor selectivity of these catalysts was found to be caused by the lack of interactions
between the catalyst and azlactone, which did not establish any relevant NCI that creates a
relevant difference between the TS of each enantiomer of the azlactone. However, a very weak
but promising, bifurcated HB between the azlactone and the aromatic ring within the catalyst
was found.

A second set of catalysts was designed based on this finding, aiming to enhance the interac-
tions between the catalyst and the azlactone, substituting the aromatic rings with two different
amides (cat _conh2 and cat _conhph), introducing a second HB-donor and creating a second
anchoring point in the structure.

Incorporating this additional binding site into the structure expands the range of potential
binding modes, necessitating a comparative analysis of their characteristics, the strength of
HBs they can form with each reactant and their respective relative stabilities to discern their
importance in the reaction mechanism. The MEP of the catalysts, the different cat-phenolate
complexes and the different possibilities for the T'Ss were studied, obtaining the definite binding
mode with the phenolate establishing a HB in the OH position and the azlactone in the NH
position.

The selectivity of these catalysts was computationally studied, highlighting the importance
of this new anchor point in the holding of azlactone, creating structural differences between the
two enantiomeric T'Ss. Two additional catalysts were designed based on these results to study the
effect of increasing the acidity of the new anchor point by adding an EWG group (cat conhph-
pno2) and the effect of combining this attractive HB with sterical hindrance (cat conhph-
obr). The computational ee values obtained ranged from low (6.2%ee) to moderate (91%ee),
without reaching a perfect selectivity but greatly improving the results obtained by the previous
set of catalysts.

Our collaborators also studied this new set of four catalysts experimentally, obtaining sim-

ilar results to those obtained computationally (25%ee-64%ee), highlighting the importance of
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computational studies in the early stages of the catalyst design to perform efficient modifications

based on the mechanistic and structural insight obtained.
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5 | Computational Design: Transition
State Studies, Enantioselectivity Cal-

culations, and Workflow Automa-

tisation.
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5.1 Introduction

In the preceding chapter, the intricate nature of asymmetric catalysis emerged as a focal point
in contemporary organic and computational chemistry.! As a result, the development of new,
selective, and more efficient strategies for the design of chiral catalysts remains an important
factor, to enable advancement and to drive this sector into the future.?

Although the field of asymmetric organocatalysis is continuously expanding and has grown
significantly in recent times, the ability to elucidate the mechanistic details of these types of
reactions has failed to keep pace. Traditionally, experimental screening has been one of the most
common methods employed in catalyst design, prioritising brute force over rational design. Nev-
ertheless, over the past two decades, it has become evident that computational methods represent
a more economical approach toward the investigation of large chemical systems with satisfactory
accuracy due to increasing calculation capacity and the development of new techniques. The
advantages of the application of computational methods to challenging chemical transforma-
tions are clear; not only can the mechanism of different ’real-world’ reactions be investigated,
but predicting and guiding novel experimental discoveries has also become a possibility.>

Despite all these advantages, computational chemistry has been used as a retrospective
tool* during the last decade. It has supported experiments and explained the origin of the most
selective catalyst, but it has often overlooked the predictive potential inherent in computational
studies.> 12 However, this trend has gradually shifted in recent years, due to the development of
computational power and and the establishment of a better balance between cost and accuracy.
This shift has placed computational studies at the forefront of the design process, harnessing
the predictive capabilities of computational chemistry. This new paradigm has redefined the
role of computational chemistry, making it a prospective tool. It now possesses the ability to
accurately predict the activity of the catalyst, making the catalyst design process more cost-

effective and environmentally friendly.

Rational Design =0 Automated Design
QM-based = - Software-based
Molecular-level ' Predicted models # Iﬁ

Straightforward fashion High-throughput fashion ===

In Silico

CATALYST
DESIGN

Machine Learning
Data statistical methods
Correlation models
Descriptors

Figure 5.1. Three different approaches for computationally-led organocatalyst design.

For that reason, developing new techniques to improve the accuracy and produce near-
instantaneous predictions is paramount in the present research. Furthermore, de novo design of
effective and efficient catalysts for different types of reactions in silico remains a hopeful future
objective, and, by extension, computational methods now not only predict but also design highly
effective analogues of established catalysts.

Several designing strategies, depicted in Figure 5.1, have been followed in the past aiming to
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obtain an optimal catalyst with the ability to accelerate a desired organic reaction or the ability
to control its selectivity: screening an existing catalyst library; producing modified derivatives
of well-known catalysts, and testing the activity of the newly designed molecules; rationally
designing a completely new catalyst. Computational chemistry emerges as a versatile means of
achieving these objectives within reasonable time frames.

As computational chemistry assumes a leadership role in asymmetric organocatalyst design,
three primary strategies have emerged: rational design, software-aided automated design, and
ML-aided design (Figure 5.1).

Rational design of catalysts (Figure 5.2 a), involves an initial computational study of the
reaction, obtaining detailed information on its mechanism in the presence of the selected catalyst.
This is followed by the rational design of the catalyst, with the catalyst modified according to
the information obtained from the previous study and with a clear objective in mind, improving
the catalyst. Once a qualitative change has been achieved, the new catalyst is experimentally
validated, starting an iterative process in which the catalysts are computationally refined and

experimentally validated until good selectivities are achieved.

This rational design approach has been successfully used in numerous studies to optimise

different catalytic processes in the past.!4 2!
a) . .
Detailed Rational Experimental Optimised
computational Design validation catalyst
study
b)
Automatised Computational Experimental Optimised
catalyst comp. study validation catalyst
testing
c)
Database Model Activity Experimental Optimised
collection training prediction validation catalyst

Figure 5.2. General workflow of the different design approaches. a) Rational design, b) auto-
matic design and c¢) ML design.

In the framework of the automated in silico design (Figure 5.2 b), virtual screening method-
ologies are applied to an initial library of compounds, estimating their catalytic properties and
obtaining the most promising scaffolds for the selected reaction. This approach involves an
iterative cycle of computational optimisation and experimental validation to yield an optimal
catalyst.

The primary distinction between these two approaches lies in the fact that, in the first
case, the scaffold of the catalyst is known from the outset while, in the automatic design,
it must be identified through initial screening. Additionally, the optimisation process in the

automatic design is usually performed using the tools included in different software packages
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like the Asymmetric Catalyst Evaluation (ACE) software,?? the Automated Reaction Optimiser
for New Catalysts (AARON)?3 package, amongst many others.!®24726 Several catalyst design
processes have efficiently benefited from this approach, optimising different catalysts.32731
Finally, the last design approach is the ML-aided design and is extremely broad, since the
design of catalysts can benefit from any of the different branches of ML methods and molecular
representations. Given its breadth, this discussion will focus solely on the design of catalysts
based on molecular descriptors, which is the most common approach. In this approach (Fig-
ure 5.2 ¢), an in silico library of molecules and potential catalysts is constructed, followed by

32-39 along with their corre-

the calculation of the corresponding, robust, chemical descriptors,
sponding activities, either experimental or theoretical. All the collected data are separated into
a training and a testing dataset and used to train and validate the selected model. Once the
model is trained and optimised, the activities of different catalysts and their corresponding mod-
ifications can be predicted, followed by the optimisation and experimental validation of their
results.

These workflows encounter a bottleneck that hinders efficiency and delays the entire process:
the retention of the most stable T'S. Traditionally, as demonstrated in the previous chapter, these
TSs were manually constructed, using the chemical intuition and data from the NCIs established
in the different complexes studied to place the reactants in the correct binding mode. However,
this manual process can yield biased results, considering the flexibility of the systems and the
myriad of NCIs that can be established, making it extremely challenging to find the most stable
conformer for the TS leading to each enantiomer.

One potential solution to this problem is the manual addition of several conformations of
those TSs, attempting to cover different relevant possibilities. However, due to the flexibility
and complexity of these catalysts, creating different conformations that are physically accessible
and different from each other can be intricate and laborious. Additionally, this is inefficient and
may still result in a biased outcome, potentially failing to identify all the relevant conformations
of the TS for each enantiomer.

Therefore, the objective of this chapter is to develop an efficient and automatic workflow
to accurately describe the possible TSs of a given catalyst, taking advantage of different tools
explored in previous chapters of this thesis to predict their selectivity in the most unbiased and

efficient manner possible.
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5.2 Computational Details

5.2.1 Workflow

The workflow designed for the automatic generation of different conformations of the TSs in-
volved in the reaction and the calculation of the corresponding ee is presented in Figure 5.3. It
is noteworthy to mention that, in parallel to the development of this study, a similar workflow
was published by Grimme et al., leveraging the various tools developed by their research group
in order to efficiently calculate the free energies of ensembles of non-rigid molecules.*°

The workflow comprises four distinct stages: the construction of the initial 3D TS struc-
ture, the constrained conformational analysis of these TSs, a cyclic stage involving comparison,
clusterisation and filtration and reoptimisation, and finally, the calculation of the ee of the

process.

Filtration

In|t|al TSs REST RMSD matrix Enant osFI{actlwty
conformer generation culati

Figure 5.3. TS optimisation workflow scheme.

A set of non-interchangeable TSs, differing for each enantiomer of the azlactone, was con-
structed to encompass the nucleophilic attack (p-nitrophenolate) from both faces in each enan-
tiomer (Figure 5.4 left). The binding mode was selected based on the results discussed in the
previous chapter, locating the p-nitrophenolate anchored to the OH position in the catalyst and
the azlactone establishing the HB in the NH position.

0O Path B

( u - /©/Oo_
/ 2 )KNK\O

Figure 5.4. Nucleophilic attack to the azlactone from the two different faces, left, and interac-
tions and distances fixed in the different orientations of the binding mode used as input, right.

Path A

T,4143 at the semiem-

A conformational analysis of these TSs was performed using CRES
pirical GEN2-xTB level, implemented in the xTB package.** The binding mode and the NCIs
between the catalyst and the reactants was fixed by constraining the movement of the reaction
coordinate and the HB established between them and the catalysts (Figure 5.4 right). The
distance for the different HB and the reaction coordinate were fixed to the distance obtained

from a previously optimised TS for each particular case.
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The structures were optimised at the M062X /6-31g(d)***" computational level and solvent
effects (toluene) were included in the optimization by means of a continuum method, the Solva-
tion Model based on solute electron Density (SMD) approach.*® The calculations were performed
using Gaussian16.%?

The initial structures and all the generated conformers for each of them can be found in
Table S5.1 and S5.2. The use of metadynamics to generate the TS ensemble ensures that all the
generated conformers are physically accessible for that particular binding mode.

All the conformers obtained from the conformational analysis were extracted and used as
the initial input for the filtration and reoptimisation iterative cycle. The first step of the cycle
involves calculating the RMSD?® between all the possible pairs of conformers originating from
the same initial structure, creating the corresponding RMSD matrix. The RMSD threshold was
automatically determined to obtain the desired Nyemaining most structurally different conformers
in each case. The number of remaining conformers, Nyemaining, Was set to achieve a manageable
number of conformers depending on the level of theory used in each cycle. Finally, the remaining
conformers were reoptimised at a higher level of theory in each iteration, gradually increasing
the accuracy of the calculations.

This stage of the workflow involves three of these filtration and reoptimisation cycles, each

characterised by specific thresholds and computational details:
Cycle 1:

® Nyemaining = 15 for each individual TS (Nyemaining = 60 total).
e b3lyp/3-21g 464751 gas phase
e Fixed reaction coordinate

Cycle 2:
® Niemaining = 7 for each individual TS (Nyemaining = 24 total).
e m06-2x/6-31g(d),*® Toluene, Polarizable continuum model (PCM)>? solvent model
e Fixed reaction coordinate

Cycle 3:
® Niemaining = 4 for each individual TS (Nyemaining = 16 total).
e m06-2x/6-31g(d), Toluene, PCM solvent model
e Unfix reaction coordinate

Harmonic frequencies were calculated at all levels of theory to ensure that the obtained
structure corresponds to the desired saddle point. All the optimisations were calculated using
the Gaussian09 software.®® The reoptimised structures at each level can be found in Table S5.3.

The obtained free energies (G) at the highest level of theory were used to calculate the

selectivity of the catalyst, ee.
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5.2.2 Enantioselectivity Calculation

Calculating the theoretical enantioselectivity of a reaction has been a widely discussed topic in
the computational chemistry community. Various methods have been developed over the years,

54-56
?

depending on the number of T'Ss and reaction paths taken into account all of which operate

t57

under Curtin-Hammet®’ conditions.

1.4 calculates

The first option, used in the previous chapter and described by Schneebeli et a
the selectivity of the process based on the difference in energy between the most stable TS
leading to each enantiomer, expressed as AAGH = AGiR — Gi, with the ee calculated as the

ratio between the rate constants (Equation 1).

II?; _ o~AAGH/RT (1)

When the reaction rate is significantly slower than the TS conformational interconversion
rate, the obtained conformers represent an ensemble of physically accessible and interchangeable
conformers. In such situations, the selectivity of the process must be calculated using the average

free energy, Gaverage, of each TS, as described by Grimme et al.%® (Eq. 2)
Nrg
G(jiverage = ijGj—' (2)
J
where p; (3) is the population of the different TS leading to each enantiomer

1
o —AGY/RT

(3)

b; = T
Nrs —AGE
> e T /RT
subsequently, the ratio between the constants can be calculated using the average free energy
of each enantiomer (Eq. 4), similarly to the previous method.

K
KR _ ~AAGhicrage/RT (4)

Ks
However, when the different conformers of the TS leading to each enantiomer are not inter-
convertible, multiple reaction paths must be taken into account. In such a scenario, the different
paths must be treated separately, as described by Williams in his work.
In this context, the individual rate constants, Kr and Kg, must be calculated individually
as the sum of the individual rate constants leading to each enantiomer (Eq. 5).
Kr Z;V?S efAAGi.’R/RT

Ks Z{Vﬁs o —AAG] o /RT
J

()

The accurate description of this reaction requires considering the nucleophilic attack from
both faces of the azlactone, resulting in two different reaction paths which T'Ss are non-interconvertible,
similarly to the situation described earlier (Eq. 5). However, the flexibility of the reactants also
makes it necessary to generate a conformational ensemble of each of the TS in order to obtain
an accurate description of the process.

A schematic representation of the PES for the different reaction paths and TSs can be

found in Figure 5.5. Two distinct paths are considered for each enantiomer of the azlactone,
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corresponding to the nucleophilic attack in the different faces. A conformational ensemble for

each of the TS is calculated using the workflow aforementioned.

TS Path B, S

TS Path B, R

EC
Int1 patha, s

Int1
Path B, S Int1 path A, R

Int1 path g, R

« v A4 >

Figure 5.5. Schematic Potential Energy Surface representing the assumptions done for the
study of these reaction. Two different reactions path for each enantiomer of the azlactone and
a conformational ensemble for each TS under study.

Therefore, the enantioselectivity of the process is calculated as the sum of the individual
reaction rates for each path (Eq. 5) using the average free energy, AGaverage (Eq. 2, of the
different TSs. This yields equation 6.

KR Zjvﬁs 6_AAGiverage,j,R

KS ZN’II?S e_AAGIiz’ue'rage,j,S/RT
J

/RT
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5.3 Results and Discussion

5.3.1 Conformer Generation

Developing an efficient workflow to automatically obtain a high-level conformational ensemble
that accurately describes the possible T'Ss involved in a reaction and finds all the representative
conformations of those TSs requires, as expected, fine-tuning and testing to make the most of
it.

This testing must be conducted using systems that have been analysed in detail, using their
results as a reference for evaluating the different steps of the workflow. The selected system
should be as complete and complex as possible, pushing the limits of the workflow.

In the previous chapter, several catalysts with different functional groups that established
a myriad of NCIs were detailed studied. Among all the catalysts investigated, cat conhph
not only presents some of the most interesting NClIs but also has been thoroughly studied from
both the structural and energetic perspectives. For these reasons, cat conhph is the perfect
candidate to tune and test the workflow developed in this project.

As it was shown in Figure 5.4, the nucleophilic attack of the enolate can occur from both
faces of the azlactone. The two different faces are named Opqer and Oj,ont based on the relative
position of the O atom within the azlactone cycle with respect to the catalyst. Considering
the chiral nature of azlactone, which is racemic before the reaction, four situations must be
considered: Azlactone R enantiomer attacked from face Opger (R Opack), Azlactone R enan-
tiomer attacked from face Ofront (R Ogront), azlactone S enantiomer attacked from face Opger

(S Opack) and azlactone S enantiomer attacked from face Ofpont (S Ofront) (Figure 5.6).

Q.
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R Ofront R Oback S Ofront S Oback

Figure 5.6. Binding modes considered for the study. From left to right R Opger, R O front,
S Obacka S Ofront-

The conformational analysis of the optimised TS structures was performed, generating an
ensemble for each of them (see computational details). The aligned 3D structures of each of the
TS ensembles as well as the number of generated conformers can be found in Figure 5.7.

When examining the results, it is surprising to observe the significant disparity in the number
of generated conformers among the different TSs. The largest TSc,sempie 15 S O front, formed
by 2105 conformers; followed by the R Of;.ont ensemble, formed by 194 conformers. Finally, the
two smallest ensembles are R Opger and S Opger, formed by 86 and 85 conformers, respectively.

Given that the only difference among the four TSs under study is the chirality and ori-
entation of the azlactone, one would expect to obtain similar-sized conformational ensembles
in all the cases. However, upon closer inspection, it becomes evident that the smallest en-

sembles correspond to the TS with the azlactone in back position; leaving the biggest group,
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o-tetrachloromethoxycarbonyl, located between the quinuclidine ring and the benzamide sub-
stituent, significantly limiting its flexibility. In contrast, the TSs generated with the azlactone
in front position produce many more conformers due to reduced steric hindrance between the
aforementioned group of the azlactone and the catalyst. This absence of repulsive interactions
is particularly noticeable in the S Opger TSensempie, Where the azlactone can adopt almost any

possible conformation.

B R Opack (86) EE R Ofront (194) B S Opack (85) B S Ofont (2105)

Figure 5.7. Conformational ensembles generated by CREST. From left to right R Opger,
R Ofronty S Obackv S Ofront-

The flexibility of the generated ensembles is also reflected in the number of positions where
the enolate can be found and the different conformations that the catalyst adopts within them.
When visualising the same aligned 3D structures with the azlactone hidden (Figure S5.1), it can
be seen that the R Opqer, ensemble presents an almost perfect catalyst and enolate overlap in all
the conformers, keeping the enolate establishing a 7-7 interaction with the catalyst throughout;
suggesting a very rigid ensemble. As the flexibility of the system increases, the catalyst can
adopt different conformations and the enolate can be found in a few different positions. For
example, in the S Opecr ensemble, the enolate establishes a m-7 interaction not only with the
catalysts but also with the phenyl ring of the azlactone when it is pointing downward. In both
ensembles with the azlactone in front position, both the catalyst and the enolate can be found in
numerous conformations and locations. Particularly in the S Oy, ensemble, both the catalyst
and the enolate are located in dozens of intermediate structures, contrasting with the previous

ensembles where they were grouped in a reduced number and well-aligned positions.

5.3.2 Conformer Filtration and Selection

After generating the conformational ensembles, they need to be filtered to obtain a manageable
sample that will be reoptimised at a higher theory level, since reoptimising 2470 TS conformers
at any DFT level would not be feasible. As explained in the computational details section, the
RMSD between each pair of conformers was calculated, and then a threshold was applied in
order to retain a certain number of conformers. However, two different approaches can be taken
for this filtration: the four different TS ensembles can be grouped in a bigger ensemble and
then calculate the RMSD of all the possible pairs, obtaining a larger RMSD matrix to which
apply the threshold; or the four different ensembles can be treated individually, resulting in four
RMSD matrices.
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The first approach selects the N most different structures among all the generated conform-
ers, prioritising geometry diversity over equal representation of the different T'Ss. On the other
hand, the second approach generates an even distribution of the four different T'Ss, assuring that
each of them will be adequately described. Both approaches were tested in order to evaluate
which one more accurately describes the reaction.

As described in the computational section, the number of remaining conformers in both cases
was set t0 Nyemaining = 60 for this first selection. The two filtering processes produce completely
different outcomes, and the remaining conformers of each procedure, grouped by orientation can

be found in Figure 5.8.

(a) Remaining TS conformers after RMSD filtration of all the generated conformers together. Grouped
by binding mode, left to right: R Opaer (2), R Ofront (6), S Opack (2) and S Ofpont (50).

(b) Remaining TS conformers after RMSD filtration of the individual conformer ensembles generated.
Grouped by binding mode, left to right: R Opecr (15), R Ofront (15), S Opacr (15) and S Ofrons (15).

Figure 5.8. Remaining conformers after RMSD filtration using different procedures. a) Filtered
together, b) filtered separately.

When all the generated conformers are compared together (5.8a), the number of remaining
conformers is completely uneven, obtaining only 2 conformers for R Opger, and S Opger, 10 for
R O¢ront and 50 for S Ofpons. This filtering method maintains a similar ratio between the
number of conformers in each binding mode and the total of conformers before and after the
filtration. Before filtering, the conformers R Opger, and S Opger Tepresent 3.5% of the total
conformers each, R O fpont represents a 7.9% and S O fyont represents the remaining 85% of the
conformers. After the filtration process, the first two binding modes resent a 3.3% of the total
conformers each, the ratio of R Oypont slightly increases to 10% and the largest ensemble now
represents a 83.0%.

This uneven distribution could pose several problems. When the four are combined and
placed one after the other, the conformers are no longer sorted by energy in ascending order.

Consequently, it cannot be ensured that the most stable conformer of each binding mode re-
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mains after the filtration. Even if the conformers forming the large ensemble were sorted by
energy to ensure the inclusion of the most stable conformer generated by CREST, regardless
of the ensemble size, two conformers would not be enough for describing the TS accurately.
Additionally, as determined in the first chapter, CREST is not particularly adept at identifying
the most stable conformer of a system, as it tends to overestimate certain NClIs, such as 71
interactions, which are crucial in these systems. Therefore, larger and more diverse conformer
ensembles are preferred for an accurate analysis of these systems.

When the four TS, sempie are filtered separately instead of all together, the same number of
remaining conformers is obtained for each of the binding modes (5.8b). This even distribution
of conformers allows a more detailed study of the different binding modes as fewer potentially
important conformers of each TS are lost along the way. The difference in the ensembles of
remaining conformers is particularly important in the ROpqer and S Opger since they are formed
by 15 conformers, compared to only 2 in the previous example. Despite being much larger,
the observed ensemble in R Op,er does not change excessively due to the rigidity of the system
and the similarity of the generated conformers. However, the observed change in the S O front
ensemble is significant because the generated conformers are much more diverse, and only two
of them remained in the previous situation. The situation of the R Opon: ensemble remains
similar to the previous one, with the addition of some extra conformers that will help describe
the T'S more accurately. Finally, the most substantial change in terms of the absolute number of
conformers is the S Oy,,, ensemble, which was reduced from 50 conformers to 15 in this second
filtration. However, as mentioned earlier, many of these conformers represent intermediate
situations between stable conformers. Therefore, when reoptimised at a higher level, they will
collapse in the same conformation.

Additionally, since the individual ensembles are sorted by energy in ascending order, this
method ensures that the most stable one at this optimisation level is included. This is not
particularly important during the first filtration process due to the limited prediction capacity
of CREST, but it becomes crucial in the subsequent steps to avoid losing the most stable TS
conformer in each case.

In conclusion, the analysis conducted underscores the advantages of separate filtering of the

individual TS ensembles rather than adopting a grouped filtration approach.

5.3.3 Reoptimisation Cycles

After determining that the best way to filter the different T'S¢psempies 18 by treating each one
of them separately, these ensembles can be introduced in the iterative cycle of reoptimisation
and filtration (Figure 5.3) to reduce their size and increase the level of theory at which they
are optimised. This is the step of the workflow in which more parameters can be tweaked to
optimise the process: the number of cycles, the number of conformers in each cycle, the level of
theory of the different cycles and where the calculations are relaxed, fixed of single points.

In an ideal situation with unlimited resources and instantaneous calculations, all the con-
formers would be studied at the highest level of theory, describing the ensembles as accurately
as possible and minimising the error at calculating the ee. However, since computational power
is not limitless and the cost of quantum calculations grows exponentially with the level of theory
and size of the basis set, these parameters must be optimised to obtain a good description of the

TSensempie at the highest level of theory using a reasonable amount of computational resources
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- the limiting factor.

Considering that each round of this cycle implies the reoptimisation of different conformers,
a large number of cycles would considerably increase the computational time required. However,
if the number of cycles is too low, some of the most stable conformers of the TS- key for an
accurate calculation of the ee- could be lost due to the incorrect description of their relative
stabilities.

Based on our previous experience working with conformational ensembles, as demonstrated
in Chapter 1, and optimising similar T'Ss, as illustrated in Chapter 4, it was decided to establish
three reoptimisation cycles, starting with Neop formers = 60 at the lowest DEF'T level and finishing
with Neonformers = 16 at the highest one. The level of theory was increased from b3lyp/3-21g
in the gas phase for the first cycle to m06-2x,/6-31(d) including a solvent model (PCM, toluene),
which is a standard level of theory for this kind of system and similar to the one used in the
previous chapter. Additionally, the reaction distance was fixed for the first two rounds of the

cycle, greatly decreasing the computational time of the optimisation.
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Figure 5.9. Top: aligned 3D conformers of cat _conhph generated from R Opqc, starting point
at the different theory levels of each reoptimisation cycle. Bottom: Population and cumulative
population of the different conformers. Structures marked with * are not optimised, only filtered.

These selected parameters were applied to all four TS, sempies generated for cat conhph,
resulting in a smaller and higher-quality ensemble with each iteration. The aligned 3D structures
can be seen in Figure 5.9-top and S5.2. In addition to the 3D structures, the individual popu-
lation of each conformer and their cumulative population were calculated to assess the relative
importance of each conformer. The results are plotted and can be found in Figure 5.9-bottom
and S5.3.

In terms of conformational possibilities covered at each level, from the 3D structures (Fig-
ure 5.9 top and S5.2), it is noticeable that, since the filtration method used maximises the RMSD
between the conformer pairs, the most different structures remain after each cycle. This ensures
the best and most diverse representation of the conformational space at each step. However, it

does not ensure that all studied conformers are relevant to the accurate description of T'S¢,sembie
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or even their energetic accessibility.

For instance, when examining the populations of each conformer and their growth at each
round of the cycle (Figure 5.9 bottom and S5.3), one can observe significant changes in the
situation. At the CREST level, the population grows smoothly with the number of conformers,
providing a good and even representation of the conformational space. However, this situation
changes dramatically with the first round of the reoptimisation cycle, where most of the conform-
ers become irrelevant (Population < 1%). The population growth is particularly pronounced
for the R Ofpons and S Opger, binding modes, where the first conformer already represents the
99.7% and 99.9%, respectively.

Interestingly, the inclusion of the PCM solvent model in the second round of the cycle,
resulted in a change of this situation for some of the binding modes, revealing a smoother
growth at the lower-energy conformers (R Opger, and S Opger;)-

Unfortunately, the unfixed optimisation of the different TSs is not finished yet and only the
selected, not reoptimised, structures can be shown.

These changes in the relative stability of different conformers might also modify which one is
the most stable conformer at each stage. This would not be surprising for the first round since,
as observed in the first chapter, CREST does not excel at predicting the most stable conformers

in these types of systems.

Figure 5.10. Most stable conformer at each round of the reoptimisation cycle. Left to right
R Opacks R Ofronts S Opaer and S Ofpont. Each round is represented in a different colour:
CREST in red, fixed b3lyp/3-21g in the gas phase in orange and fixed m06-2x/6-31g(d) in
toluene in green.

When examining the aligned 3D structures of the most stable conformers at each level
(Figure 5.10 and S5.4), it can be seen that, as expected, the most stable conformer at the CREST
level does not correspond to the most stable conformer at any of the DFT levels in most cases.
Surprisingly, significant changes can be observed between the most stable conformers at different
DFT levels of theory. In the binding mode R Of,qy; it is evident how the conformation of the
catalyst undergoes a complete transformation when transitioning from CREST to fixed DFT
structures, leading to a significant alteration in the orientation of the phenylamide substituent.

Another observed effect is the changes induced by the solvent model. In the S Opger, and
S Ojfront binding modes, it can be observed that the most stable conformer in the gas phase
(orange) does not align with the most stable one when the solvent model is considered (green).

These significant changes in the global stability of the system and the relative population
of each conformer are expected to have a dramatic impact on the calculated ee at each of
the theoretical levels. When the selectivity of the catalyst is calculated at each of these levels

(Figure 5.11) using equation 6, it can be observed how the results completely differ from those
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found in the previous chapter, where only one TS was considered for each enantiomer.

Y%ee
Experimental 38.0%
DFTchap4
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DFTfix, m062x/6 — 31g(d) (toluene) 37.8%

DFTunfix, mo62x/6 — 31g(d) (toluene) -

Figure 5.11. Experimental and theoretical major:minor ratio and ee values at the different
levels of theory.

The differences between the experimental selectivity and the calculated one decrease as the
level of theory increases, obtaining a perfect match between them already at the DF'T iz, high
level of theory.

It can also be observed how the agreement between the experimental and the computational
ee is significantly better than the one obtained in the previous chapter, where only one TS
was considered for each of the enantiomers. Furthermore, upon closer examination, it becomes
apparent that the major enantiomer obtained in the previous chapter (DFTgpqp4) corresponds
to the S enantiomer, whereas the one obtained at the highest level of theory using the new
workflow is the R enantiomer. These contrasting results highlight the importance of exploring
the conformational space of the T'S and considering all the different possibilities.

It also highlights how computational results may exhibit bias when constructing TS based
solely on chemical intuition, overlooking alternative possibilities and yielding inaccurate results

that may coincidentally align, to varying degrees, with experimental findings by pure chance.

5.3.4 Future Work

The obtained results from the initial parameterization of the automated workflow for studying
flexible organocatalyst transition states (TSs) suggest several promising directions for future
exploration and refinement.

This investigation has laid the foundation for a more in-depth exploration and refinement
of all the parameters involved in each level, as well as various algorithms for the filtration and
selection of the relevant conformers from the TS, sempie at each level of theory.

One notable observation was that filtering and selecting the remaining conformers by means
of RMSD alone leads to smaller and very diverse ensembles, in which only one or two of the
conformers are mathematically relevant for the final average energy Gaperage 0f the ensemble.

To address this issue two different approaches will be considered:

1. Incorporating an energy threshold (0Gj,qz) into the filtration algorithm before calculat-
ing the RMSD matrix. This step would exclude conformers from the ensemble whose

population is smaller than 1%.

2. Implementing a dimensionality reduction and clustering algorithm that considers both the
RMSD and §G between each pair of conformers, similar to the one presented in Chapter 1.
This approach involves selecting conformers from the different clusters to avoid redundant

conformers, especially in those T'Ss with a more rigid structure.
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However, as was observed in this chapter and Chapter 1, the relative energies extracted from
the CREST conformational analysis are not trustworthy, as some of the present NCIs in these
systems are overestimated. This leads to a failure in predicting the most stable conformers and
their relative importance to the ensemble. This lack of confidence in the preliminary results
is particularly important if an energy threshold, 0G4, is implemented to the first conformed
filtration. This implementation could result in the loss of some conformers that become very
relevant to the ensemble at higher levels of theory. To address this issue, an intermediate stage
will be added to the workflow, performing a single point DFT calculation at the lowest DFT
level, prior to the filtration. This addition aims to increase the accuracy of the relative energies
of the conformers, preventing issues during their consideration in subsequent filtration processes.

Finally, it was observed that, with the current number of reoptimisaiton cycles and the
number of remaining conformers in each cycle, the change in the total number of conformers
between the first and the second stage was very abrupt. It descended from 2470 to 60 conformers
in one step, thereby losing many conformers that might be relevant at higher levels of theory.
A different number of cycles will be tested, with a different number of conformers at each one
in order to obtain a smoother narrowing process of the different TS.nsemble under study. This
adjustment will be made according to the ensemble size in each case and the corresponding level

of theory.
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5.4 Conclusions

A new workflow for the automatic and accurate calculation of computational enantioselectivities
in organocatalytic reactions was developed. The workflow thoroughly analyses the different T'Ss
responsible for the selectivity by performing a conformational analysis of the initial structure
used as input, representing the different reaction paths and binding modes involved.

Despite not being fully optimised yet, this workflow has demonstrated promising potential in
calculating the ee of a reaction, matching with experimental results even without reaching the
highest level of theory employed. It has also underscored the potential bias in results when rely-
ing solely on chemical intuition in flexible systems where numerous NCIs contribute to stability.
As exemplified in the optimisation case study, cat conhph, discussed in the previous chapter,
this workflow not only achieved higher agreement between eecqzperimental @a0d €€computationat, but
also revealed that the most favoured enantiomer in this reaction is R enantiomer, contrary to
previous predictions

However, the accurate description of the individual TSs is not the sole advantage of this
workflow. The new method for calculating the ee (Eq. 6), combining the average free energy of
a TSecnsembies Gavemge,55 and accounting for different reaction paths, accessible from the same
EC,%6 allows for an accurate and physically meaningful calculation of the enantioselectivity of
the reaction.

In summary, despite the lack of fine optimisation of the different parameters, the developed
workflow has proven to be efficient at calculating the ee of a given reaction and describing the
TSs involved. This provides an ideal foundation to further study the different NCIs involved in
the process as explored in the previous chapter. The ability to explain the mechanism behind

catalyst selectivity contributes to rationalising the design process for future catalysts.
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In this thesis, various projects related to the rational design of organocatalysts were shown.
The focus was on a shift in paradigm from a retrostpective use of computational and theoretical
chemistry to a prospective approach. This new approach involves conducting computational
studies at the outset, unravelling the mechanism of action of a catalyst, and allowing its rational
modification. This modification is based on facts and not mere chemical intuition, resulting in

improved selectivity.

In the first chapter, an extensive benchmark on different conformational analysis software
packages. These were evaluated based on five criteria to assess different aspects of the con-
formational analysis process. The criteria include the accuracy of each program in finding the
most stable conformer; tunability, accounting for the flexibility of the package in terms of
adjustable parameters and conditions; space exploration, assessing how much of the confor-
mational space of a molecule is explored by each software; and finally, structure accuracy
and energy accuracy, which evaluate the precision of the structures and energies calculated

by each program.

While this project did not yield a definitive answer to the question of the best conformational
package, it does offer valuable insights. There is no universally perfect package, but the project
provides a user guide detailing the strengths and weaknesses of each software. Additionally, it
includes a list of recommendations to assist users in selecting the most suitable package for their

specific needs and workflow.

The following chapter provides a detailed study of the interactions between the most common
cationic PTC catalyst and different anions. Despite being commonly referred to as ion-pair over
the last decades in many studies, these interactions and their nature lacked conclusive evidence
to support such categorisation. Through a comprehensive investigation, it was revealed that the
interactions between different catalysts and anions exist along a spectrum ranging from a pure
HB to a pure ion pair. The different interactions can be divided into charge-assisted HB, HB
assisted ion pair and long-range ion pair and a detailed description of each one of them is
provided, analysing the different NCIs involved and the NBO involved in the interaction. The
primary objective of this project is to establish an appropriate nomenclature for researchers to

use, allowing them to accurately label interactions based on their true nature.

The preliminary studies and concepts explored in the first two chapters found practical ap-
plication in chapter three, where they were applied to a real PTC reaction. The study focused
on exploring the various interactions between different cinchona-based catalysts and commonly
used anions in PTC, along with their interactions with different neutral reactants. The investiga-
tion revealed the definite binding mode between the catalysts and the reactants was determined.
Contrary to previous studies that contemplated a strict ion-pair, it was determined that the cat-
alyst forms a HB with the C N~ anion. In addition to this discovery, three different cyanation
reactions were studied as a proof of concept for the rational design of new and improved cata-
lysts. Various modifications involving both electron-withdrawing (EWG) and electron-donating
(EDG) groups on the catalyst were tested. Based on the studied mechanism and the structural
and energetic data extracted from the different catalysts under study, a modification was ratio-
nally proposed. This modification introduced a second anchor point to the catalyst, resulting
in a significant enhancement of the theoretical enantioselectivities obtained for the first reac-
tion. Additionally, it led to the inversion of enantioselectivities in the other two reactions. This

highlights the remarkable prospective potential of computational chemistry.
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Once the new prospective approach was tested with the three previous reactions, and
the workflow to study reactions under PTC from a computational perspective was established,
a collaboration with an experimental group was initiated to optimise the production of enan-
tiomerically pure bis-protected amino acids using racemic azlactone as the starting point; a novel
reaction that has never been performed before under PTC conditions using cinchona-based cat-
alysts.

Our computational studies led the investigation, unravelling the mechanism of the reaction
and the origin of the selectivity of the process. Similar to the approach in the previous chapter,
the problem of the lack of selectivity was identified. This mechanistic knowledge was used to
propose different modifications to the catalysts, adding a second anchor point that interacts with
the azlactone, holding it in a specific position and favouring the reaction of one of the enan-
tiomers. These modifications were tested experimentally, resulting in a remarkable improvement
from a racemic mixture of products with the first catalysts to a 64%ee, a stunning advancement
for a single round of modifications.

Despite this impressive improvement, the selectivity is not perfect, and further modifications
are currently under study to enhance it even more. Additionally, various aspects of the reaction,
such as the racemisation rate of the product, will be studied to determine whether they affect
the overall selectivity of the reaction.

Another issue identified in the previous chapter is that manually studying different systems,
particularly finding the most stable T'S of each enantiomer, can lead to biased and, therefore,
incorrect results. Considering the structural flexibility of these systems and the myriad of NCIs
that they can establish between the different reactants, finding the most stable combination
presents a challenge. To address this problem, the last chapter of this thesis focuses on the
development of an automatic workflow that minimises human input and automatically explores
the different possible conformers of the TSs. This approach incrementally increases the level
of theory and refines the TS ensemble until the most relevant ones are obtained. It not only
reproduces the experimental results better than the manually constructed TSs but also proves
to be more efficient, using fewer computational resources due to its incremental nature.

In conclusion, this thesis provides several pieces of evidence highlighting the importance of
using computational chemistry prospectively instead of a mere retrospective tool. This contri-
bution supports the paradigm shift, advocating for the incorporation of computational studies
at the beginning of every project. The thesis establishes foundations for future collaborations
with experimental groups based on the rational design of catalysts, led by these computational
studies, and proposes a new and efficient automatic workflow for the study of enantioselective

reactions from a computational perspective.
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