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1. Preface

This thesis is written in a cumulative fashion, with a general introduction chapter, followed by a method
section which covers the methodology used in all the publications contained within this thesis. The
manuscripts of the publications are located in the results and discussion sections. A conclusion
summarises the findings and sets an outlook for future research.
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2. Abstract

The elucidation of reaction mechanisms is a key field of research in computational chemistry. To obtain
an accurate representation of the behaviour of molecules there are two main considerations that need
to be accounted for. Firstly, the computational model, namely the underlying theory used to describe the
system, must be chosen to be as exact as possible. Secondly, the chemical model, which consists of
the molecule under study and the environment surrounding it, must closely mimic the experimental
conditions. This also means that the flexibility and dynamic nature needs to be considered in
mechanistic investigations, particularly for flexible systems. While computational methods have been
steadily improving, allowing for larger systems to be tackled, an improvement in the chemical model is
essential to achieve an operando model of chemical reactions. While full first-principle models are not
feasible yet, within this thesis, we developed tailored multiscale description to capture the reactivity and
reaction mechanism of (transition-)metal containing systems: The first step towards a more precise
model is the generation of solution structures as explicit solvent molecules may participate in reactions
or aids in the stabilization of large molecules. Yet the set-up of such calculations required many manual
steps and expert knowledge. To this end, we developed the PyConSolv package that streamlines the
generation of parameters for MM force-fields for metal- and nonmetal-containing complexes. This tool
allows the exploration of the potential energy surface using MM molecular dynamics (MD) and,
subsequently, the generation of conformers in explicit solvent. It facilitates the description of catalytic
transition-metal complexes which require considerable modelling effort, such as Cu-Calix[8]arene, and
led to more realistic results/structures. The ability to evaluate reactivity in explicit solvent allowed us to
investigate the different reactivity of two Cu-calixa[8]arene stereoisomers and to identify the cause of
the poor catalytic activity of one of them. It also provided an opportunity to evaluate the effect of the
macrocyclic calixarene on the C-N coupling reaction mechanism. In an effort to evaluate the dynamic
effects on the C-N bond formation, we developed a QM/MM MD simulation protocol for evaluation in
explicit solvent. Our study is one of the first to address dynamics in non-aqueous solvent and to achieve
sufficient sampling - it therefore represents a significant step towards mimicking the exact chemical
environment found in experiments. To extract chemically relevant information from the vast simulation
data required a computer-assisted evaluation. To obtain results that can be understood by any chemist,
we turned to interpretable machine learning techniques (such as Lasso, Random Forest, and Logistic
Regression) within a consensus model. Combined with dimensionality reduction methods (PCA, LDA,
and tICA) and a Granger Causality model, we determined and quantified the reaction coordinate for the
C-N coupling reaction when described under experimental conditions, that is at finite temperature and
pressure including dynamics. By demonstrating the advantages of setting up tailored multiscale
approaches for computational chemical investigations, as well as the development of tools to lower the
entry to these methods, we push the chemical model a step closer to a digital twin of the experiment.
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3. Abstract

Die Aufklarung von Reaktionsmechanismen ist ein zentrales Forschungsgebiet der computergestitzten
Chemie. Um eine genaue Darstellung des Verhaltens von Molekilen zu erhalten, miissen zwei
wesentliche Aspekte berucksichtigt werden. Erstens muss das Rechenmodell, d. h. die
zugrundeliegende Theorie zur Beschreibung des Systems, so genau wie moglich gewahlt werden.
Zweitens muss das chemische Modell, bestehend aus dem zu untersuchenden Molekul und seiner
Umgebung, die experimentellen Bedingungen genau nachbilden. Dies hat zur Folge, dass Flexibilitat
und Dynamik bei mechanistischen Untersuchungen, insbesondere bei nicht-rigiden Systemen mit
einbezogen werden mussen. Wahrend die stetige Weiterentwicklung der Berechnungsmethoden
heutzutage die Modellierung groBer Systeme erlaubt, so ist eine Verbesserung des chemischen
Modells ebenso unerlasslich, um ein operando-Modell zur Beschreibung chemischer Reaktionen zu
erhalten. Da umfassende First-Principle-Modelle derzeit noch nicht realisierbar sind, wurden im
Rahmen dieser Doktorarbeit maBgeschneiderte Multiskalenbeschreibungen entwickelt, um Reaktivitat
und Reaktionsmechanismen (Ubergangs-)metallhaltiger Systeme zu charakterisieren: Der erste Schritt
zu einem genaueren Modell ist dabei die Generierung von Strukturen im Losungsmittel, denn explizite
Losungsmittelmolekiile kdnnen an Reaktionen beteiligt sein oder zur Stabilisierung groBer Molekule
beitragen. Die Durchfiihrung solcher Berechnungen erforderte jedoch viele manuelle Schritte und
Expertenwissen. Um dies zu vermeiden, wurde die Software PyConSolv entwickelt, die die
Generierung von MM Kraftfeldparametern fir metall- und nichtmetallhaltige Komplexe vereinfacht.
Dieses Tool ermoglicht nicht nur die Erkundung von potenziellen Energieoberflache mittels MM-
Molekulardynamik (MD), sondern auch die Erzeugung von Konformeren im expliziten Losungsmittel.
Somit kdnnen nun auch fiir groBe katalytische Ubergangsmetallkomplexe, wie z. B. Cu-Calix[8]arene,
effizient realistische Losungsmittelstrukturen erhalten werden. Diese Methodik ermdglicht ebenso die
Untersuchung der unterschiedlichen Reaktivitaten zweier Cu-Calixa[8]aren-Stereoisomere und die
Ermittlung der Faktoren, die zu einer schlechte katalytische Aktivitat von einem der beiden Isomere
fuhrt. Darliber hinaus kann nun bewertet werden, inwiefern das makrozyklische Calixaren den
Reaktionsmechanismus des Cu-Calix[8]aren Katalysators, hier der C-N Kopplung, beeinflusst. Um die
Auswirkungen dynamischer Effekte auf die Bildung der C-N-Bindung zu evaluieren, wurde ein QM/MM-
MD-Simulationsprotokoll zur Beschreibung des Systems im expliziten Losungsmittel entwickelt. Diese
Studie ist eine der ersten, die sich mit der Dynamik in nichtwassrigen Losungsmitteln befasst und eine
ausreichende Abtastrate der Potentialflache erreicht. Dies ist ein wichtiger Schritt, um die exakte
chemische Umgebung in Computerexperimenten nachzubilden, und ein Meilenstein flir die
Entwicklung von operando-Modellen. Um chemisch relevante Informationen aus den umfangreichen
Simulationsdaten zu extrahieren, ist eine computergestutzte Auswertung erforderlich. Zur Auswertung
wurden Methoden des maschinellen Lernens (wie Lasso, Random Forest und logistische Regression)
innerhalb eines Konsensmodells angewandt, die eine chemische Interpretierbarkeit der Resultate
ermoglichen und somit flr jede:n Chemiker:in verstandlich sind. In Kombination mit Methoden zur
Dimensionalitatsreduktion (PCA, LDA und tICA) und einem Granger-Kausalitatsmodell konnte so die
Reaktionskoordinate des C-N-Kopplungsschrittes unter Berticksichtigung der experimentellen
Bedingungen, d.h. bei Standardtemperatur und unter Einbeziehung dynamischer Effekte, bestimmt und
quantifiziert werden. Durch die Demonstration der Vorteile maBgeschneiderter Multiskalenansatze fur
chemische Berechnungen und durch die Entwicklung von Werkzeugen zur Erleichterung des Zugangs
zu diesen Methoden, bringen wir das chemische Modell einen Schritt naher an den digitalen Zwilling
des Experiments.
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6. Introduction

Chemical reactions lie at the heart of countless natural and synthetic processes, from biological
transformations to industrial catalysis. Understanding the underlying mechanisms and predicting their
outcomes is essential for advancing science and technology. However, the intrinsic complexity of
chemical reactions poses significant challenges, both from experimental and computational points of
view.

In conjunction with experimental advancements, computational chemistry has played a pivotal role in
designing and understanding catalytic systems by unravelling reaction mechanisms.' However, despite
significant efforts, quantum chemistry still faces limitations in its predictive capabilities. As the systems
under investigation become increasingly complex, a need arises to enhance not only the underlying
electronic structure theory employed for computations, but also the overall chemical model describing
the system in its environment.* In fact, errors stemming from overly simplistic chemical models can
often surpass those arising from approximate theoretical methodologies like density functional theory
(DFT)."® Consequently, the ultimate objective is to create a chemical model that serves as a ‘digital twin’
of the laboratory conditions—replicating realistic conditions, such as finite temperature and pressure,
as well as including solvent molecules explicitly. Given the impracticality of full ab-initio quantum
chemical calculations, tailored multiscale approaches must be devised, accounting for conformational
flexibility, explicit solvation effects, and the dynamic nature of chemical reactions, while the individual
solution depends on the system under study and research question to be answered.

A vast majority of computational studies are performed starting from singular structures to describe
reactivity, in what is known as a static approach. While this technique is often suitable for small, rigid
structures, conformational sampling is essential for flexible systems.*%” Recently, more accessible
tools have allowed for a transition from single structures to structural ensembles, ®° providing a more
detailed insight into the reactivity and selectivity of catalytic and other reaction mechanisms. %’ Yet this
is far from being routine.

Another critical factor to address is solvation. The most commonly employed treatments of solvation
are through a continuum description of the bulk solvent.’®'2 However, due to their implicit nature, such
methods fall short in capturing explicit interactions between solute and solvent. Additionally, when
combined with dispersion corrections and a small basis set, these models tend to favour overly
compact structures with numerous intramolecular bonds—resulting in an inadequate representation of
a solvated system. ®'® Consequently, it becomes essential to incorporate explicit solvation effects into
any realistic model. Ideally, this can be achieved through a comprehensive condensed phase model or
a microsolvation approach. '*'®

While representing structural ensembles within an explicit solvent represents a substantial
enhancement of the chemical model, it remains crucial to acknowledge that molecules, and chemistry
in general, inherently exhibit dynamic behaviour. By following the motion of the nuclei during a chemical
reaction, such as in a molecular dynamics simulation, we may paint a more accurate picture of reaction
mechanisms, as we go beyond the electronic energy profile, incorporating dynamic effects.

Bringing these effects into mechanistic studies pushes the chemical model closer to reality. However,
the increase in complexity is accompanied by greater computational costs, particularly in the context of
ab-initio molecular dynamics. To mitigate this limitation, multiscale methods—such as quantum
mechanics/molecular mechanics (QM/MM)—have emerged. In QM/MM, the core the system under
investigation , e.g. the catalytic centre and substrates, is treated at the quantum mechanical (QM) level,
while the surrounding environment is described classically, using molecular mechanics (MM)."*"® When
combined with molecular dynamics (MD), this approach allows us to explore the dynamic behaviour of
molecules. Transitioning to QM/MM MD simulations in explicit solvent extends our sampling timescales
to the order of nanoseconds, surpassing the limitations of pure QM methods. Increased sampling is

10
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essential, as reactions can be considered as rare events. Thus, repeated sampling becomes essential
for statistically meaningful insights into energy barriers and changes in structural features.

As conformational sampling and dynamics begin to play a greater role in mechanistic investigations, it
became apparent that a gap needed to be filled, when it comes to setting up small systems for MD
simulations in various non-aqueous solvents at an MM level, particularly those containing transition
metals. We lowered the barrier to entry by creating an easy-to-use python-based package which
simplifies the setup of an explicitly solvated system and its subsequent analysis.® Thus, parameters can
be generated on-the-fly for the desired solute and the complete system can be solvated, including
possible counterions with ease.

While setting up multiscale methods, combined with MD, presents its own challenges, these
simulations generate vast amounts of data, which must be interpreted in order to gain chemical insight.
As the resulting dataset exhibits very high dimensionality (3N coordinates, combined with information
regarding energy, forces, QM properties etc.), an automated, computer driven analysis is required. To
obtain chemical information from the dataset, statistical analysis and machine learning have shown to
be key elements. Interpretable machine learning techniques—such as decision trees, random forests,
or logistic regression—perform well in extracting relevant information from large datasets and
presenting it in easily understandable formats. Additionally, dimensionality reduction techniques'®?'
and feature selection methods,*2* can help reduce the highly dimensional space of chemical reactions,
rendering a more easily understandable overview of the data. These methods hold promise for delivering
chemical insights into mechanisms and reactivity.

While a lot of focus has recently been placed on machine learning approaches, statistical analysis also
offers new, until now unexplored, avenues for chemical data analysis. A notable example is causality, a
widespread concept, applied across various scientific domains from economics to biology and climate
research. 2% However, it has not been explored to study chemical reactions, let alone more complex
transition-metal catalysis. Molecular dynamics trajectories represent an ideal case for applying this
econometric analysis, as they bare a stark resemblance to the data resulting from world markets, with
high dimensional variables, presented in the form of time-series.

In a pursuit of understanding chemical reactions at a fundamental level, we exemplify the
aforementioned concepts by using various chemical systems and creating tailored multiscale models
for their investigation. We demonstrate that implicit solvation and microsolvation, without the need for
conformational sampling, are accurate enough to decipher the mechanism of a small rigid system,
consisting of benzyl alcohol in the presence of K-tBu, environmental oxygen and water. Even though the
synthesis of imines via the oxidation of alcohols to aldehydes is generally performed with metal
complexes, an environmental oxygen catalysed reaction has shown high yields under normal laboratory
conditions. The mechanistic investigation revealed a remarkably complex radical reaction network,
showing how challenging even the investigation of a small system can be.¥’

Additionally, the reactivity and reaction mechanism of a Cu(l)-(2,9-dimethyl-1,10-phenanthroyl)-
2,3,4,6,7,8-hexamethyl-p-tert-butylcalix[8]arene system, was very thoroughly investigated. This
specific catalyst has demonstrated remarkable efficacy in facilitating C-N and C-S coupling reactions
with earth abundant metals—an essential process with far-reaching implications across various
scientific domains.*®** The investigated system poses particular challenges in its computational
treatment, requiring a dynamic, ensemble based sampling in explicit solvent for accurate results, as
implicit solvation results in a collapse of the highly flexible catalytic cage.'®*** We showed through
MM/MD simulations in explicit chloroform that the position of the phenanthroline bridge is key for
maintaining an active catalytic centre.** The mechanism for this system was established, through QM,
to be a sequence of oxidative addition / reductive elimination steps and finally, with the use of a tailored
hybrid QM/MM/MD model and statistical methods, we were able to approach an operando description
of the system and fully explain the dynamic effects involved in the crucial reaction steps. We developed
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and applied a high-throughput multiscale QM/MM/MD protocol and combined it with a statistical
analysis to elucidate the reaction coordinate and infer causality. We exemplified how both supervised
and unsupervised interpretable machine learning techniques can be used to extract chemically relevant
information.*® By avoiding common pitfalls in such approaches,*® we showed how performance can be
enhanced by employing a consensus approach that combines multiple interpretable machine learning
methods to reduce data complexity.
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7. Methodology

Computational chemistry relies on computers to solve complex chemical problems. When performing
a computational investigation of a chemical system, there are two key aspects to consider. On the one
hand, the computational model, represents the level of theory used to describe the system. This can be
either through the use of electronic structure theory (EST), molecular mechanics (MM) or a combination
of these. On the other hand, the chemical model refers to how the molecule under study is described,
whether it is modelled by a smaller, cut-down system or not, whether solvent and associated
counterions are included in the model and if so, how they are handled (implicitly or explicitly).

While theoretical methods are at the base of computational chemistry, the overall goal of the field
remains the explanation or prediction of reactivity and chemical behaviour. Whether one relies on QM,
MM or hybrid approaches, the resulting data and numbers must be analysed and transferred into
chemical information, in order to understand phenomena happening at the microscopic level. With
increasing system complexity and the introduction of dynamic effects, such as in QM/MM/MD, a large
amount of data is generated, which cannot be interpreted observationally. To tackle this challenge,
statistical approaches, particularly machine learning, can be used to extract chemical information, such
as the reaction coordinate, from the dataset.

The following chapters will give a concise overview over the foundations of electronic structure theory,
molecular mechanics and molecular dynamics and present more details concerning the specific
methodology used and developed for the published studies present within this manuscript. It will also
cover hybrid multiscale methods, as well as the aspects of solvation and chemical environment.
Likewise, a short statistics chapter will delve into ways to infer chemically relevant information from big
data using machine learning and causality.

7.1. Electronic Structure Theory

Electronic structure theory (EST) describes the behaviour of electrons in atoms or molecules. As the
nuclei and electrons are very small, elemental particles, an accurate description of their behaviour can
only be achieved by taking into account their quantum nature, that is by describing them with quantum
mechanics. In quantum chemistry, typically only electrons are treated quantum mechanically, while
nuclei are described as charged point particles. The Schrodinger equation precisely describes how the
intricate electrons and nuclei interactions govern the atomic world. It takes the form of:

Hy =Ey (1)

Wherein H represents the Hamiltonian, 1 represents the wavefunction of the system and E represents
the ground state energy of the system.

The Hamiltonian can be further broken down as:

Kinetic Energy of Nuclei  Kinetic Energy of Electrons  Electron—Electron Interaction
/_’— —

h? 2

ZA 15 ZM A =1 Zmelec 1 =1 Z]>l 471'80 Ti— T]
Electron—Nucleus Interaction Nulceus—Nucleus Interaction
N M 1 E'ZA eZ ZAZB 2
l=12A=14T[80 ri—Ra ZA 1ZB>A 4meg R4—Rp (2)

Where the variables and constants are defined as:
M - mass of the nucleus, au

h —reduced Planck’s constant, 1.054571817x107%4J s
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V -, differential operator in cartesian coordinates in 3-dimensional Euclidean space
m —mass of electron

& — permittivity of vacuum

1; — coordinates of electron in 3-dimensional Euclidean space

R, — coordinates of nucleus A in 3-dimensional Euclidean space

Z,4 —atomic number of nucleus A

e —charge of electronin C

The Hamiltonian describes the total interaction between the electrons and nucleiin a molecule. The first
two terms in Eq. (2) describe the kinetic energies of the nuclei and electrons. The electron-nucleus
interactions represent are attractive in nature, while the electron-electron and nucleus-nucleus
interactions are repulsive in nature.

To simplify the calculations, QM primarily operates within the framework of the Born-Oppenheimer
Approximation, which posits that electrons are significantly lighter and therefore significantly faster than
nuclei. Consequently, electrons rapidly adjust their distribution to optimize their arrangement for any
given nuclear configuration. This results in the term for the kinetic energy of the nuclei to be reduced to
0, while the nucleus-nucleus repulsion remains constant, hence, a decoupling of electronic and nuclear
coordinates is achieved.

As there is no analytical solution for the Schrodinger equation for systems with more than one electron,
further approximations need to be introduced. Within the field of EST, two main approaches exist.
Wavefunction methods, such as Hartree-Fock theory, perturbation theory or coupled cluster
approaches, which solve the Schrodinger equations through approximating the electronic wavefunction.
In fact, coupled cluster with full singles, doubles and perturbative triples treatment calculations are
considered to be the current gold standard, as they achieve chemical accuracy for a large number of
systems, provided that no multiconfigurational character is present. However, wavefunction methods
are generally very costly in terms of calculation power. Density Functional Theory (DFT), in contrast,
reformulates the many-body problem in terms of the electron density. In 1927, Thomas and Fermi
proposed that the energy of the system is intrinsically linked to the electron density, the probability
distribution of electrons in space, as a functional of the energy.*® In 1964, Hohenberg and Kohn
expanded on the idea, by proposing that the external potential of a system uniquely determines the
electron density and that by figuring out the exact energy functional, the ground state energy of the
system can be localized, when minimizing it with respect to the electron density.*

Another breakthrough came a year later in 1965, when Kohn and Sham introduced the concept of a
surrogate system, consisting of quasi particles that can be thought of as non-interacting electrons,
which mimics the behaviour of the real system.%® These quasi-particles move in an effective potential,
which includes the external potential and exchange-correlation term. The introduction of the surrogate
system allowed an approximate calculation of the kinetic energy, the electron-electron interaction, and
the electron-nuclei interaction, while only a small fraction of the energy functional remains unknown.
For this remainder no analytical solution is known but it has to be approximated. The definition of this
functional is still under active study, as locating the exact functional will result in the exact solution.®'-*

This approach brings calculation speed improvements, as within KS-DFT the wave function can be
described by a single determinant and if the exchange-correlation functional was known, this single
determinant would yield the correct ground state energy and density. This results in remarkable
accuracy, provided the correct density functional is chosen for the system at hand. Various functional
classes exist for DFT, each with their own trade-off regarding speed and accuracy.®*
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Other QM approaches which have recently (re-)gained importance are semi-empirical methods,
particularly GFN2-xTB.%®* These methods rely on an explicit description of the valence shell electrons
with a minimal basis-set, while the core electron density remains frozen, in addition to approximating
several integrals by parameters. This trick provides the benefit of extremely rapid calculations, with the
downside of requiring thorough benchmarking, as the resulting structures may show gross deviations
from those calculated with a higher level of theory such as DFT.*®

7.2, Molecular Mechanics

Molecular mechanics represents a paradigm that depicts molecular structures as a simplified ball and
stick system, relying on classical mechanics to compute the potential energy. Each atom represents a
ball with a radius, mass, and charge, while every bond is considered as a spring, with a harmonic
potential function.

To be able to evaluate the potential energy of a system, molecular mechanics makes use of a set of
predetermined parameters — such as mass, charge, bond, angle, and torsion — and a functional form,
collectively known as a force-field. The equations governing the force-field involve a bonded part and a
non-bonded part, as shown in the equations of the AMBER force-fields®” below:

Etotat = Ebonded + Enon-ponded (3)
Ebonded = Zbonds kb (T - rO)Z + Zangles k9 (9 - 90)2 + Zdihedrals Vn [1 + cos(nqb - )/)] (4)
- Aij  Bij | 4iq;
E _ yN-1yN J_J_F_J] 5
non—bonded 21-1 j=i+1l Ri1j2 Risj eR;j (5)

Where the variables are defined as:

k,, - force constant for a bond in Kcal/mol/A?

7o — equilibrium bond distance in A

kg —force constant for an angle in Kcal/mol/radian®
T — equilibrium bond angle in radians

V,, —torsion potential in kcal/mol

n - periodicity

y —phase in degrees

Al-j— parameters for atom pair i-j, defined as sR,lnzin, where ¢ is depth of the potential well and R is the
van der Waals radius of the atom pair

B;j — parameters for atom pair i-j, defined as Zstm-n, where ¢ is depth of the potential well and R is
the van der Waals radius of the atom pair

R;; - distance between atom i and atom jin A
& — depth of the potential energy well of the atom pair

The parameters for the creation of a force-field are generally derived from high level QM calculations,
sometimes in conjunction with experimental data. The bonded part of the force-filed can be obtain via
geometry scans or directly from the Hessian matrix of the systems under study (a time-consuming
endeavour).%® For the derivation of charges required for the nonbonded terms, popular force-fields, such
as AMBER, use an electrostatic potential fitting on the reference molecular structure, where partial
charges are optimized to best describe the QM electrostatic potential >
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By relying of a force-field approach, calculations can be sped up greatly, allowing for the calculation of
systems containing millions of atoms. While accuracy takes a hit, force fields are still performant enough
to allow for the replication of larger scale effects, conformational changes, and explicit solvent
interactions.®®-%2 However, due to the inherent nature of MM force-fields, it is not possible to describe
bond-breaking or formation between atoms. Due to this limitation, chemical reactions cannot be
described and investigated with standard force-field approaches.

7.3. Solvation

Including solvation effects in the description of a chemical system is a key component, as all
homogeneous chemical reaction take place in condensed phase. There are three main approaches to
treating solvation effects within computational chemistry, schematically depicted in Figure 1.

Implicit Solvation Microsolvation Explicit Solvation

Figure 1. The three main solvation models. Left: Implicit solvation model also referred to as continuum solvation; Middle: Hybrid
microsolvation model that describes few solvents explicitly and the rest with a continuum. Right: Explicit solvation model,
which treats all solvent molecules explicitly.

The easiest way to consider the effects of solvents is to rely on an implicit solvent (Figure 1 (left)), which
describes the surrounding environment using a continuum model, which mimics certain properties
(permittivity and refraction index) of the chosen solvent.'”> This model comes with very low
computational costs and performs remarkably well, when explicit solute-solvent interactions do not
need to be considered.

A second way to treat solvent effects is to explicitly consider all solvent molecules surrounding the
solute (Figure 1 (right)). While this approach is computationally much more demanding than implicit
solvation, it comes with the advantage of being able to determine the precise solute-solvent
interactions, which are essential for certain molecules, such as macrocycles, where a cavity collapse
can happen when using just implicit solvent models.

The third way to deal with solvation is a hybrid explicit/implicit approach, known as microsolvation. Here,
only a few essential solvent molecules are treated explicitly, with the entire system being surrounded by
a dielectric continuum. This approach results in lower computational costs than a fully explicit solvation
model, while capturing essential interactions which elude implicit solvation models. However, the great
difficulty of this approach is determining the number and placement of the individual solvent molecules.
This can be done either stochastically or through physics-based approaches, with the latter showing
better performance, yet requiring more computational time."®
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7.4. Hybrid Approaches

While QM delivers very accurate results, itis limited to small
systems, up to a few hundred atoms, due to the high
computational demands. On the other hand, MM offers the
possibility to deal with systems going up to several million
atoms, while sacrificing some accuracy and the ability to
deal with bond breaking.

A way to bridge the gap between the two was introduced by
Karplus, Warshel and Levitt, who proposed splitting the
system into a core region, to be treated with QM, and an
outside region, treated with MM.'®"® This QM/MM hybrid
approach represents an excellent compromise, allowing for
vastly reduced calculation time, compared to fully ab-initio
models, while also greatly increasing the accuracy in the
description of the chemical model.

Figure 2. Schematic representation of a hybrid
QM/MM system. The solute molecule is calculated  The main downside of QM/MM is the relatively complicated

ata QM level (gray), while the solvent (blue circles)

is calculated at an MM level (yellow). setup of the system (Figure 2). The QM zone must be large

enough to capture all the important effects, while remaining

small enough to allow for reduced calculation time. While
several techniques exist for the automation of this decision process, it is still not a trivial matter. 84
Another complexity of QM/MM is the treatment of the interaction between the two distinct regions. The
total Hamiltonian of the system is then divided into three separate terms, with one Hamiltonian for the
QM part, one for the MM part and one for the QM/MM interaction:

Arotar = Hom + Aum + Homymm (6)

The HQM/MM term can be defined in several ways. The most straightforward approach, widely used in
the ONIOM model,%*%¢ is the subtractive scheme, where the Hamiltonian for the complete system at the
MM levelis calculated, added to that of the QM region and lastly, a MM Hamiltonian of the QM region at
the MM level is subtracted:

HQM/MM = I:11\/11\/1(,4+19) + HQM(A) - HMM(A) (7)

This scheme has the benefit of being quite simple to implement, it does not require any code
modifications and avoids any double counting of interactions. However, the QM zone is not polarized by
the MM background.

An alternative scheme is the additive scheme, wherein the two regions are calculated independently at
their respective levels of theory and an interaction term is added:

Hom/mm = Aumesy + Homeay + Hom/mmp-ay (8)

This scheme has some advantages, such as overcoming the need for force-field parameters for the QM
region and no double counting of interactions. These interactions can be calculated with various levels
of sophistication. The simplest way, mechanical embedding, treats the electrostatic interaction
between the two regions at the MM level.>*® This ansatz can result in significant error, as generally the
changes in the QM region are not reflected in the MM force-field. Additionally, the QM region is not
affected by the electrostatics of the MM region. A more complex approach, electrostatic embedding,
expands on the mechanical embedding, by calculating the QM region in the presence of the MM point
charges.®”® This results in an improved description of the QM zone, alongside increased computational
costs. A major drawback is that the MM zone does not react to the changes in the QM system. This
shortcoming is remedied by a polarized embedding approach, where the force-field parameters are
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updated as the QM system changes, in a self-consistent way. This method is significantly more costly,
yet it provides the highest accuracy of all QM/MM approaches to date.®*”°

Another significant element of setting up QM/MM systems is the treatment of bonds which cross the
zone boundaries, which is generally the case for systems which surpass 50-100 atoms. Several
schemes exist to deal with this issue.

In the boundary atom schemes, a dummy atom (link-atom), generally a hydrogen, is introduced which
replaces the partner atom of the bond which crosses the boundary. It satisfies the valence of the QM
system, capping the broken bond. This model can be improved, by adjusting the position of the link-atom
and accompanying it with a potential function, thus mimicking the behaviour of the atom it replaces. ”’

An alternative to boundary atoms is placing a frontier orbital to satisfy the valence of the atom with the
broken covalent bond.”>”® This approach, referred to as the localized orbital scheme, utilizes a doubly
occupied orbital, attached to the QM atom, which is kept frozen during calculations.” However, this
method is more costly, compared to link-atom approaches, as additional parametrization steps need to
be performed for the generation of the orbitals. Furthermore, there is little advantage to using localized
orbitals, rather than link-atoms.”®

7.5. Dynamics

As chemical systems are dynamic in nature, a static picture calculated either with DFT, MM or hybrid
QM/MM represents a simplification. One way of accounting for the dynamic nature of molecules are
molecular dynamics (MD) simulations, which allow the study of the time-evolution of the system. MD
relies on satisfying Newton’s equations of motions, allowing us to observe the dynamic evolution of a
molecular system.
9V (R4)
F = —W (9)

The force (F) acting upon the atoms (A) can be derived as the partial derivative of the potential energy (V)
with respect to the atomic coordinates (Ra). Thus, the system can be propagated by solving the
equations of motion and updating the atomic coordinates by discretizing the time into finite steps, as
shown in Scheme 1 below.

l |
Energy Calculation Forces Calculation I\lumelrf:a—l |;;‘Zg"at'°n
— OV (Ry) |t P i
Vi{xi—1} F, = —% v(t+dt) =v(t), + a;dt
Al x;(t +dt) = x(t);, + v, dt

Scheme 1. Basic concept of MD system propagation, where x; denotes the positions of the atoms, vi the velocities, ai the
acceleration and t the timestep.

Typically, for MD, the systems are subjected to environmental temperature and pressure. This setup
allows for the sampling of conformations that are generally accessible under environmental conditions.
Depending on the chosen conditions and the properties that are to be recovered from the calculations,
the simulation can take place under one of several different ensembles. The most basic ensemble, the
microcanonical ensemble (NVE), keeps the number of particles (N), volume (V) and energy (E) constant
for the system. This corresponds to a system which cannot exchange heat or particles with its
environment. A more largely used approach is to perform the simulations in the canonical ensemble
(NVT), where the temperature (T) and not the energy is kept constant in addition to number of particles
(N) and volume (V). This is achieved via the use of a thermostat, which scales the kinetic energy of the
system in such a way as to keep the kinetic energy, thus temperature, constant.”®’” Another alternative
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is given by the isothermal-isobaric ensemble (NPT), where pressure, instead of volume is kept constant.
By using a barostat, the size of the simulation box can be adjusted, to keep a constant pressure.”s”®

Regardless of the ensemble used, if the starting structure is in a deep energy well, it might not be able to
overcome the barriers given the time frame of the simulation, the system is stuck in a minimum and
cannot explore more of the potential energy surface (PES). In these cases, a switch to enhanced
sampling methods, such as metadynamics®® or accelerated molecular dynamics (AMD)®' can prove
useful. Enhanced sampling methods allow for faster sampling of conformational space by global
rescaling of the PES of the molecule. Metadynamics allows for a faster exploration of the structural
space by biasing the already visited conformations. This comes as the expense of requiring a definition
of a collective variable, which represents the structural parameter changes that are of interest, however,
itis not always trivial to define and requires chemical knowledge about the system. Another approach is
aMD, which adds a boost potential to the true potential energy of the system, when it is below a certain
threshold. This way, deep energy wells are flattened, allowing for a considerably faster sampling of the
PES.

MD can be performed with either QM, MM or QM/MM hybrid methods as the underlying base. While MM
is used for large systems, QM methods are mostly used for small ab-initio investigations. As a middle-
ground, semi-empirical methods can be used to bridge the gap between the two eitherina QM orin a
QM/MM approach, in particular semi-empirical GFN2-xTB in combination with metadynamics is used
to explore the conformations of molecules in implicit solvent.® In all instances of this thesis, nuclear
motion was treated classically, that is a Born-Oppenheimer MD simulations were performed.

7.6. Statistical Analysis and Causality

Dynamic investigations of chemical systems result in the creation of vast datasets, which need to be
processed in an automated fashion, to obtain a deeper chemical interpretation. A common
characteristic of these datasets is the high dimensionality, such as a large number of atomic coordinates
and properties. This “curse of dimensionality” renders the raw data difficult to interpret for chemists,
thus the use of statistical analysis, such as machine learning approaches, dimensionality reduction
techniques and causality models can aid in the interpretation of results.

Machine learning methods can be divided into several categories, depending on the data they rely on or
on how easy it is to interpret the algorithm behind the method. The techniques can be divided into
supervised (require labelled data) or unsupervised methods (do not require labels), depending on the
data fed to the algorithm. The labels represent a way to separate the points in the dataset, by assigning
each one to a category, which can be based, for example, on chemical knowledge (educt, transition
state, product categories). Similarly, the methods can be classified on whether the results can be easily
traced back to the input data, dividing them into interpretable and non-interpretable approaches. As we
are interested in chemical interpretability/explainability of the results, we use interpretable ML
approaches only.

To tackle the high dimensionality of the data (e.g. coordinates, properties resulting from MD simulations,
also known as features) dimensionality reduction methods, such as principal component analysis
(PCA),™ Linear Discriminant Analysis (LDA)?' or time-lagged Independent Component Analysis (tICA)*
are often used.®2®* PCA aims to reduce the high dimensional space by projecting the features of the
dataset into a lower dimensional one. This lower dimension is defined by a new orthogonal set of axes
or directions, called principal components, which aim to capture the maximum variance within the data.
tICA acts in a comparable way to PCA, reducing the dimensionality of the dataset by projecting it onto a
new set of directions, with the difference that rather than maximising the variance in the dataset, it tries
to maximise the autocorrelation in the data at a given lag-time. Thus, it is able to identify degrees of
freedom which show significant correlation with their lagged value, which, in the context of MD, lead to
the identification of slow motions in a system. While both PCA and tICA are unsupervised methods, LDA
represents a supervised dimensionality reduction approach. LDA aims to find a new set of dimensions
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which maximises the variation and at the same time the separation between the various labelled classes
within the dataset (e.g. products and educts). In all cases, the new dimensions are defined as a linear
combination of the original features (system properties and/or coordinates in the case of MD), thus all
methods are easily interpretable.

To pre-process the dataset and enhance the performance of dimensionality reduction methods, feature
selection can also be performed. Generally, this involves training a classifier, a model constructed to
separate between the various labelled classes in the dataset, such as random forest® or logistic
regression®. By examining the contribution of each feature to the classification performance, an
importance value can be assigned. By selecting only the features which aid in the separation of the
various classes in the dataset, extraneous components can be discarded, thus reducing the overall
dimensionality.

Classification models can also be used independently, to quantify the differences between the various
classes they have been trained on, such as conformations or states. For example, a random forest or
decision tree can be used to examine the distributions of the various features and compare them
between states.

While the aforementioned methods can reduce the dataset to something more easily interpretable, e.g.,
a small number of internal coordinates to define a reaction coordinate, investigating the nature of the
relationship between the various features can bring further insight. Most analysis methods focus or rely
on the correlation relationships between features, while causal interactions are not considered.
However, as MD simulations are time series, inferring causal relationships between variables is
possible. One way to investigate such interactions is to use the Granger causality model.®® This model
attempts to predict the future values of one variable (Y) using its past values. If the prediction improves
when also considering the past values of a second variable (X), then the model indicates that X causes
Y. While the model is fairly simple, it has proven to be quite powerful in various scientific fields. This
statistical model can be applied to any data which contains multiple variables in the form of time-series,
such as MD trajectories. Naturally, Granger Causality requires some assumptions about the underlying
dataset, such as stationarity and cointegration, which can be verified through statistical tests.?°

Another key factor in statistics has to deal with repeated sampling of a single event. It is critical to
perform repeated sampling, to ascertain that the effects withessed are not just happenstance but can
be generalized to the event itself. This is especially relevant when looking at chemical reactions,
especially when attempting to infer causality or define general reaction coordinates. However, such an
approach necessitates false detection rate corrections, another commonly used statistical technique,
which automatically adjusts the p-value statistic with increased observations of events.®’
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8. Developed Methods and Investigated Systems

This chapter contains information about the systems that have been investigated. It also exemplifies
the methods and workflow which were developed to advance the chemical model and obtain a more
accurate understanding of chemical reactivity.

8.1. PyConSolv: Force-Field Parametrization and MD Analysis

Determination of
bonded parameters
from the hessian
matrix via Seminario

; el P method.
[— » [e— ¢ ? =) [0 1] e cé- ¥ I
* Create QM H \fx -C{-O-p'

input files Fragment parametrization Combine into structure
Solvation box construction

Geometry optimization Fragment splitting
Frequency Calculation using DFS

Generate connectivity
matrix

Charge fitting via
RESP

Figure 3. Automated parametrization procedure using PyConSolv, adapted from Ref. 9.

One significant downside of molecular mechanics is the lack of existing “off-the-shelf”-parameters for
the treatment of metal-containing systems. Metals pose a particular challenge due to their complex
binding behaviour. Thus, if a system containing one or several metals must be treated at a molecular
mechanics level, it requires custom parameters. This issue can be overcome through automatic
methods, which derive the appropriate parameters from quantum mechanical calculations,®® however,
the process is involved and requires significant user input. To simplify this task, we introduced the
PyConSolv package, which can automatically generate parameters with minimal input, following the
workflow shown in Figure 3Error! Reference source not found., requiring minimal intervention from the
user.®

8.2. Supramolecular transition-metal complexes - operando
modelling and evaluation

As molecules in solution are dynamic in nature, it is only natural to perform a dynamic evaluation of the
reaction mechanism, considering explicit solvent. To obtain a statistically relevant picture of the
reaction, repeated sampling is required, in a high-throughput fashion.

To this end, we developed a QM/MM/MD model, relying of highly efficient semi-empirical methods as
the QM theory, thus allowing for massive sampling. The 1.5 million resulting datapoints represent a very
high-dimensional dataset, consisting of coordinates and energies. We showed that by relying on
interpretable machine learning techniques, we can directly obtain chemically relevant information and
define the reaction coordinate. Furthermore, by utilising a statistical model we were able to infer the
Granger causality between the reaction coordinate components, delivering an unprecedented new way
to study chemical reactions.*

8.3. Synthesis of Imines from Primary Alcohols and Amines

The use of alcohols as alkylation surrogates for aldehydes is a highly desirable strategy in organic
chemistry, particularly as alcohols can be directly sourced from biomass. Over the past decades,
researchers have developed efficient catalytic methods for in situ generation of carbonyl functionalities,
relying on both noble and nonprecious transition metals.
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Notably, benzyl alcohols can undergo rapid oxidation to form the corresponding carbonyl compounds
when treated with strong bases under atmospheric conditions. Condensation reactions involving benzyl
alcohols can occur in the presence of base (sometimes catalytic amounts) without the need for
transition-metal complexes. These transformations are predominantly driven by alkali metal-catalysed
Meerwein—-Ponndorf-Verley reduction/Oppenauer oxidation (MPV-0) reactions.®

Another noteworthy transformation involves the synthesis of imines from benzyl alcohols and anilines—
a reaction known since the 1950s but often overlooked in the organometallic community. Le Berre and
colleagues investigated the oxidation of diphenylmethanol using KOtBu and oxygen, resulting in
benzophenone and KOOH (originally reported as KO,).%® Unlike transition metal-catalysed reactions, the
mechanistic details of this process remain relatively unexplored.
o)
Ho H,0

H H
KOtBu
NH, x. Ph
R N
(@] + ©/ ' ©/\

Figure 4. Formal reaction scheme for the oxidation of alcohols to aldehydes using environmental oxygen. This is followed by
the formation of imine from the aldehyde and aniline.

H

While the experimental coupling reaction of alcohols and amines promoted by oxygen at room
temperature was investigated by our collaboration partners (see Figure 4), a detailed mechanistic
understanding was missing. We used density functional theory along with implicit and explicit solvation
and incorporation of counter ions to propose a comprehensive reaction mechanism in agreement with
experimental observations. We revealed a complex radical reaction network, leading to the formation of
the aldehyde, via several distinct pathways. Our modelling required the evaluation of minimal energy
crossing points between various spin surfaces to identify the most favourable pathways, while our
chemical model included the counter ion and explicit solvent molecules. This augmented chemical
model was necessary to achieve accessible barriers.*”

8.4. Supramolecular Nanoreactor for C-X Coupling

The formation of C-X bonds (X =S, N) is a process in high demand due to the importance of amine and
sulphur derivatives as fundamental building blocks for biologically active compounds and high-
performance materials.**2% To address this issue, the development of novel, highly efficient catalysts
based on Earth-abundant metals (such as copper or iron) becomes crucial for environmentally friendly
and sustainable production processes.

However, Earth-abundant metal systems, particularly those involving copper, are susceptible to
deactivation patterns, including dimerization and oxidation from Cu(l) to Cu(ll). Recent approaches to
incorporate copper as a catalytic centre have turned to bioinspired supramolecular catalysis. In this
strategy, transition metals are encapsulated within confined spaces or cavities, creating a constrained
chemical environment for the active species.*® These cavities also impose steric restrictions during
catalytic transformations. The result is efficient collision between substrates and the anchored metal
site, leading to a high density of local interactions. This behaviour mimics the active sites of
metalloenzymes and often results in beneficial effects, such as enhanced activity and selectivity.
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NH, Br

Rl
Figure 5. C-N coupling reaction with the [Cu(CsPhenMeg)l] catalyst.

A promising candidate for C-X coupling reactions is [Cu(CsPhenMeg)l], depicted in Figure 5. This
catalytic system features a Cu(l) centre, surrounded by a macrocyclic calix[8]arene cage and exhibits
remarkable catalytic activity in C—X cross-coupling reactions in experiments. Given these promising
attributes, investigating Cs-based encapsulation of Cu-phenanthroline complexes for C-X coupling
becomes a compelling avenue to develop highly efficient catalysts and broaden the scope of applicable
reactions.”™* However, such highly flexible catalytic systems pose a challenge, as they require
conformational sampling in explicit solvent, due to the tendency to favour intramolecular bonds when
implicit solvation is used in combination with a small basis set.

Calixarene units

1,4 Cu-Calix[8]arene 1,5 Cu-Calix[8]arene

Figure 6. Two regio-isomers of the Cu-Calix[8]arene, defines by the calixarene units to which the phenanthroline is bound.

The computational investigations revealed that the substitution pattern of the calixarenes is critical for
maintaining reactivity (see Figure 6). If the phenanthroline bridge is bound to the 1 and 4 calixarenes,
then the catalyst becomes deactivated. MD simulations revealed how the catalytic centre becomes
exposed due to the lopsided cavity.*
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9. Results and Discussion

As this work is a cumulative thesis, this section contains a compilation of four original research articles
that are published in peer-reviewed journals and one additional article that is currently under evaluation,
but, as of the time of writing, being published only on a preprint server.

The included publications are listed in the included publications section and their text is included in the
appendix.
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10. Conclusion

By exploring the reactivity of various chemical systems, from small rigid molecules, to large, flexible
transition metal catalysts, we were able to show the importance of constructing an appropriate
chemical model. Thus, we developed tailored multiscale computational protocols to model
experimental conditions for several chemical systems.

It is apparent that solvent plays a vital role in all the systems under investigation. The complex reaction
network for the transition metal free oxidation of alcohols to aldehydes can only be explained via solvent
oxygen exchange steps. Likewise, obtaining realistic structures with the large, flexible Cu-Calix[8]arene
catalysts is only possible when modelling them under explicit solvation.

By developing tools, such as PyConSoly, to simplify the parametrization of molecules, particularly
transition-metal catalysts, for use in MM studies, we open up the avenue for explicit solvation studies to
become mainstream. Furthermore, having an adequate force-field description of systems allows for the
transition to conformational ensembles or even dynamic studies.

Taking the chemical model a step further, investigating chemical reactions with high-throughput QM/MM
MD allowed us to study the bond formation dynamics at experimental conditions. By developing a
workflow to identify and quantify the reaction coordinate from a set of trajectories, we detected
chemically intuitive and less intuitive structural changes that led to bond formation. Through a
combination of interpretable machine learning methods, chemically relevant information can be easily
extracted from the high dimensional dataset. By taking the analysis a step further and utilising a causality
model, the relationship between the individual contributions to the reaction coordinate can be
decomposed into a sequence of individual motions, identifying a cause for the reaction to happen.

The methodology and studies contained within this work serve as a template to study the reaction
dynamics of any chemical system under realistic conditions. It drives the development operando
chemical models in the quest for predictive computational chemistry.
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ABSTRACT: We introduce PyConSolv, a freely available Python package that automates the generation of conformers of metal-
and nonmetal-containing complexes in explicit solvent, through classical molecular dynamics simulations. Using a streamlined
workflow and interfacing with widely used computational chemistry software, PyConSolv is an all-in-one tool for the generation of
conformers in any solvent. Input requirements are minimal; only the geometry of the structure and the desired solvent in xyz
(XMOL) format are needed. The package can also account for charged systems, by including arbitrary counterions in the simulation.
A bonded model parametrization is performed automatically, utilizing AmberTools, ORCA, and Multiwfn software packages.
PyConSolv provides a selection of preparametrized solvents and counterions for use in classical molecular dynamics simulations. We
show the applicability of our package on a number of (transition-metal-containing) systems. The software is provided open source
and free of charge.

B INTRODUCTION way to sample the conformational space, but are limited by
As quantum mechanical (QM) methods and computer computational costs when explicit solvent is necessary.”””"
d P Alternatively, molecular dynamics (MD) methods can be

hardware evolve and become more efficient, bigger systems,
that were previously far out of reach, can be tackled using
quantum chemical wave function methods.”> As the system
size increases, it becomes necessary to consider greater
flexibility, which in turn presents new challenges that need to
be properly addressed.”” One common approach is to generate
conformational ensembles, which can be created in various
ways.”

While the importance of conformers is well-known and a key
feature in drug design pipelines,”'” it has gathered some
attention in the field of homogeneous catalysis as early as the
1990s."'~'® However, conformer searches are by no means
widespread in standard mechanistic studies today. A systematic
exploration of the conformational space, by generating
rotamers, can be employed for simple systems, with few Received:  May 25, 2023
degrees of freedom, but quickly becomes unfeasible for larger Published: August 22, 2023
molecules. While several more advanced methods for the
generation of conformers exist, they are generally geared
toward biological compounds.'”~** Methods such as torsional
Monte Carlo, augmented with Low Mode searching, offer a

employed for the generation of conformers, by running
simulations of the system (in explicit solvent) and clustering
the resulting trajectory.”> For this purpose, ab initio MD
(AIMD)*® or classical MD (cMD), in various flavors, can be
used, each with its own advantages and disadvantages, as
outlined below.

For AIMD, the calculation of the electronic structure is
generally considered to be the limiting factor for the overall
sampling. To overcome this issue, the use of very efficient
semiempirical methods, such as GFN2-xTB,”” provides a good
compromise. One tailor-made approach for conformer
generation is realized in the Conformer Rotamer Ensemble
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Tool (CREST),”® which is shown to perform very well for a
large a number of systems,” yet it is not without its downsides.
Due to the inherent limitations of semiempirical quantum
chemical methods, GFN2-xTB and CREST do not perform
well for typical transition-metal systems, and neither structures
nor energies are reliable without any further processing.*’
Another caveat for CREST is the lack of explicit solvation.
While implicit solvation models perform admirably for many
complexes,”** they fail to provide reasonable structures for
systems containing a cavity,” as intramolecular bonds are
heavily favored. This can be counteracted by using explicit
solvation, either in microsolvation approaches,”>° that use a
few solvent molecules, or in condensed phase calculations, but
in any case, at the cost of massively increasing the
computational requirements.

On the other hand, cMD simulations rely on a force-field
approach, which leads to a great speedup in calculations.
Consequently, it allows for explicit treatment of solvent
molecules, of course, at some cost in accuracy. While many
force fields exist, developed with either specific’*™*" or general
use,41_45 running a cMD simulation for metal-containing
systems requires the generation of custom parameters for the
system under study in order to obtain reasonable results. While
there are tools available for the parametrization of organic
molecules,*® the parametrization of transition metal-containing
complexes is a more involved process, requiring a special
approach.”’ ™% As metals can form very complex structures,
with widely varying coordination numbers,” there are no
predefined atom parameters available in the commonly used
general force fields. A full parametrization of the metal center is
therefore required. One method available in the AmberTools>*
suite, developed for parametrization of metal-containing
biological systems, is the Metal Center Parameter Builder
(MCPB).>> MCPB utilized a bonded model*’ to describe the
metal ion and its surrounding environment. This approach
requires defining the bonded and nonbonded parameters of
the force field, for the metal atom and its ligands. These
parameters entail structural information, force constants, and
potentials for bonds, angles, and dihedrals, as well as partial
charges and van der Waals parameters. They are generated
based on either experimental or QM optimized structures, by
deriving their values from force constants and partial charges.”
We would like to stress here that the force-field parameters are
generated in such a way that the QM optimized structure is
retained. While the use of a bonded model, as implemented in
MCPB, provides accurate results for many different (transition-
)metal-containing complexes,''>*”*>™>7 the generation of
parameters is a tedious and error prone process, due to the
amount of user intervention that is required.

In this work, we present a user-friendly Python package,
which builds upon AmberTools,* to provide an automated
process for generating conformers of arbitrary, metal-
containing, or metal-free complexes, in explicit solvent. The
user only needs to provide an input structure, the desired QM
method to be used for the geometry optimization and force
constant calculations, the total system charge and multiplicity,
and the solvent to be used to the simulation (if applicable). We
provide full support for a large number of preparametrized
solvents, as well as the ability to parametrize any solvent of
choice. Additionally, as many metal-containing complexes are
associated with a counterion, we provide seven preparame-
trized ions, as well as the ability to parametrize an ion of
choice. By interfacing to ORCA 5,°° the user has access to

5401

state-of-the-art QM methods for structure calculations. For
system charge assignment, an interface to Multiwin 3.8,%
offers the user a plethora of charge calculations schemes, in
addition to the Merz—Kollman RESP scheme®”®' recom-
mended by MCPB. After the parametrization is complete, the
system is solvated and a suggested equilibration procedure is
offered to the user, using the Amber MD package.’”** Once a
simulation is performed, the resulting trajectory file can be
analyzed via a script provided by PyConSolv. The clustering
itself is based on the cpptraj package®” and returns a set of
conformers, ranked by their QM energy, based on single-point
calculations.

B METHODOLOGY

In this work, conformational sampling is performed for a
number of structures in explicit solvent using PyConSolv to
show the applicability as a proof-of-concept method. The
systems of choice are a copper containing calix[8]arene
catalyst for C—N coupling,"> a molybdenum-based catalyst
for olefin metathesis,”””* and a metal-free hydrogenobyric
acid,”” as well as the vitamin B,, metabolite methylcobala-
min.”®

Parametrization. The protocol implemented in the
PyConSolv Python package is shown in Figure 1. The input
required is a simple XMOL xyz-formatted molecular structure.
Input files for ORCA S are generated automatically, and
geometry optimization and subsequent frequency calculations
are performed at the electronic structure theory level chosen
by the user. The optimized geometry is taken as input for
subsequent parametrization steps. As the metal center
parametrization builds upon the MCPB.py package provided
in AmberTools, the steps follow those recommended in the
aforementioned package, deriving the force-field parameters
using the well-established Seminario method.”® The structure
must be split into fragments which are to be parametrized
separately, with each atom requiring a unique identifier in the
pdb files. This step is automated by building a connectivity
matrix based on atom radii and pair distances of the atoms. If
two atoms are closer together than 60% of the sum of their
atomic radii, they are considered to be bonded. If one of the
atoms is a metal, the connectivity is checked, but it is not
added to the matrix, as the metal needs to be parametrized
separately from the rest of the fragments. Using a depth first
search algorithm® to traverse the connectivity matrix, we are
able to identify each individual fragment. The user is then
presented with an interactive window, where a Lewis structure
of each fragment is displayed. Here, we require the user to
provide total fragment charges to perform the parametrization
of each individual fragment using antechamber.*® The ORCA
S output files are analyzed and converted into inputs for
Multiwfn 3.8 and MCPB, also accounting for the usage of
effective core potentials’” for heavy atoms. The RESP charges
for the system are calculated using Multiwfn, with the
recommended settings, as in the Multiwfn user manual (see
SI). The MCPB input file is created, taking into account the
carbon—metal bonds present in the system, which are not
natively recognized. The metal center and all atoms directly
bound to it have a new atom type assigned. The bonded
parameters are derived from the Hessian matrix of the system
using the Seminario method.® The previously calculated RESP
charges are taken into account and enter the nonbonded part
of the force-field parameters. For the ligands, the initial guesses
for the parameters are based on modifications of the GAFF2
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Determination of bonded
parameters from the Hessian
using the Seminario method.

Combine into structure
and feed into MCPB.py

Solvation box construction
using tleap

Simulate
Remove solvent and align
Cluster

b B 292520y
b
Bt
2 1)
Figure 1. Automated PyConSolv workflow: Generation of the force-

field parameters, setup of the simulation box, equilibration,
production run, and analysis (for details, see manual in SI).

Rank according to QM SP
energy

force-field parameters. Using the parameters generated by
MCPB, a simulation box is then set up, with either one of the
18 preconfigured solvents or any other user-defined solvent.
Subsequently, an equilibration script, which follows an
extensive heating and cooling procedure as outlined by
Wallnoefer et al,”® is provided, as well as an input file for a
simulation of 100 ns in the NVT ensemble, with T = 300 K.
For a detailed guided workflow, please refer to the
documentation in the SI or the online information available
on GitHub (https://github.com/PodewitzLab/PyConSolv).
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Supported Solvents and lons. As part of the PyConSolv
package, the solvents listed in Table S1 (SI) have been
preparametrized and it has been verified that the equilibrated
solvent box densities at 300 K are close to the experimentally
determined densities. All parametrizations were performed on
structures optimized with BP86/def2-SVP/D4, =72 with the
exception of acetonitrile, for which no D4 corrections were
used, as the resulting structure was incorrect. For para-
metrization, antechamber was used, with RESP charges.

In addition to solvents, the following common counterions
have been parametrized: ScFs*~, BF,”, B[Ar],”, B(Ph),,
PFs~, OTf, and ClO,”. The structures were optimized with
BP86/def2-SVP/D4%°~7 and all charges were computed with
RESP. During parametrization for BF,” and ClO,”, the angle
parameters could not be determined automatically with
antechamber/MCPB.py. In these cases, a scan of the angle
was performed with ORCA and the parameter were assigned
manually.

B ANALYSIS

After a cMD production run is completed, the resulting
trajectory can be analyzed using PyConSolv. This can be done
in two ways, either using one of the provided shell scripts or
using the Python implementation present within PyConSolv.
To obtain relevant conformers, the trajectory must be
clustered. As we use a root-mean-square deviation (RMSD)
of the distance of all heavy atoms as the clustering criteria, it is
vital that the trajectory is properly aligned. This is resolved by
aligning the complex based on a list of atom indices, provided
by the user. The clustering can then be performed using one of
the four methods provided by cpptraj: dbscan, hierarchical, k-
means, or dpeaks.”* On the resulting clusters, single-point
calculations are performed, using the same electronic structure
theory level that was used during the parametrization,
including implicit solvation and dispersion corrections, as
detailed in each test case. Finally, a list of clusters, ranked by
the single-point energy, is presented to the user.

B RESULTS

The PyConSolv workflow, as explained above, was applied to
the following systems: a Cu(I)-calix[8]arene,”> a Mo imido
alkylidene N-heterocyclic carbene catalyst,”>”* hydrogenobyric
acid,”*~”" and methylcobalamin.78 A suitable functional was
chosen for each system, along with the appropriate solvent, as
to mimic the experimental conditions. All charges were
calculated using RESP. After parametrization, the system was
equilibrated, and a 100 ns cMD production run was performed,
using the simulation input file provided by PyConSolv. The
clusters were generated using k-means, with the script provided
by PyConSolv, using the RMSD of all nonhydrogen atoms as
the distance metric. The simulations were aligned on the
“rigid” parts of the structure, as described in each case below. A
total of 10 clusters were chosen for each system and evaluated.

As a note about runtime, when comparing PyConSolv with
CREST, it can be seen that with increase in system size, the
PyConSolv workflow becomes noticeably faster, as the time-
consuming step becomes the frequency calculation, rather than
the cMD simulation (see SI Table S2 for timings).

Case 1: Cu(l)-Calix[8]arene. Cu(I)-phenanthroyl encap-
sulated by calix[8]arene is a catalyst that has proven to be very
complex to model, with the macrocyclic cage being particularly
mobile. This inherent flexibility needs to be taken into account,

https://doi.org/10.1021/acs.jcim.3c00798
J. Chem. Inf. Model. 2023, 63, 5400—5407


https://pubs.acs.org/doi/suppl/10.1021/acs.jcim.3c00798/suppl_file/ci3c00798_si_001.pdf
https://github.com/PodewitzLab/PyConSolv
https://pubs.acs.org/doi/suppl/10.1021/acs.jcim.3c00798/suppl_file/ci3c00798_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jcim.3c00798/suppl_file/ci3c00798_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jcim.3c00798?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jcim.3c00798?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jcim.3c00798?fig=fig1&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jcim.3c00798/suppl_file/ci3c00798_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jcim.3c00798?fig=fig1&ref=pdf
pubs.acs.org/jcim?ref=pdf
https://doi.org/10.1021/acs.jcim.3c00798?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfiigbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thelo

blio
nowledge

(]
|
rk

Journal of Chemical Information and Modeling

pubs.acs.org/jcim

Application Note

. . 1S
in order to obtain an accurate energy profile for the reaction

or to explain the difference in activity between various
regioisomers.14

Using PyConSolv, with PBEO0/def2-SVP/D3+CPCM-
(Chloroform),>"7>7*% the system shown in Figure 2 was

Cluster 1 Cluster 2

All clusters

Collapsed structure
in implicit solvation

Figure 2. Cu(I)-calix[8]arene clusters. Upper panel: Top three
clusters with lowest QM energy. Lower panel: All 10 clusters
superimposed (left). The bottom right image depicts a collapsed cage
structure in implicit solvation.

parametrized and solvated in chloroform. The trajectory was
aligned on the copper and phenanthroline moieties. The
clusters shown in Figure 2 represent those with the lowest
energy, as computed via DFT single points, with the above
specified density functional, basis set, and dispersion
correction. For comparison, structures generated with
CREST using GFN2-xTB and implicit solvation (chloroform)
have been generated as well. From the representative cluster
depicted in Figure 2, it can be seen that the calix[8]arene cage
is collapsed around the copper center, when compared to the
structures generated with PyConSolv. This is an artifact caused
by the lack of explicit solvation in the CREST conformers and
the tendency of dispersion corrections to favor compact
structures with many intramolecular interactions. The
collapsed structure is in stark contrast to those generated in
explicit solvent via PyConSolv (see Figure 2, bottom left). As it
is known from experiments that an intact cavity is vital for any
catalysis to take place,'”"> PyConSolv yields structures that are
a better representation of the solution phase conformations.
Case 2: Molybdenum Imido Alkylidene N-Hetero-
cyclic Carbene (NHC) Catalyst. Molybdenum imido
alkylidene N-heterocyclic carbene (NHC) catalysts represent
one avenue of performing olefin metathesis.”””* It was shown
during the investigation of the reaction mechanism, that
conformer generation is crucial for explaining the reactivity.'®
For the Mo-based catalyst, the structures generated with
PyConSolv used BP86/def2-SVP/D3BJ+CPCM-
(CH,CL,)*"%*7%7>8! for the force-field parametrization. The
trajectory was aligned on the molybdenum, the carbon of the
aryl group, and the NHC carbon bound to the molybdenum. It
can be seen that the simulation captured the movement of the
ligands, as shown in Figure 3. The triflate ligands show the
most prominent flexibility. For comparison, structures were
generated with CREST as well (see Figure S1, Supporting
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Cluster 2 Cluster 3

High variability of
the triflate orientations

All clusters

Figure 3. Mo imido alkylidene NHC catalyst clusters. Upper panel:
Top three ranked clusters ranked by QM energy. Lower panel: All 10
clusters superimposed (left). The bottom right image highlights the
high flexibility of the triflate groups.

Information). The movement of the triflate groups is more
pronounced in the CREST conformers, likely due to the
enhanced sampling method implemented within its code.
While similar enhanced sampling methods can easily be
utilized in conjunction with PyConSolv, this is beyond the
scope of this work. The NHC moiety, along with the aryl
ligand, appear to be considerably more rigid. While the CREST
conformers display a rotation in the NHC group, this is not
present in the cMD simulation set up by PyConSolv. However,
the underlying electronic structure method of CREST, GFN2-
xTB, has shown to be less appropriate for this particular
catalyst, and as such, the resulting structures require further
refinement using DFT. In constrast, the Mo center
coordination geometry in the force field is constrained to
QM optimized one. Consequently, an adequate structure is
conserved in the MD simulations at the cost that changes in
the Mo coordination geometry cannot be captured. Yet, both
sets of conformers look rather similar at first glance; hence, the
solvent does not seem to have a great influence on the overall
structure of the catalyst.

Case 3: Hydrogenobyric Acid. Hydrogenobyric acid
represents the metal-free precursor of vitamin B,, from which
numerous native or artificial metal-cobalamins can be
synthesized.””~"” Its structural variability may prove to be of
interest for the design of new drugs.””® The electronic
structure calculation for parametrization was performed with
BP86/def2-SVP/D4+CPCM(Water)*"*”~"* and the trajectory
was aligned on the nitrogen atoms of the corrin ring.

It can be seen from Figure 4 that the flexibility of the side
chains is quite well captured, along with the flexibility of the
corrin ring. The test case also illustrates that PyConSolv works
equally well for metal-free systems.

Case 4: Methylcobalamin. Methylcobalamin is a vitamin
B,, metabolite.”® For the PyConSolv procedure, as in case 3,
for parametrization, BP86/def2-SVP/D4+CPCM-
(Water)*"**7* was the method of choice. The alignment
was performed, as before, on the nitrogen atoms of the corrin
ring.

It can be seen from the clusters in Figure 5 that the
methylcobalamin structure is fairly rigid. The stabilization of
the corrin ring is apparent when compared to that of the

https://doi.org/10.1021/acs.jcim.3c00798
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Cluster 1 Cluster 2 Cluster 3

All clusters The corrin ring

shows some flexibility

Figure 4. Hydrogenobyric acid clusters. Upper panel: Top three
clusters with lowest QM energy. Lower panel: All 10 clusters
superimposed (left) and a view of the corrin ring of the clusters

(right).

Cluster 1 Cluster 2 Cluster 3

All clusters

Compact structure
in implicit solvation

Figure 5. Methylcobalamin clusters. Upper panel: Top three clusters
ranked by QM energy. Lower panel: All 10 clusters superimposed
(left) and an example of a structure optimized in implicit solvent,
dominated by intramolecular hydrogen bonding (right).

hydrogenobyric acid. It can be seen that all amide groups show
some flexibility, while always pointing toward the solvent.

For sake of comparison, investigation of the complex in
implicit solvent yielded a structure with many intramolecular
hydrogen bonds of the amides and a loop conformation that is
very different to the ones in explicit solvent (see Figure 5
bottom right; Figure S2, Supporting Information). These
intramolecular hydrogen bonds may affect the reactivity of the
complex, and it is unlikely that they are formed under
experimental conditions. Consequently, PyConSolv provides
more realistic liquid phase structures here.

Conformer Evaluation. The conformations generated by
clustering of the trajectory are subjected to single-point energy
calculations at the same level of theory as the parametrization
to determine a ranking. Although this is a simplistic approach,
it provides a good first guess as to which structures should be
used for further refinement. While this is a fast method, it
ignores the effects that explicit solvation might have on the
overall stability of the system. To account for this, one would
have to move to more complicated and costly methods such as
QM/MM embedding schemes or resort to microsolvation

models. An interface to the FEBISS** microsolvation package
is planned for the near future.

B CONCLUSION

In this work, we present a Python package to automate
conformer generation of (metal—containing) complexes in
explicit solvent. Our tool performs parametrization of metal-
containing structures and sets up a workflow for simulation
and analysis. The automatization makes conformer generation
accessible to the nonexpert user. It allows for a straightforward
implementation of conformational sampling (in explicit
solvent) in standard computational chemistry workflows, e.g,
for the determination of reaction mechanisms. With increasing
system size, our Python package outperforms semiempirical
methods, such as CREST. A subsequent reoptimization of the
obtained clusters with DFT ensures that true energy minima
are found.

While standard classical MD simulations can sometimes
have difficulties in exhaustively exploring the potential energy
surface, especially when the structure is trapped in a deep
minimum, this obstacle can be overcome by resorting to
enhanced sampling methods such as accelerated molecular
dynamics®* or metadynamics.®® Alternatively, a more complex
approach of Monte Carlo with Low Mode search, can be
combined with MD to speed up the PES exploration. These
methods add considerable complexity and are not currently
implemented in PyConSolv. Another extension would be the
implementation of MM methods, which would allow for the
changes of the coordination around the metal center,*** to
switch between different coordination geometries to better
reflect the nature of the metal atoms.

Nevertheless, the presented case studies show that con-
former generation in explicit solvent leads to more realistic
representations of the liquid phase structure. Our tool is a
stepping stone toward more realistic modeling of reaction
mechanisms and thus a prerequisite for calculations to become
predictive.

B ASSOCIATED CONTENT

Data Availability Statement

The PyConSolv package is available open source, free of
charge, on GitHub: https://github.com/PodewitzLab/
PyConSolv. Likewise, it can be installed from the popular
PyPi software repository using pip install PyConSolv.

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jcim.3c00798.

Details of computational methodology including settings
used for Multwfn, CREST, and solvent parametrization,
as well as for the equilibration of MD simulations with
AMBER; additional comparison between implicit and
explicit solvent conformers; tutorial on how to use
PyConSolv (PDF)
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Multiwfn charge settings

Multiwfn 3.8' is used to compute the charges for the parametrizations, as follows.

Nuclear + Electronic Merz-Kollman RESP! type atomic charge mode is used with 6 points/A2.
All atoms are used for fitting 4 layers, with the scaling factors: 1.4,1.6,1.8,2.0. Automatic radii are
utilized for fitting, missing radii are taken from UFF and scaled by 1/1.2. For fitting, the tightness
parameter is 0.1, the restraint strengths for the two stages are set to 0.0005 and 0.0010, respectively.
The maximum number of iterations is 50 and the convergence threshold is set to 10°. Charge
equivalence constraints are enabled for CH, and CH; groups. No charge constraint settings are

used and the connectivity is determined automatically.

CREST settings

CREST? was used for generating conformations as comparisons for the chosen test cases. For this,
the GFN2-xTB? method was chosen, using ALPB* as the solvent model, with an appropriate
solvent for each system. The energy threshold, RMSD and conformer pair energy differences were
set to 6 kcal/mol, 0.125A and 0.05 kcal/mol, as detailed in the CREST documentation. For the
case of the Mo-catalyst, the energy threshold was raised to 50 kcal/mol, because a low number of

conformers was obtained.
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Solvent Parametrization

The solvents were parametrized using RESP charges and antechamber, after which they were
equilibrated and a short, 10ns, classical molecular dynamics (cMD) run was performed to examine
the density.

Counterions. The counterions shown in Figure S1 (B[Arf],, BE,, OTf, ScF¢*, ClO,, PFs, and

B(Ph),) have been parametrized and are available in PyConSolv.

BF, OTf ScF¢>

B[Ar], clo, PF,- B(Ph) ,

Figure S1 Structures of parametrized counterions; color coding: C atoms in grey, B atoms in cyan,

F in pink, S in yellow, O in red, Sc in silver, P in orange.
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Table S1. Density of boxes with parametrized solvent, after 10ns cMD. Densities taken from CRC

Handbook of Chemistry and Physics, 95" Edition.> * denotes gas phase, while the calculated

density is in the condensed phase.

Solvent Exp. Density [g/cm®] Calc. Density [g/cm®] Density standard
deviation [g/cm?]
Acetone 0.7845 0.8160 0.0016
Acetonitrile 0.7857 0.8261 0.0013
Ammonia 0.696* 0.9523 0.0014
Benzene 0.8765 0.8519 0.0022
Tetrachloromethane  1.5940 1.5659 0.0036
Dichloromethane 1.3266 1.2617 0.0026
Chloroform 1.4788 1.4365 0.0029
Cyclohexane 0.7739 0.7496 0.0024
DMF 0.9445 0.9950 0.0020
DMSO 1.1010 1.1492 0.0022
Ethanol 0.7893 0.8142 0.0017
Hexane 0.6606 0.6339 0.0018
Methanol 0.7914 0.8171 0.0017
1-Octanol 0.8262 0.8180 0.0029
Pyridine 0.9819 0.9937 0.0022
THF 0.8833 0.8912 0.0019
Toluene 0.8623 0.8411 0.0025
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Timings

The timing for the complete run of PyConSolv for each the testcase system is detailed in Table
S2. The calculations were performed on a Ryzen R9 5900x CPU, using 12 threads and a total
system memory of 64 GB. The simulations were performed using the GPU accelerated

implementation of pmemd® on an RTX 3060 GPU.

Table S2. Timings for electronic structure calculations and simulation steps for PyConSolv and

CREST.
PyConSolv CREST
System SCF Frequency Antechamber  Equilibration =~ Simulation Total Total/h
Cycle Calculation /h /h /h /h
/h /h
Cu(D)- 0.11 17.84 3.08 0.67 9.01 30.71 483.32
Calix[8]arene
Mo-NHC 0.05 1.07 0.08 0.33 8.45 9.98 10.68
Hydrogenobyric 0.04  0.00 0.08 0.77 14.05 1495 4221
Acid
Methylcobalamin  0.14 591 0.50 1.75 22.53 30.83 42352
Amber MD settings

To perform the classical molecular dynamics simulations, the Amber20° package was used, in
combination with AmberTools23¢. For the system equilibration, a multi-step approach with

repeated heating and cooling was chosen, as follows:
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. The entire simulation box is restrained using cartesian restraints (restraint weight = 1000

kcal mol! A2), with the exception of the hydrogen atoms, which undergo an energy

minimization for 500 cycles.

. The solute heavy atoms remain restrained and the whole system is minimized for 1000

cycles (restraint weight = 1000 kcal mol! A2).

. The system is equilibrated under constant volume to achieve a temperature of 300K, using

Langevin dynamics’ with the collision frequency of 2.0 ps™', a timestep of 0.001 ps and the

SHAKE? algorithm for hydrogen bonds.

. The solute heavy atoms remain restrained (restraint weight = 1000 kcal mol! A'2) and the

whole system is equilibrated at constant pressure (1 atm), to achieve a reasonable system
density and eliminate the voids created by the automated solvent placement in tleap. This
is achieved using Langevin dynamics with the collision frequency of 2.0 ps™, a timestep of

0.001 ps and the SHAKE algorithm for hydrogen bonds.

. The system is subsequently cooled under constant volume to achieve a temperature of

100K, using Langevin dynamics with the collision frequency of 2.0 ps™', a timestep of 0.001

ps and the SHAKE algorithm for hydrogen bonds.

. A stepwise reduction of the restraints takes place, from 1000 to 0 kcal mol* A2, minimizing

at each step (1000, 500, 200, 100, 50, 20, 10,5, 4, 3,2, 1,0.5 kcal mol' A2)

. The system is heated up under constant volume to achieve a temperature of 300K, using

Langevin dynamics with the collision frequency of 2.0 ps!, a timestep of 0.001 ps and the

SHAKE algorithm for hydrogen bonds.


https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
lio
nowledge

b

i
r

8. A final constant pressure (1 atm) equilibration takes place, using Langevin dynamics with
the collision frequency of 2.0 ps, a timestep of 0.001 ps and the SHAKE algorithm for

hydrogen bonds.

The simulations then take place under constant pressure (1 atm, Berendsen barostat’) with
isotropic position scaling, a pressure relaxation time of 2.0 ps with Langevin dynamics,

SHAKE for the hydrogen atoms and a timestep of 0.001 ps.

The size of the simulation box is automatically detected based on the size of the system and a cubic
shape is chosen in all instances. These settings resulted in the following number of particles for
the simulations: Cu(I)-Calix[8]arene in chloroform: 966; molybdenum N-heterocyclic carbene
(NHC) catalyst in dichloromethane: 844; hydrogenobyric acid in water: 5529; methylcobalamine

in water: 6766.
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Case 2: Molybdenum N-heterocyclic carbene (NHC) catalyst

CREST Conformers PyConSolv Conformers

Figure S2 Comparison of conformers generated with CREST and PyConSolv.

In the case of the Molybdenum catalyst, it is apparent that CREST? achieves a greater sampling
for the conformational space, thanks to its metadynamics based approach. PyConSolv can achieve
further sampling through prolonging the classical molecular dynamics simulations or employing

enhanced sampling techniques.
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Case 4: Methylcobalamin

Figure S3. Conformers generated with PyConSolv, compared to a conformer with significant

intramolecular hydrogen bonding from implicit solvation DFT optimizations (black rectangle).
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Because of to the use of explicit solvation, unphysical intramolecular hydrogen bonding is

minimized, when conformers are generated using PyConSolv, as shown in Figure S3.

Package Usage

The  package was installed following the instructions on the  github

page(https://github.com/PodewitzLab/PyConSolv).

A new folder for the chosen system was created and the structure was saved as an XMOL file
(input.xyz). This serves as the input for the pyconsolv command.

The parametrization was started using the following command: “pyconsolv input.xyz -m MMM
-b BBB -5 SSS -d DDD”, where MMM represents the DFT functional, BBB represents the basis
set, SSS represents the solvent and DDD represents the dispersion correction model.

After the geometry optimization and frequency calculation are complete, a pop-up window
appears, where the charges for each of the detected fragments are assigned (see Figure S4).

Following the charge assignment, the parameters are created, the system solvated and the
equilibration is automatically started.

The simulation run is started in the newly created simulation folder, using the
“run_simulation.sh” script, generated by PyConSolv.

Following the 100ns cMD production run, the analysis was performed using “pyconsolv -a sim-
017, choosing kmeans as the clustering method and default values (10 mininum points per cluster,
10 clusters total).

For a more detailed guide, please consult the user manual provided with PyConSolv, which can

be found on the github repository.

10
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Figure S4 Fragment charge assignment dialogue. Here the user must provide the charges for each

fragment of the initial molecule.
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Encapsulation Enhances the Catalytic Activity of C-N
Coupling: Reaction Mechanism of a Cu(l)/Calix[8]arene

Supramolecular Catalyst

+ [c, d

! ). Refugio Monroy",

+ [a, b

Radu A. Talmazan®,
Maren Podewitz*®

Development of C—N coupling methodologies based on Earth-
abundant metals is a promising strategy in homogeneous
catalysis for sustainable processes. However, such systems suffer
from deactivation and low catalytic activity. We here report that
encapsulation of Cu(l) within the phenanthroyl-containing
calix[8]arene derivative 1,5-(2,9-dimethyl-1,10-phenanthroyl)-
2,3,4,6,7,8-hexamethyl-p-tert-butylcalix[8]arene (CgPhenMey)
significantly enhances C—N coupling activity up to 92 % yield in
the reaction of aryl halides and aryl amines, with low catalyst
loadings (2.5% mol). A tailored multiscale computational

Introduction

C—N bond formation is a reaction with a large demand, as
amine derivatives are essential building blocks for multiple
biologically active molecules,!" as well as play a key role in the
design of high-performance materials.”’ In this regard, the
development of novel, highly efficient catalysts based on Earth-
abundant metals, such as copper or iron, is an essential strategy
to explore environmentally more benign and sustainable
production processes.

In recent years, computational chemistry has played a
fundamental role in the development of new catalysts by
uncovering reaction mechanisms and rationalizing reactivity
and selectivity.” In fact, quantum chemical investigations have
successfully been used not only to outline a mechanism, but
also to understand the steric and electronic factors that govern
catalytic systems, and to establish structure-activity

! Federico del Rio-Portilla,’ Ivan Castillo,*'¥ and

protocol based on Molecular Dynamics simulations and DFT
investigations revealed an oxidative addition/reductive elimina-
tion process of the supramolecular catalyst [Cu(CsPhenMeg)l].
The computational investigations uncovered the origins of the
enhanced catalytic activity over its molecular analogues:
Catalyst deactivation through dimerization is prevented, and
product release facilitated. Capturing the dynamic profile of the
macrocycle and the impact of non-covalent interactions on
reactivity allows for the rationalization of the behavior of the
flexible supramolecular catalysts employed.

relationships.” Consequently, complementing experimental

efforts, computational studies can delineate the underlying
mechanisms of the homogenous transition-metal catalyzed
C—N bond formation - a crucial step to evolve from the main
strategies based on palladium,® to extensions that employ
Earth-abundant metals like copper.® However, appropriate
computational protocols, adapted to the nature of the specific
system, to obtain reliable results are required.

As Earth-abundant systems such as those with copper are
prone to dimerization and other deactivation patterns, includ-
ing oxidation from Cu(l) to Cu(ll), recent efforts to incorporate it
as catalytic center have resorted to bioinspired supramolecular
catalysis.”” Encapsulation of transition metals is a general
strategy where a confined space or cavity provides a con-
strained chemical environment for the active species, while also
imposing  steric  restrictions  during the catalytic
transformation.” The cavity allows efficient collisions between
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substrates and the anchored metal site, creating a high density
of local interactions that usually results in beneficial effects such
as higher activity and selectivity, imitating the behavior of
metalloenzymatic active sites.”’

In this context, calix[n]arenes (n=4-8) represent a group of
cavitands that has been used as hosts for different metal
centers including copper, aimed at emulating enzymatic
catalysis."” However, the small calix[4,6]arenes tend to promote
catalytic transformations that occur outside their cavities due to
the limited confined space. Prior studies suggest that p-tert-
butylcalix[8Jarene (Cg) is an outstanding option for
supramolecular catalysis.""'? Its larger and flexible cavity makes
it amenable for metal ion encapsulation by using a coordinative
moiety, while simultaneously allowing metal-substrate interac-
tions inside its cavity. Despite these potential advantages, the
number of catalytic systems based on Cg is significantly lower
than those reported with the smaller calix[4,6]arenes."” One
reason that hindered the rational development of
supramolecular systems is the lack of an adequate cost-efficient
computational methodology that sheds light on the intricate
interplay of cavity conformations and active center accessibility.
Such a methodology requires a description of the reaction
mechanism at the catalytic center with electronic structure
theory, while also incorporating the potentially vast conforma-
tional space of the macrocyclic ligand.

A promising candidate for macrocyclic encapsulation with
calix[8]arene is [Cu(Phen)(u-1)], (Phen=2,9-dimethyl-1,10-phe-
nanthroline, Scheme 1). Its monomeric form has been shown to
be active towards C—N coupling, even though with high ligand
and metal loadings (10-20% mol), and only the most active
substrates were converted with acceptable yields.™ On the
other hand, encapsulating Cu(l) with a bidentate phenanthroyl
moiety in the recently reported Cg-based cavitand 1,5-(2,9-
dimethyl-1,10-phenanthroyl)-p-tert-butylcalix[8]arene
(CgPhen)™ allows for assembly of the catalytic system
[Cu(CgPhen)l] (Scheme 1). This supramolecular system exhibits
remarkable catalytic C—S cross-coupling capability."? Conse-
quently, exploring Cg-based encapsulation of Cu-phenanthro-
line complexes for C—N coupling reactions is an evident choice
to develop highly efficient catalysts and to expand the range of
reactions.

For a rational development of more efficient catalysts,
insight into the underlying reaction mechanism is essential.

= o~
N”"'Cu/l\c N
AN U =
N N N

[Cu(Phen)(u-N)],

[Cu(Phen(OAN),)I]

C—N coupling reactions are known to follow different reaction
pathways, involving either a single electron transfer (SET), an
atom transfer mechanism with charged species, or an oxidative
addition/reductive elimination sequence (see e.g., Ref 15a).
These mechanistic possibilities have been investigated with
computational methods, as well as experiments, with varying
results.®*'>'® |t appears that the nature of the catalyst, as well
as the substrate, dictate the pathway,® with phenanthroline-
based catalysts and aryl substrates generally following an
oxidative addition/reductive elimination path.'®¥ To identify the
most viable mechanism, all alternatives need to be carefully
evaluated in experimental and theoretical investigations.

In this context, the computational modelling of
supramolecular systems including large calixarenes is not
straightforward due to their intrinsic flexibility and hence,
conformational diversity.*® This aspect must not be neglected
to accurately assess the conformational space available to these
types of catalysts. However, conformer sampling is not mature
in transition-metal catalysis and even less established when
flexible macrocyclic ligands are involved. The reason for it is the
inherent difficulty to describe such compounds with standard
conformer generators, and tailor-made approaches must be
developed for these systems. To that end, enhanced sampling
techniques such as accelerated molecular dynamics have
proven successful to capture the conformational space of
macrocycles, and this approach will be exploited here.'”

Thus, we describe how encapsulation within a macrocyclic
C; cavitand significantly increases the C—N coupling activity of a
Cu-phenanthroyl-derived catalyst, with Cul as an inexpensive
and abundant metal source to assemble the supramolecular
pre-catalyst [Cu(CgPhenMeg)l] (CgPhenMeg=1,5-(2,9-dimethyl-
1,10-phenanthroyl)-2,3,4,6,7,8-hexamethyl-p-tert-butyl-
calix[8]arene, Scheme 1). The experimental results are corrobo-
rated with a tailored multiscale computational protocol to
elucidate the reaction mechanism of C—N bond formation,
mediated by [Cu(CsPhenMeg)l], and to determine the origin of
its higher catalytic activity when compared to the molecular
analogue [Cu(Phen)(u-1)],. Our modelling approach is based on
enhanced sampling techniques and quantum chemical inves-
tigations, while computational results are validated and com-
plemented by extensive experimental characterization and
activity studies.

[Cu(CgPhen)l] [Cu(CzPhenMeg)l]

Scheme 1. Molecular pre-catalysts [Cu(Phen)(u-1)], and [Cu(Phen(OAr),)I], as well as the parent supramolecular system Cqg-based [Cu(CgPhen)l], and the new

methylated system [Cu(CgPhenMeg)l].

ChemCatChem 2022, 14, €202200662 (2 of 13)

© 2022 The Authors. ChemCatChem published by Wiley-VCH GmbH

QSUDOIT SUOWWOD) dANEAID) d[qeoridde ayy £ PIUIdAOS aIe SIONIE YO 1SN JO SN 10§ AIRIQIT UIUQ AI[IAN UO (SUOHIPUOD-PUB-SULID)/WOY" K1M° ATeIqr[aut[uoy/:sdny) Suonipuo) pue SWLS L, aY1 998 “[$202/80/07] U0 AIRIqrT UIUQ ASIAN “BLISNYAURIYI0D) A 29900TTOTA0/Z001 0 1/10p/wod Kaim Areaqrourjuo-adona-Ansiuayay/:sdny woiy papeojumod ‘0z ‘7T ‘6685L981


https://www.tuwien.at/bibliothek

ChemCatChem

Research Article
doi.org/10.1002/cctc.202200662

Chemistry
Europe

European Chemical
Societies Publishing

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
blio
nowledge

(]
I
rk

Results and Discussion
Synthesis and Characterization

In the new cavitand CgPhenMe,, the hydroxy groups from the
parent CsPhen were substituted by methoxy groups, which do
not participate in acid-base equilibria under the basic con-
ditions required for catalytic C—N coupling."® Complete meth-
ylation of the hydroxy groups of C;Phen was achieved with a
slight excess of Mel after deprotonation with NaH in anhydrous
THF. The 'H NMR spectrum of CsPhenMe, does not display
signals beyond & 8.50 ppm, which are associated with hydroxy
groups in calix[8]arenes (Figure 1a)."*' Instead, the presence of
two new singlets at 6 2.47 (6H, MeO,,) and 3.30 ppm (12H,
MeO,,,) attest to the —OMe substitution. The methoxy groups
are labelled as MeO,, for those facing inside the calixarene, and
MeO,,, for those outside, based on the shielding or deshielding
caused by the aromatic groups. Full NMR spectroscopic analysis
of CgPhenMe, is presented in the Electronic Supporting
Information (SI Figures S1-S4), including COSY NMR that
allowed the assignment of signals corresponding to the meth-
ylene bridges of the cavitand CH,; at 0 3.49 ppm (d, 4H,
CHycg)r 3.59 (d, 4H, CHycggy)r 3.98 (d, 4H, CHyg), and 4.34 (d,
4H, CHycg), while the methylene connector to the phenan-
throyl moiety was detected at 4.27 ppm (s, 4H, CH.ppen)- Assign-
ment of the signals was facilitated by Variable Temperature (VT)
'H NMR spectroscopy (Figure 1b). The characteristic three-
singlet pattern for the tert-butyl groups of a 1,5-substituted
calix[8]arene was clearly discernible at 6 1.23, 1.14, and
0.90 ppm with a 1:1:2 ratio above 353 K; minor peaks likely
correspond to different conformers (see computational section).
The aromatic signals corresponding to the phenanthroyl moiety
are well resolved at high temperature, being clearly identified
at 0 8.06 and 7.55 ppm. The signals corresponding to the
cavitand phenolic framework (Are) were observed from 6 7.55
to 6.65 ppm. The IR spectrum of the new cavitand in Figure S5

[0}
bu 0 50 o §
5ol g
CgPhen Argg CHapnen
Alphen ~
OH_‘—_U_\ CHacg \
1 iy == e | )
/y% L_; “ % t-Bu
N % el ) S Q
Socudge 9§ 2
U ereel o5
::\ga/ Z‘Phen CH3O
Q\’Z\U Alphen Arcg CH
CgPhenMeg 5 J 209' CH;0 J
|
____._L_JJJJJ__HL#_A_.JUJMW._M | S

does not show bands above 3315 cm™' that may be assigned to
Vo4, further supporting the complete methylation of the
hydroxy groups. Positive-ion Fast Atom Bombardment Mass
Spectrometry (FAB* MS) in Figure S6 shows an intense peak at
m/z=1586, assigned to the protonated molecular ion
[CsPhenMegH]". Finally, addition of Cul to an equimolar amount
of CsPhenMeg in toluene suspension resulted in pre-catalyst
[Cu(CsPhenMey)l].

Characterization of [Cu(CsPhenMeg)l] was initially estab-
lished by 'H NMR spectroscopy and aided by VT 'H NMR studies
(Figures S7-S9 in the SI). The compound exhibits a symmetry
plane as the free cavitand CgPhenMeg, based on the three tert-
butyl signals in a 1:1:2 ratio, and the four doublets correspond-
ing to the calix[8]arene methylene bridges CH,c; at 6 3.75 (m,
4H, CHycga), 3.81 (M, 4H, CH,cgq), 4.18 (M, 4H, CHycqy), and 4.21
(d, J=16 Hz, 4H, CH,c,) observed at 393 K. The monomeric
nature of [Cu(CsPhenMeg)l] was confirmed by DOSY 'H NMR
spectroscopy (Figure 2), where the free cavitand CsPhenMe,
(Figure 2a) and the complex [Cu(CgPhenMeg)l] (Figure 2b)
exhibit identical diffusion coefficients and hydrodynamic radii
(ry=24.90 A).2% This observation suggests that the average size
of CsPhenMeq is retained after Cul is anchored, indicating that
CsPhenMe; may play a dual role as ligand: Confining the metal
center (and potential substrates) within the cavity, while
simultaneously preventing dimerization that deactivates other
phenanthroline-based pre-catalysts (see also computational
investigations, vide infra). Confirmation of the proposed identity
of [Cu(CgPhenMe)l] was established by FAB™ MS, with a peak
at m/z=1649 assigned to [Cu(CgPhenMe)]* (Figure 3a). Com-
plex formation is facilitated by the lability of the Cu(l) ion,?"
with FAB™ MS obtained after 30 min of stirring at 25°C being
identical to that displayed in Figure 3a. Furthermore, air stability
of the pre-catalyst was confirmed through EPR spectroscopic
studies at X-band frequency. [Cu(CgPhenMey)l] is EPR-silent as
expected for a diamagnetic Cu(l) d'° species (Figure 3b), and
exposure of the isolated solid to air for 30 days resulted in

b)
el Ao L_‘LLW 393.15K
—Jujw»‘w'—u_'_%bwW“_LL_ L \ 373.45K
BRI | 17 R I S ;7) ol r_l‘,,‘k353.15|<
_‘Lr‘_,_ki_‘t‘\_gi V‘ ‘_333.15K
‘ ! | 31315k
“ || 2esask

L MW A273.15K

,V‘/¥_‘aw,, 1 258.15K

100 90 80 70 60 50 40 30 20 10
3 (ppm)

0.0 8.0 7.0 6.0 5.0 4.0 3.0 20 1.0 0.0

G (ppm)

Figure 1. a) Comparison of 'H NMR spectra of the parent cavitand CgPhen (blue trace) and the new cavitand CgPhenMe (red trace) in C,D,Cl,. b) VT 'H NMR

spectra of CgPhenMe, in C,D,Cl, from 253.15 to 393.15 K.
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Figure 2. a) 'H 500 MHz DOSY spectrum of 8 mM CgPhenMeg in 1,1,2,2-tetrachloroethane-d, | toluene-dg mixture (500 |50 pL) at 298 K,
diffusion =6.49x 10~ cm?s™", r,=24.90 A; b) "H DOSY spectrum of 8 mM [Cu(CsPhenMe)l] in 1,1,2,2-tetrachloroethane-d, | toluene-d, at 298 K,

diffusion =6.49x 1077 cm?s™", r,,=24.90 A.
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Figure 3. a) Experimental FAB* MS of [Cu(CsPhenMe)l] showing peaks assigned to [CsPhenMeg] * and [Cu(CsPhenMeg)]*; b) X-band EPR spectra of toluene

suspensions of [Cu(CsPhenMeg)l] and reference compounds at 77 K.

virtually no change. In contrast, exposure to air for a few
minutes resulted in significant signal intensity for [Cu(CgPhen)l],
consistent with oxidation to the EPR active Cu(ll) species.
[Cu(Phen)(u-1)], appears to be protected towards oxidation due
to its dimeric nature;”? Cu(OTf), was employed as reference

(OTf™ =trifluoromethanesulfonate), see spectra in Figure 3b.

Catalytic Proof of Concept

As proof of concept to test the properties of the new cavitand
CsPhenMe; in combination with Cu(l), the C—N coupling
catalytic activity of the system was evaluated with 2.5% loading
of each. Aniline and bromobenzene in equimolar amounts were
chosen as substrates as benchmark test; toluene was used as
solvent, avoiding the commonly employed and high-boiling
dimethylsulfoxide. Initial assessment of the reaction was carried
out with several bases, KOtBu affording the best results, as
shown in Tables1 and S1 in the Sl In a second set of

ChemCatChem 2022, 14, €202200662 (4 of 13)

evaluations, different sources of Cu(l) were tested to form the
CsPhenMe,/Cu(l) catalytic system, with Cul performing better
than CuBr or CuCl. Subsequently, the aryl halide substrate was
varied, revealing that [Cu(CsPhenMeg)l] discriminates substrate
by size: A significantly better performance was achieved for the
production of diphenylamine (product a) when bromobenzene
(PhBr) was used, rather than iodobenzene (Phl). Although iodide
acts as a better leaving group that facilitates the potentially
rate-limiting oxidative addition step (vide infra),”® PhBr was
determined to be a better substrate in related C—S couplings
catalyzed by [Cu(CzPhen)X] (X=Cl, 1)."? The isolated yield of
product a with PhBr (73%, entry 2 in Table 1) is significantly
better than with Phl (56%, entry3 in Table 1). This result
supports the notion that the substrates must access the
confined space of the calixarene cavity to interact with the Cu(l)
center. Thus, the rate of C—N coupling must be controlled by
this steric restriction in combination with ease of oxidative
addition of the aryl halide, since chlorobenzene (PhCl) did not
react (Table 1, entry 1). Methylation of the phenolic moieties is

© 2022 The Authors. ChemCatChem published by Wiley-VCH GmbH
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1.2.5% Cul

Table 1. Optimization of the reaction conditions for C-N cross-coupling.”’
2.5% cavitand
25°C, 30 min

H
@F NT@
2 mL toluene a
NH, X 2.1.5 eq KOtBu
©/ - \© 110°C, 36 h
aniline aryl halide ©/

entry cavitand aryl halide yield®™ [%

a b C
1 CzPhenMey chlorobenzene - - -
2 CzPhenMeg bromobenzene 73 8 -
3 CzPhenMeg iodobenzene 56 10 -
44 CgPhen bromobenzene 50 12 7
5 Phen bromobenzene 20 10 -
6 Phen(OAr), bromobenzene 26 8 10
7 none bromobenzene - 9 -
g CzPhenMe, bromobenzene 68 6 -

[a] The evaluations were performed in a Schlenk flask (25 mL) with 2 mL
of toluene, under dinitrogen atmosphere, temperature was raised to
110°C in an oil bath for 36 h. Reaction conditions: molar ratio of 1:1 of
aryl halide and aniline, with 2.5% mol of cavitand and 2.5% mol of Cul. [b]
Isolated vyields after column chromatography. [c] 8% of triphenylamine
(see Figures S20-21) isolated as double coupling product. [d] 10% mol of
ligand and 10% mol of Cul. [e] without cavitand and 10% mol of Cul. [f]

Mercury drop test was performed.

key to achieve high yields of C—N coupling products, since
[Cu(CgPhen)l] afforded only 50% of product a (entry4 in
Table 1). This may be attributed to the potential interference of
deprotonated ArOH groups of CgPhen in the presence of the
strong base KOtBu. Although a reasonable amount of a was
obtained (50 %), collateral formation of homocoupling products
of aryl halide (biphenyl, product b) and aniline (azobenzene,
product c) were observed in low (7-12%) yields. The formation
of b is a commonly observed secondary catalytic path in Cu(l)-
based systems,”” particularly since KOtBu can also promote
biaryl coupling reactions.”™ Aniline oxidation to generate c has
been associated with Cu(l) complexes in the presence of an
oxidant.”® In this evaluation, the cavitand CgPhen does not
seem to protect the Cu(l) center towards oxidation to Cu(ll) by
adventitious oxygen as its methylated counterpart CsPhenMeg.
Thus, aniline oxidation to generate ¢ may occur at the Cu(ll)
center, regenerating Cu(l). Acid-base equilibria also affect the
catalytic performance, since deprotonation of the hydroxy
groups of CgPhen is likely favored over that of aniline (even
when coordinated to Cu(l)) necessary for C—N coupling. The
presence of Cu(ll) in the CgPhen system was confirmed by EPR
analysis as mentioned above, with approximately 20% of
[Cu(CgPhe)l] initially present oxidized to Cu(ll) based on
integration and comparison to the external standard Cu(OTf),
(Figure 3b). In contrast, C,PhenMe, is more selective for C—N
coupling, since no trace of azobenzene (c) formation was
observed, and this may be due to the prevalence of Cu(l) as
confirmed by EPR spectroscopic analysis of [Cu(CzPhenMeg)l].
Therefore, C;PhenMey stabilizes the reduced species under
strongly basic conditions, even upon exposure to air for
30 days, with a maximum of 5% Cu(ll) present based on
integration of the incipient EPR signal. These observations
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confirm that the chemical environment provided by the
CsPhenMe; cavity stabilizes Cu(l) and prevents alternative acid-
base equilibria that may take place within the OH-containing
CgPhen.

To evaluate the influence of the cavity on catalytic perform-
ance, we compared the CgPhenMey/Cul system with the
molecular analogues Phen and 2,9-dimethoxy(4-tert-butylphen-
yl)-1,10-phenanthroline (Phen(OAr),). Although substoichiomet-
ric quantities of ligand and Cul were employed (10% mol,
entries 5 and 6, Table 1), no products were detected initially by
thin layer chromatography (12-24 h of reaction time), and only
low yields of a were consistently obtained (<26% at 36 h),
further supporting the enhancement of C—N coupling activity
due to macrocyclic encapsulation. The low conversion may be
attributed to the known ligand redistribution tendency of Phen
that results in complexes with 2:1 ligand/Cu(l) stoichiometry in
solution.”? Indeed [Cu(Phen),]™ was detected by Direct Analysis
in Real Time (DART) MS at m/z=479 (Figure S10). Halogen
ligands tend to favor Cu—X—Cu (X=Cl, Br, 1) bridge formation
that limit the availability of the Cu(l) centers for catalytic
reactions,? as evidenced by DOSY NMR spectroscopy of Phen
in Figure S11 that affords a value of r,=2.38A vs that of
[Cu(Phen)(u-1)1, in Figure S12 that is more than double at r,=
7.25 A, consistent with a dimeric formulation. These experimen-
tal findings are in line with quantum chemical calculations,
where dimerization yielding a Cu—X—Cu structural motif was
energetically favored (see computational section of the results
for more details).

In the case of Phen(OAr), that also features the bidentate
phenanthroline fragment, we hypothesized that the bulky
substituents akin to those in CgPhenMe; may inhibit the
dimerization observed with Phen (for DART MS of Phen(OAr),
see Figure S13, for '"H NMR characterization of [Cu(Phen(OAr),)]
see Figure S14). Nevertheless, DOSY NMR spectroscopy (Figur-
es S15-516) shows that the calculated hydrodynamic radius of
the complex formulated as [Cu(Phen(OAr))Il, (ry=10.56 A) is
about twice that of the free ligand Phen(OAr), (r,=5.65A).
Furthermore FABT MS attests to the presence of the redistrib-
ution product [Cu(Phen(OAr),),]" at m/z=1071.5 (Figure S17),
along with monometallic [Cu(Phen(OAr),)]* at m/z=567. This
implies that bulky substituents do not completely prevent
ligand redistribution of the corresponding Cu(l) complex with
Phen(OAr),. Thus, the limited catalytic performance of
[Cu(Phen(OAr),)I] is likely due to equilibration with
[Cu(Phen(OAr),),]*, and the absence of the confined space
provided by the cavity in C;PhenMe,. The combined observa-
tions indicate that such cavity is necessary to obtain high yields
of the C—N coupling products, likely by increasing the local
concentration of substrates during the catalytic process. This
would allow more efficient interactions of the substrates with
the Cu(l) center. We also tested C—N coupling with substoichio-
metric quantities of Cul (10% mol) in the absence of ligands
(entry 7, Table 1), and no coupling product a was obtained.
Finally, a mercury drop test did not alter the yield of a with
[Cu(CsPhenMeg)I];*” although it does not provide definitive
proof of a homogeneous catalytic process, we found no
evidence of metallic copper.
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Substrate Scope

The scope of C—N coupling with [Cu(CsPhenMeg)l] was explored
by using different bromobenzene derivatives, as shown in
Table 2. As usually observed in these types of coupling
reactions, electron-deficient substrates result in higher yields of
the desired products (entries 1-2 in Table 2). Moderate yields
were obtained when electron-rich substrates were tested

Table 2. Scope of the C—N cross-coupling catalyzed by in situ formed
[Cu(CgPhenMeg)I].”

1.2.5% Cul
2.5% CgPhenMeg
25 °C, 30 min
2 mL toluene
2.1.5 eq KOtBu H
©/ \© 110°C, 36 h ©/ \@
R
aniline aryl halide C-N coupling product
entry aryl halide C—N coupling product yield® [%]
H
N
1 \©\ ©/ \©\ 76
CN
H
N
0O, o, -
NO, NO,
Br. H
S C S 6 & G U
H
Br. N
* J@ @ Jék *
; CL o O 5o
v
6

& od

[a] Same conditions as in Table 1. [b] Isolated yields after column
chromatography.

Table 3. C—N coupling with different nitrogen sources with arylbromide
substrates catalyzed by in situ formed [Cu(CsPhenMey)I].”!

entry N-source C—N coupling product yield™ [9%]

1 NH,CH,CO, -

@@ .
2 .

N
e o SR

[a] Same conditions as in Table 1, using bromobenzene as substrate. [b]
Isolated yields after column chromatography. [c] 2,6-dibromopyridine was

used as substrate with imidazole in 1:2 ratio.
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(entries 3-5), and also when ortho substituents relative to the
halide are present (see also entry 6). The overall results evidence
the good catalytic performance of [Cu(CsPhenMeg)l], particu-
larly when the catalyst loading is compared to that of related
molecular systems, which typically ranges from 5 to 10%
mol."* The use of T1-allyloxy-2-iodobenzene as substrate
afforded the expected coupling product, isolated in moderate
yield (entry 6, 51%). Nonetheless, we did not find evidence of
the formation of the cyclic product expected when a radical
mechanism is involved in C—N bond formation.** Thus,
[Cu(CzPhenMey)l] does not appear to promote the formation of
aryl radical intermediates, see theoretical section for mechanis-
tic details.

To gain further insight on the scope of the C—N reaction,
different nitrogen-based substrates were tested under the
standard catalytic conditions (Table 3). The results show that
ammonium acetate is not a good substrate. Also, y-valerolactam
as a source of nitrogen reagent (entry 2, Table 3), offered no
significant improvement in yield (76%). In contrast, when a
more nucleophilic and less sterically hindered reagent like
imidazole was employed (entry 3, Table 3), a higher yield was
obtained (82 %). Double substitution for the preparation of 2,6-
disubstituted pyridine-bridged compound is also possible and
resulted in an excellent yield (92%), avoiding high-boiling
solvents or hazardous reaction conditions for this synthetic
target.”™ These results indicate that smaller amines are
preferred, supporting the notion that the wuse of
[Cu(CgPhenMey)l] may result in predominant steric, rather than
electronic control. For characterization of coupling products,
see Figures S18-543 in the SI.

Computational Mechanistic Investigations

To substantiate the experimental findings and shed light on the
mechanism underlying the C—N coupling, detailed theoretical
studies were carried out. Due to the size and the inherent
flexibility of [Cu(CgPhenMeg)l], initial mechanistic studies were
carried out on the simpler [Cu(Phen)l] (Figure 4, for a molecular
structure see Figure S45) as model system. Although exper-
imental evidence shows that this species is a poor catalyst, its
low performance may be attributed to deactivation upon
dimerization to [Cu(Phen)(u-l)], (compare Figure S46). Indeed,
dispersion-corrected density functional theory (DFT) investiga-
tions in implicit toluene (see Computational Methodology for
details) predicted relative electronic and free energies to
thermodynamically favor dimerization with AE=—71 kimol™
and AG®®=—-39 kJmol™" (Figure 4). Thus, dimerization appears
to be one major factor for deactivation and investigation of
[Cu(Phen)l] as model system is ideally suited to gain mecha-
nistic insights prior to tackling the full-fledged catalyst
[Cu(CsPhenMey)l].

A schematic reaction mechanism for the C—N bond
formation between aniline and bromobenzene mediated by
[Cu(Phen)l] (denoted as 1) is depicted in Figure 5. In the initial
step, aniline coordinates to the neutral 1 to afford 2 in an
exergonic reaction (AG***= —28 kJmol™', AE=-51kImol™).
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[Cu(Phen)I]

[Cu(Phen)(u-1)];

Figure 4. Dimerization of [Cu(Phen)I] to [Cu(Phen)(u-1)1,; reaction free energies were calculated with PBEO/def2-TZVP/D3/COSMO//PBEQ/def2-SVP/D3/COSMO

(for details see Computational Methodology).
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Figure 5. Top: Calculated energy diagram for the C—N coupling of aniline and PhBr with the model catalyst [Cu(Phen)I]. Relative electronic energies are given
in black horizontal bars, whereas relative free energies are indicated by red bars. All energies are in kJ mol™', and were calculated with PBEO/def2-TZVP/D3/
COSMO//PBEO0/def2-SVP/D3/COSMO. Bottom: Calculated energy diagram for the C—N coupling of aniline and PhBr with [Cu(Phen)I] (black bars) and
[Cu(CgPhenMeg)l] (blue bars). All energies are relative electronic energies in kJmol™', and were calculated with PBEO/def2-TZVP/D3/COSMO//PBE0/def2-SVP/
D3/COSMO; for details see Computational Methodology.

This adduct formation is monotonously downhill and hence
diffusion controlled. For such processes, typical free energy
barriers are about 20 kJmol™" - a value we assumed for TS,.,.

[29]

ChemCatChem 2022, 14, €202200662 (7 of 13)

The optimized structure of 2 shows 7wt-it stacking of the phenyl
ring of the aniline and the phenanthroyl moiety, at a distance
of 3.5A (Figure S47). In the next step, deprotonation of
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coordinated aniline via TS,.; (Figure S48) occurs, for which we
estimated a free energy barrier of approximately 25 kJmol™
(see Computational Methodology for details). As a result, the
negatively charged intermediate 3 is formed, with an additional
stability of AG**=—120kJmol™" and AE=—147 kJmol™". The
aniline phenyl ring moves closer to the phenanthroyl fragment
at 3.3 A, while the rest of the structure remains largely
unchanged (Figure S49). For the subsequent dissociation of
iodide, we estimate a free energy barrier for TS;, of 14 kJ/mol
(compare Figure S50; see Computational Methodology for de-
tails) to yield intermediate 4 with AG**=-110kJmol™" and
AE=—116 kimol~". Here, Cu regains a trigonal planar geometry
(Figure S51). Alternatively, 4 can be accessed by iodide
dissociation from 2, resulting in 2a (Figure S52), which would
be followed by coordination of aniline to give 3a (Figure S53),
and finally deprotonation. This alternative pathway can be ruled
out based on the highly unfavorable energetic profile, which
results in relative free energies of AG*®*=274 and 160 kJmol ™'
for 2a and 3 a, respectively. Approach of the phenyl bromide to
4 proceeds via TS,s;. Once again, this step presents a
monotonous decrease in electronic energy. We assumed
diffusion control and - in the absence of the calixarene cavity —
estimated a barrier of AG* 20 kJmol™ (TS,.).”® The formation
is facilitated by mt-mt stacking interactions between PhBr and the
phenanthroyl moiety, situated at 3.3 A.

Structure 5 (Figure S54) represents the encounter complex
from which the Br—C(Ph) oxidative addition step begins. 5 is
stabilized by newly formed non-covalent interactions, with
AG*®*=—-128 kJmol™" and AE=-152kJmol™". The oxidative
addition to form 6 resulted in a free energy barrier for TS5 of
AG" = 77 kJmol™". The structure of TSs¢ in Figure 6 (left)
suggests concerted bond cleavage along with Cu—C(Ph) and
Cu—Br bond formation. The Cu(ll) intermediate 6
(AG®®*=—70 kimol™' and AE=—100 kJmol™, Figure S55) then
undergoes C—N coupling by reductive elimination to yield the
observed product, associated with a low free energy barrier
calculated at AG"=12kJmol™'. The transition state TS,
(AG*®*=—58 kimol™' and AE=-89 kimol™"), depicted in Fig-
ure 6 (right), has the two aromatic rings of the products at a
70°C —Cu—N angle as they approach, while increasing the
distance to the metal center. Product formation is energetically
favored, resulting in a reaction free energy of

0>

2.54 A
2114

1.95A

Figure 6. Left: Structure of the transition state for the oxidative addition
TSs.6 Right: Transition state for the reductive elimination TS¢_,. In both cases,
important structural parameters are given. The two structures were
optimized with PBEO/def2-SVP/D3 in implicit toluene.
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AG**=-327 kJmol™" (AE=-360kJmol™") for the catalyst-
product complex 7 (Figure S56). The final structure, 8, repre-
sents the infinitely separated catalyst and product (AG***=
—286 kJmol™" and AE=—-296 kJmol™). Note that the extraordi-
nary high stability of 7 compared to 8, is a result of r-t stacking
interactions of the phenanthroline and one phenyl ring of the
aryl amine, as well as a stabilizing intermolecular Br—H
interaction. For the subsequent second catalytic cycle, the initial
structure is the bromo-equivalent of 1. As no significant
changes in the reaction profile were observed (see Figure S57),
we refrain from further discussion here.

The calculated rate determining step or state, according to
Kozuch and Shaik's energy span model,*® is the difference
between the intermediate and the transition state that max-
imize the energy span. In our case, it is intermediate 5 and the
transition state TSs,. For this oxidative addition step, the free
energy barrier was calculated at AG™ =77 kJmol™". This moder-
ate barrier suggests that the reaction should readily take place
at experimental reaction conditions starting with monomeric
[Cu(Phen)l]. Apart from dimerization as a deactivation pathway,
strong interactions between [Cu(Phen)Br] and the product may
also result in loss of activity or complete deactivation of the
catalyst.

Although other mechanisms, such as single electron transfer
(SET) or atom transfer are discussed in the literature," they all
involve open-shell Cu(ll) and radical species that can be ruled
out here. No experimental evidence of such species was found.
Hence, an oxidative addition/reductive elimination mechanism
is the only viable reaction pathway that agrees with all
experimental data. A recent computational study on a similar
[Cu(Phen)l] catalyst predicted the reaction barriers of all
alternative mechanisms to be higher."*®

Effect of Confinement

To estimate the effect of confinement on the reaction
mechanism, we investigated the supramolecular catalysts and
its intermediates by developing a multiscale approach workflow
(Figure S58). Due to the flexibility of macrocyclic ligands,
enhanced sampling methods were necessary to capture their
conformational diversity. In addition, simulation in the full
condensed phase, that is, in explicit solvation, was required to
retain the cavity. Therefore, we performed accelerated Molec-
ular Dynamics (MD) simulations of the ligand CgPhenMe; in
chloroform to explore the potential energy surface. Although
the experiments were conducted in toluene, deviations were
found to be small (see Figure S59) and computational costs
were significantly lower. To also investigate the corresponding
Cu(l) complex and selected reaction intermediates as well as
transition states, force field parameters had to be generated
prior to simulation. After the simulation runs, obtained
trajectories were clustered to yield a few representative and
structurally diverse conformers. The initial structures thus
generated were re-optimized with DFT (see Computational
Methodology for details).
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Overall, investigation of the supramolecular system as a
whole revealed a similar energetic profile as [Cu(Phen)l], as
shown in Figure 5 (bottom). For structures 2., 4caliix, Scaiix @anNd
8.ix the relative stabilities differ by less than 15 kJmol™.
Notable differences are found for 3 i 6caiiy AN 74k While the
deviation of 54 kimol™' between the small model and the
supramolecular structure of 3, arises potentially due to
insufficient sampling, the higher relative energy of 6, can be
attributed to the very bulky nature of the intermediate, which
occupies the calixarene cavity in its entirety, forcing the cage
into unfavorable conformations. In addition to these intermedi-
ates, we also converged transition-states for the oxidative
addition (TS ixs.s) and reductive elimination (TS, xe.7) Steps,
respectively. Although the predicted barriers are somewhat
higher than in the molecular case, this should not be over-
emphasized because we did not run MD simulations on these
structures. Consequently, we were unable to predict the lowest
conformation properly and the reported numbers can be
considered as upper bounds to the true TS barriers. Moving
forward in the reaction, the release in energy from 6, towards
7 e @t —255 kimol ™" is similar to that of the transition from 6
to 7, at —239 kimol™'. A structural difference that can be
remarked between 7 and 7., is that the hydrogen bond
between the amine and the bromine is no longer present.
Instead, it has been replaced by a hydrogen bond to a
calixarene oxygen atom, thus weakening the product-catalyst
interaction. Consequently, the release of product from the
calixarene cavity is facilitated, with 8, being only 18 kimol™
higher in energy than the previous intermediate, compared to
60 kJmol™" for 8. As these are electronic energies only, thermal
and entropic corrections will make this step exergonic.

Analysis of the dynamics of the full system revealed a
response of the methoxyphenyl units surrounding the catalytic
center upon C—N coupling, depicted in Figure7. Close
inspection of the structures of the optimized supramolecular
variants, 1. through 7, (Figure S60) reveals that the meth-

oxyphenyl units rotate to adapt the cavity around the reaction
center. The rotation of the methoxyphenyl units makes room
for the formation of the C—N coupling product, as depicted in
Figure 7. To quantify differences in the calixarene flexibility,
given by the ability of each methoxyphenyl moiety to rotate,
we estimated the dihedral entropy of the species as the
reaction progresses from 1, t0 6., as shown in Figure S61.
Clearly, a rigidification of the ring structure is observed along
the reaction coordinate. The fivefold coordinated copper center
in 6 and the bulky nature of the aniline and phenyl ligands are
responsible for this effect. The large volume taken up by
structures 5 and 6 also suggests that the binding position of
the phenantroyl bridge is vital in achieving a working catalyst.
In this context, the 1,5-substitution pattern is likely crucial for
the C—N coupling steps, since this positioning allows for
enough space for the bromoarene substrate to approach the
Cu(l) center, while potentially rejecting larger substrates and
thereby offering size selectivity. Thus, the cavity plays a critical
role in limiting the size of the substrates approaching the
reaction center. In addition, it prevents unwanted side reaction,
such as dimerization, as found for the molecular analogue 1.
Furthermore, it potentially facilitates the reaction by activating
intermediate 6., and by preventing a strong catalyst-product
interaction (see 7 and 8 vs. 7, and 8, in Figure 5).

Conclusions

In summary, we demonstrated how a macrocyclic encapsulation
with a Cg based cavitand enhances C—N coupling activity of
[Cu(CgPhenMey)l] when compared to its molecular analogue
[Cu(Phen)l], and determined the origin of this increase in
catalytic activity. The supramolecular catalyst achieves C—N
coupling reactions in toluene with low loadings featuring Earth-
abundant copper. The system offers a chemical environment
that is inert to basic conditions, while also favoring interaction

Response of Calixarene Cavity During C-N Coupling Reaction

Figure 7. Schematic representation of the calixarene response during the C—N coupling reaction. The calixarene is depicted as a grey circle, surrounding the
catalytic center, while one methoxyphenyl unit is shown in detail to highlight the rotation. As PhBr (red) enters the cavity (left), rotation of the methoxyphenyl
unit begins, indicated by yellow arrows. C—N coupling starts taking place once PhBr approaches the reaction center (middle), along with continued rotation of
the methoxyphenyl. Upon completion of the reaction (right), the product exits the cavity and the methoxyphenyl unit points in the opposite direction.
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of the metal center with the substrates. Based on the
experimental and theoretical results, the catalytic process is
kinetically limited by the oxidative addition of the haloarene,
and by the steric restrictions imposed by the macrocycle
suggesting that a 1,5-phenanthroline bridge is vital for catalysis.
Computational studies further revealed that prevention of
catalyst aggregation, activation of intermediates as well as
facilitation of product release fuels C—N coupling activity in
comparison to the molecular analogue. [Cu(CgPhenMey)l]
exhibits better catalytic performance with small amines, in
combination with bromoarene derivatives that fit within the
cavity with more ease than their iodoarene counterparts. This
supramolecular system evidences the advantages of the
encapsulation of transition metals, such as higher activity and
size selectivity. The detailed mechanistic insights should allow
rational modulation of the reactivity by tailoring the properties
of the calixarene, or other flexible macrocyclic scaffolds. The
presented strategy may be extended to related homogeneous
catalytic processes that are currently under investigation in our
laboratory.

Experimental

Unless otherwise specified, the reagents were purchased from
commercial suppliers and used without further treatment. Solvents
were dried and degasified using standard techniques. Deuterated
solvents were degassed prior to use. Catalytic evaluations were
performed in oven dried Schlenk flasks under vacuum/N, (purity
>99.998%, Praxair). Melting points were determined with an
Electrothermal Mel-Temp apparatus and are uncorrected. 'H and
3C NMR spectra were recorded at 300 and 75 MHz with a JEOL
Eclipse or Varian Inova 500 MHz spectrometer, the chemical shifts
are reported relative to the residual solvent peaks. DOSY experi-
ments were performed using Oneshot DOSY pulse sequence;*” a
duration of 1 ms diffusion-encoding gradient pulse were used in
0.1 s steps. 65,536 data points were acquired with 256 transients
each. IR spectra were collected as KBr pellets on a Bruker Tensor 27
spectrometer from 4000 to 400 cm™'. Elemental analyses were
performed with a Vario-Micro V2.0.11 elemental analyzer. FAB" ion
mass spectra were obtained on JEOL SX-102 A spectrometer
operated at an accelerating voltage of 10 kV with m-nitrobenzyl
alcohol as a solvent (matrix). DART MS were recorded on a JEOL
JMS—T100LC spectrometer.

Synthesis of C;PhenMe,. Precursor CgPhen (500 mg, 0.33 mol) and
excess NaH (52 mg, 2.17 mmol) were suspended in anhydrous THF
(10 mL) under dinitrogen, followed by addition of Mel (312 mg,
2.17 mmol), the mixture was held at 25°C for 48 h to achieve
complete methylation of the phenolic positions; the formation of a
white suspension was noticed. Volatiles were evaporated under
reduced pressure, and the crude solid was extracted with 50 mL
mixture of dichloromethane/brine (1:1). The organic phase was
dried over NaSO,, and after slow solvent evaporation a colorless
solid was obtained. The product was purified by column chroma-
tography on silica gel with dichloromethane as eluant, and washed
with hexanes, resulting in a colorless solid in 80% yield (418 mg,
0.26 mmol). M.p. >210°C. &, (300 MHz, C,D,Cl,, 293.15 K) 8.06 (m,
4H, Arppen@o)r 7.55 (S, 2H, Afppenp), 7.07 (m, 4H, Arcg), 6.94 (m, 4H,
Arcg), 6.75 (M, 4H, Arcgy), 6.65 (M, 4H, Arcgy), 4.34 (d, J=16.5 Hz,
4H, CHyeg), 4.27 (s, 4H, CHppen), 3.98 (d, J=15.9 Hz, 4H, CH,cgp),
3.59 (d, J=16.1 Hz, 4H, CHycyy), 349 (d, J=15.7 Hz, 4H, CHcgq),
3.30 (s, 12 H, MeO,,), 247 (s, 6H, MeO.y,), 2.25 (s, 6H, MeOgyp),
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1.23 (s, 18H, t-BUgyyry) 1.14 (S, 18H, t-BUgyyz), 0.90 (s, 36H, t-Buiny). Vinax
(KBr) 2955 (CH; and CH,), 2866 (CH; and CH,) and 1479 (Ar). m/z
(FAB") 1587  [CiPhenMegH]'.  Elemental  analysis  for
Ci0sH134N,0g-H,0 - CHCI; found: C, 75.87; H, 8.00; N, 1.62; requires: C,
75.88, H, 7.86, N, 1.43.

Synthesis of [Cu(CsPhenMey)l]. The cavitand CsPhenMeg (30 mg,
0.018 mmol) and Cul (3.5 mg, 0.018 mmol) were placed in a 50 mL
Schlenk tube with 2 mL of toluene under dinitrogen with constant
stirring. Volatiles were evaporated after 2h of stirring under
reduced pressure, resulting in an orange crystalline solid in 92%
yield (30 mg, 0.016 mmol), m.p. >230°C. d, (300 MHz, toluene-d,,
393.15K) 8.34 (d, J=8.5 Hz, 1 H, Arper), 8.18 (d, 1 H, Arper), 7.68 (m,
1 H, Afpren), 7.62 (M, 1 H, Afppen), 7.16 (m, 8 H, Arcg), 7.09 (m, 3 H,
Aruene)r 7-00 (M, 8 H, Aryguene)s 6.98 (M, 2 H, Argene)s 5:25 (M, 2 H,
CHapher)s 4.87 (d, J=16 Hz, 2 H, CHyeyo), 4.73 (M, 2 H, CHyoro), 4.52 (M,
5 H, CHyers Y CHapren)s 4.21 (d, J=16 Hz, 4 H, CH,.,0), 3.75 (m, 4H,
CHyero), 4.18 (M, 4 H, CHango)s 3.81 (M, 4 H, CH,enge)s 359 (5, 9 H,
CHspds 3.13 (s, 9 H, CHae), 2.09 (s, 3 H, CHguene)s 1.30 (s, 36 H, t-
BUey), 1.18 (m, 36 H, t-Bu,,). m/z (FAB™") 1649 [Cu(CsPhenMey)] ™.

General procedure for coupling reactions. Typically, 4 mg
(0.02 mmol, 2.5% mol) of Cul and 30 mg (0.02 mmol, 2.5% mol) of
CgPhenMe; in 2.0 mL of toluene were stirred in a 25 mL Schlenk
flask for 30 min under dinitrogen. Then, 73 uL of aniline (74 mg,
0.80 mmol), an equimolar amount of the aryl bromide, and KOtBu
(150 mg, 1.2 mmol) were added, and the temperature was raised to
110°C for 36 h. After this time, the products were isolated by flash
column chromatography on basic alumina as stationary phase; the
mobile phase employed consisted of a hexanes/dichloromethane
gradient, starting with 0 and up to 20-30% dichloromethane,
depending on the polarity of the product obtained. Their identity
was confirmed by comparison with literature spectroscopic data
(see Figures S20-545 in the SI).?***®) The same reaction conditions
were employed for comparative studies with CgPhen, and the
molecular analogues [Cu(Phen(OAr),)l] and [Cu(Phen)l],, except
that the catalyst loadings corresponded to 10% mol for the latter
two complexes.

Computational Methodology

A multiscale modelling protocol was designed to describe the
supramolecular catalyst [Cu(CgPhenMeg)l] (see Figure S58 for a
schematic overview). We first studied the C—N coupling mechanism
with monomeric [Cu(Phen)l] (1) as the catalyst, before assessing
the flexibility of the macrocyclic ligand and studying the
supramolecular system.

Quantum chemical studies of [Cu(Phen)l]. The initial geometry for
1 was constructed using Gaussview 6.0.16.5' Unless otherwise
noted, quantum chemical calculations were performed with
Turbomole 7.3.5®9 All structures were roughly preoptimized in C1
symmetry using the BP86°? functional and def2-SVP®? basis set
with empirical dispersion corrections of the D3 type,®¥ as well as
implicit solvent corrections using the Conductor-Like Screening
Model (COSMO)®? as implemented in Turbomole. A dielectric
constant of €=2.4 was chosen to model toluene. The structures
were further optimized with the PBEO functional® which is known
to provide good results when investigating structures involving
transition metals®’?® and the same basis set, solvation model and
dispersion corrections as described above. Single point energy
calculations were performed on the PBEO optimized structures with
the def2-TZVP basis set™ using the resolution-of-identity technique
for speed-up®? and D3 corrections. Again, calculations were
performed in toluene modelled as implicit solvent, to obtain more
accurate electronic energy values. Harmonic frequency calculations
were performed on the optimized structures to verify that they are
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indeed energy minima. Reported energies are either relative
electronic energies AE (PBEO/def2-TZVP/D3/COSMO//PBEQ/def2-
SVP/D3/-COSMO) or relative free energies AG"**" (see Sl for details
on free energy calculations) at 298.15 K, all given in kJ mol™".

The transition states (TS) were obtained by using the eigenvector
following method implemented in Turbomole.®™? A successful
transition state was confirmed by the presence of exactly one
imaginary frequency matching the reaction coordinate.

In some cases, transition states could not be localized by the
eigenvector following method. In such cases, tailored strategies
were used to approximate the TSs. For the association reactions via
TS,, and TS, the energy was found to monotonously decrease
when the ligand approached the catalysts, which indicates a
diffusion-controlled transition state. To verify this, the structures of
the so obtained intermediates were modified in such a way that
the two molecules are 6 A apart and then left to freely optimize.
The optimizations completed reaching the structure of the
intermediate, providing further proof of a diffusion-controlled
transition state. For these cases, as a suitable estimate for the
transition state free energy, 20 kJmol™" was taken as suggested in
literature.” Transition states for dissociation reactions could not be
localized with eigenvector following methods either, because
dissociations were found to be energetically uphill in the electronic
energy. However, as the reactants separate, they obtain additional
entropy. To approximate the transition state energies, a method
put forward by Baik was applied“? accounting for the onset of
entropy upon dissociation, which has been successful for Au
catalysts in the past®® and proved useful in estimating TS,
(Figure S44), see S| for more details. Particularly challenging was the
hydrogen abstraction (TS,.;). As the deprotonation in experiment is
facilitated by a base, we approximated the barrier for hydrogen
abstraction by modelling the reaction path of hydrogen transfer
from 2 to the base (see Figure S48 for structure). It is noteworthy
here that all approximated reaction barriers are significantly lower
than the rate determining state TSs, for which a transition state
was localized with eigenvector following.

Molecular Dynamics simulations to assess conformational flexi-
bility. To obtain a representative structural ensemble of the
macrocyclic ligand CsPhenMeg for subsequent DFT studies, the
conformational spaces was explored in the absence and in the
presence of Cu(l), using classical accelerated Molecular Dynamics
(aMD) simulation — one approach shown to yield reliable conforma-
tional ensembles for macrocycles."” A sampling in explicit solvent
proved to be essential to retain intact cavities, as initial sampling
attempts in implicit solvent resulted in their collapse. In the
absence of Cu(l), the initial structure of C;PhenMe; was adapted
from the crystal structure of a calix[8]arene/Cs"™ and appropriate
structural modification. Force field parameters for C;PhenMe, were
generated using Amber’s Generalized Force Field (GAFF)," partial
charges were obtained with RESP fitting. MD simulations were
carried in chloroform as well as benzene (as a model for toluene
used in experiment). As results were largely similar (see Figure S59),
we restricted ourselves to chloroform only to reduce computational
costs.

To obtain adequate sampling of the catalyst, we performed twelve
Tus aMD simulations, followed by a hierarchical clustering to obtain
a structurally diverse ensemble (see details Sl for more details on
these calculations performed with Amber).**~*"

In addition, we simulated the assembled supramolecular structures
Taiix aNd 6 i, to assess how the flexibility of the cavity changes
upon Cu coordination. Therefore, a parametrization of the metal
ion at the center of the molecule was required. MCPB.py®? was
selected as the tool of choice for the parametrization step. The
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initial structure was created in Gaussview by taking a cluster
representative from the simulation without metal, after which the
respective QM optimized structure was fitted in (see Assembly of
supramolecular catalyst for DFT investigations). The resulting
structures were then optimized at the PBEO/def2-SVP/D3/COSMO
level. The next step involved separating the metal center and
ligands into individual substructures and following the MCPB.py
procedure. The structure optimizations and frequency calculations
were performed at the PBEO/def2-SVP/D3 level. Using the resulting
parameters, equilibration, generation of boosting parameters and
production runs in explicit chloroform were performed according
to the protocol outlined above.

To investigate the flexibility of the calixarene units, a dihedral
analysis was used, to characterize the rotations between each
calixarene unit. Dihedral angles were assigned between the planes
of each of the six-membered rings of the calixarene units, as
changes in these angles accurately describe the movements within
the calixarene ring. Using the X-entropy script®® to perform an
entropic analysis on the angle distributions, the relative entropy
values were obtained, thus, leading to an accurate estimation of
the flexibility.

Assembly of supramolecular catalyst for DFT investigations. Once
the [Cu(Phen)l] (1) structure pathway investigation was completed,
the next step was to study the effects of the confinement by the
calix[8larene on the energetic landscape. To this end, a fitting of
the reaction intermediates back into the Cg ring was necessary.
Cluster representatives of the molecular dynamics simulations were
selected using a hierarchical clustering algorithm. The cluster
representative with the largest population of the aMD simulation of
structure 1, was chosen as the starting point for a fitting of all
QM optimized structures. The fitting process was automated using
a python script via PyMOL,*" which aligned the phenanthroyl
backbones of the large and small models. The calixarene ring, along
with the backbone from the large model were kept and combined
with the remaining atoms of the small model. The results of the
fitting were then pre-optimized with GFN2-xTB,*” followed by an
optimization with PBEO/def2-SV(P)/D3/COSMO. Final single point
energies were again calculated with PBEO/def2-TZVP/D3/COSMO.

Structural parameter measurements and visualizations were done
with PyMOL.>*

Supporting Information

Detailed characterization of cavitand CgPhenMe, and the
supramolecular system [Cu(CgPhenMeg)l], characterization of
coupling products, details concerning the theoretical investiga-
tions.
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S.1. General experimental procedures

Unless otherwise specified, the reagents were purchased from commercial suppliers and
used without further treatment. Solvents were dried and degassed using standard
techniques.' Deuterated solvents were degassed prior to use by 3 freeze-pump-thaw cycles.
Catalysis evaluations were performed in oven-dried Schlenk flasks under vacuum/N2 (purity
> 99.998%, Praxair). 'H and "C NMR spectra were recorded at RT with a 300 MHz JEOL
Eclipse spectrometer, chemical shifts are reported according to the residual solvent peaks.
IR spectra were recorded as KBr pellets on a Bruker Tensor 27 spectrometer from 4000 to
400 cm™. Elemental analyses were performed with a Vario-Micro V2.0.11 elemental
analyser. Positive ion FAB* mass spectra were obtained on a JEOL SX-102A spectrometer
operated at an accelerating voltage of 10 kV in a m-nitrobenzyl alcohol matrix. DART MS
were recorded on a JEOL JMS-T100LC spectrometer. Melting points were determined with

an Electrothermal Mel-Temp apparatus and are uncorrected.
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S.2. Synthetic procedures

S.2.1. Synthesis of 2,9-bis(bromomethyl)-1,10-phenanthroline (PhenBrz)

2 HPO(OEt),
- 7 N\ 3 NBS - 7\ 2 i-PrNEt - 72\
/ —_— / /
\ N N= CH5CN ) N N= THF ) N N=
reflux 18 h Br,H;_,C CH3_,Bry rt 24 h BrH,C CH,Br

PhenBr,

Scheme 1. Synthesis of 2,9-bis(bromomethyl)-1,10-phenanthroline (PhenBrz).

Optimisation of the previously reported protocol? was adapted, with the reaction time
modified. 2,9-dimethyl-1,10-phenanthroline (0.88 g, 4.17 mmol) was dissolved in 30 mL of
acetonitrile in a 250 mL round-bottom Schlenk flask covered with black paper foil. Under
constant stirring, recrystallised N-bromosuccinimide (NBS 2.23 g, 12.51 mmol) was added
to the solution, then the temperature was raised to reflux with an oil bath and was maintained
for 18 h. After that, volatiles were evaporated, the crude solid was extracted with diethyl
ether, and washed with a saturated solution of NaHCO3 (50 mL). Then, the solid was
dissolved in 40 mL of THF, the brown solution was cooled to 0 °C. Thereupon, diethyl
phosphite (1.1 mL, 8.34 mmol, 98%) and N,N-diisopropylethylamine (1.453 mL, 8.34 mmol,
99%) were added to the solution. After 24 h, volatiles were evaporated and the product was
purified by column chromatography on silica gel with dichloromethane as eluant, resulting
in an orange crystalline solid in 40% overall yield (0.61 g, 1.68 mmol), m.p. > 110 °C. on
(300 MHz, CDCls, 393.15 K) 8.26 (d, J = 8.34 Hz, 2 H, Arphen()), 7.92 (d, J = 8.33 Hz, 2 H,
Arphena)), 7.82 (d, J = 7.80 , 2H, Arphenw)), 7.26 (s, 3 H, CDCl3), 4.97 (s, 4 H, CHaphen). m/z
(DART-MS) 367 [PhenBrzH]".
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S.2.2. Synthesis of 1,5-(2,9-dimethyl-1,10-phenanthroline)-p-tert-butylcalix[8]arene
(CsPhen)

N\ N— 10 CsF

e \ 7 THF

rt36h SN Ne

PhenBr,
CgPhen

Scheme 2. Synthesis of 1,5-(2,9-dimethyl-1,10-phenanthroline)-p-tert-butylcalix[8]arene (CsPhen).

CsPhen was obtained according to the previously reported protocol,? with modifications in
the purification procedure. Previously synthesized p-tert-butylcalix[8]arene (obtained
according to the literature procedure,®0.80 g, 0.62 mmol) and CsF (0.94 g, 6.22 mmol) were
dried in a round-bottom Schlenk flask at 120 °C for 2 h. After cooling to room temperature,
the solids were dissolved in 15 mL of THF, the formation of a white suspension was
observed. The temperature was increased to 50 °C for 12 h while stirring, resulting in a
yellow solution. PhenBr2 (0.28 g, 0.73 mmol) was then added, and the mixture was stirred
at room temperature for 36 h. Then, volatiles were evaporated under reduced pressure, and
the crude solid was dissolved in 10 mL of chloroform/toluene (10:1). The organic phase was
washed with 15 mL of 0.1 M HCI, followed by 50 mL of saturated NaHCOs3 solution, and
extracted with 20 mL of chloroform. The organic phase was dried over CaCOs, and after
slow solvent evaporation an orange solid was obtained. The product was purified by column
chromatography on silica gel with dichloromethane as eluant, and the product was washed
with hexanes, resulting in a white crystalline solid in 86% yield (0.78 g, 0.52 mmol), m.p. >
230 °C. 6+ (300 MHz, CDCls, 393.15 K) 9.48 (s, 8 H, OH), 8.39 (d, J = 8.27 Hz, 2 H, Arphen(b)),
7.78 (m, 2 H, Arphen(a)), 7.24 (s, 2 H, Arphenp)), 7.18 (m, 16 H, Arcs), 5.26 (s, 4 H, CHzphen),
4.28 (d, J=12.9, 8 H, CHaexo), 3.50 (d, J =12.9, 8 H, CH2endo), 1.25 (M, 48 H, t-Bu), 1.17 (m,
24 H, t-Bu). m/z (FAB*) 1502 [CsPhenH]".
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S.2.3. Synthesis of 1,5-(2,9-dimethyl-1,10-phenanthroline)-2,3,4,6,7,8-hexamethyl-p-
tert-butylcalix[8]arene (CsPhenMeg)

7

1.8 NaH

2.10 CH;l
3 , /O 0\/ o AN 0\
=N N= T:BFh =N N=
rt
YaW WA
CgPhen CgPhenMeg

Scheme 3. Synthesis of 1,5-(2,9-dimethyl-1,10-phenanthroline)-2,3,4,6,7,8-hexamethyl-p-tert-
butylcalix[8]arene (CsPhenMes).

Under inert atmosphere, the previously synthetized CsPhen (500 mg, 0.33 mmol) was
dissolved in 10 mL of anhydrous THF in a 50 mL round bottom Schlenk flask, NaH (52 mg,
2.17 mmol, 90%) was added, after one hour under constant stirring, the formation of a yellow
precipitate was observed. Prior addition of CHsl (312 mg, 2.17 mmol), the Schlenk flask was
covered with black paper foil, then, the mixture was stirred at room temperature for 48 h, the
formation of a white suspension was noticed. Volatiles were evaporated under reduced
pressure, and the crude solid obtained was extracted with 50 mL mixture of
dichloromethane/brine (1:1). The organic phase was dried over Na>SO4, and after slow
evaporation of the solvent a colourless solid was obtained. The product was purified by
column chromatography on silica gel with dichloromethane as eluant, and the product was
washed with hexanes, resulting in a white crystalline solid in 80% yield (418 mg, 0.26 mmol).
m.p. >210 °C. ox (300 MHz, C2D2Cls, 293.15 K) 8.06 (m, 4H, Arphen(ac)), 7.55 (s, 2H, Arphen)),
7.07 (m, 4H, Arcsg()), 6.94 (m, 4H, Arcs()), 6.75 (m, 4H, Arcg)), 6.65 (m, 4H, Arcg)), 4.34 (d,
J=16.5 Hz, 4H, CHzcs()), 4.27 (s, 4H, CHzpren), 3.98 (d, J = 15.9 Hz, 4H, CHacs(a)), 3.59 (d,
J=16.1 Hz, 4H, CHacsw)),), 3.49 (d, J = 15.7 Hz, 4H, CHacsa)), 3.30 (s, 12 H, MeOeyx), 2.47
(s, 6H, MeOexi(a)), 2.25 (s, 6H, MeOexi(v)), 1.23 (s, 18H, -BUext(v)), 1.14 (s, 18H, {-BUex(a)), 0.90
(s, 36H, t-Buint). v vmax (KBr) 2955 (CHs and CHy), 2866 (CHs and CHz) y 1479 (Ar). m/z
(FAB®) 1587 [CsPhenMegH]*. Elemental analysis for CiosH134N2Os-H,O-CHCI3, found: C,
75.87; H, 8.00; N, 1.62; requires: C, 75.88, H, 7.86, N, 1.43.
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S.2.4. Synthesis of 1,5-(2,9-dimethyl-1,10-phenanthroline)-2,3,4,6,7,8-hexamethyl-p-
tert-butylcalix[8]arene copper(l) complex [Cu(CsPhenMes)I]

Cul

toluene
rt 30 min

CgPhenMeg Cu(CgPhenMeg)l

Scheme 4. Synthesis of 1,5-(2,9-dimethyl-1,10-phenanthroline)-2,3,4,6,7,8-hexamethyl-p-tert-

butylcalix[8]arene copper(l) complex [Cu(CsPhenMes)l].
CsPhenMeg (30 mg, 0.018 mmol) and Cul (3.5 mg, 0.018 mmol) were placed in a 50 mL
Schlenk tube with 2 mL of toluene under constant stirring for 30 min at room temperature
under N2. Volatiles were then evaporated under reduced pressure, resulting in an orange
crystalline solid in 92% vyield (30 mg, 0.016 mmol), m.p. > 230 °C. én (300 MHz, toluene-ds,
393.15 K) 8.34 (d, J = 8.5 Hz, 1 H, Arpnen), 8.18 (d, 1 H, Arphen), 7.68 (M, 1 H, Arpnen), 7.62
(m, 1 H, Arpnen), 7.16 (m, 8 H, Arcs), 7.09 (m, 3 H, Ariiuene), 7.00 (m, 8 H, Ariiuene), 6.98 (M,
2 H, Arioluene), 5.25 (m, 2 H, CHzphen), 4.87 (d, J = 16 Hz, 2 H, CHaexo), 4.73 (M, 2 H, CH2exo),
4.52 (m, 5 H, CHaexo Y CHophen), 4.21 (d, J = 16 Hz, 4 H, CHaexo), 3.75 (M, 4H, CHaexo), 4.18
(m, 4 H, CH2endgo), 3.81 (M, 4 H, CHaendo), 3.59 (s, 9 H, CHsint), 3.13 (s, 9 H, CHaext), 2.09 (s,
3 H, CHsoluene), 1.30 (s, 36 H, t-Buex), 1.18 (m, 36 H, t-Buini). m/z (FAB*) 1649
[Cu(CsPhenMes)]".

S.2.5. Synthesis of the bis(2,9-dimethyl-1,10-phenanthroline) copper(l) complex
[Cu(Phen)(p-1)]2

- Cul
=2
N N= toluene
rt 30 min

[Cu(Phen)(n -1)],

Scheme 5. Synthesis of the bis(2,9-dimethyl-1,10-phenanthroline) copper(l) complex
[Cu(Phen)(u-1)]2.
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2,9-dimethyl-1,10-phenanthroline (32 mg, 0.15 mmol) and Cul (29 mg, 0.15 mmol) were
dissolved in 2 mL toluene in a 50 mL Schlenk tube under N, the mixture was under constant
stirring for 30 min at room temperature. Volatiles were evaporated under reduced pressure,
resulting in a red solid in 37% yield (45 mg, 0.06 mmol). The low yield is due to the conditions
were imposed to obtain the (1:1) Phen-Cul complex. m.p. > 230 °C. én (300 MHz, toluene-
d8, 393.15 K) 8.55 (d, J = 7.80 Hz, 2 H, Arphen(c)), 8.06 (s, 2 H, Arphen(a)), 7.82 (d, J = 7.9 Hz,
2 H, Arphen)), 7.26 (s, 3 H, CDCl3), 2.45 (s, 6 H, CHasphen). m/z (DART-MS) 479 [Cu(Phen).]".

S.2.6. Synthesis of the 2,9-bis((4-(tert-butyl)phenoxy)methyl)-1,10-phenanthroline
copper(l) complex [Cu(Phen(OAr)2)l]

Cul

toluene

rt 30 min

[Cu(Phen(OAr),)I]

Scheme 6. Synthesis of the 2,9-bis((4-(tert-butyl)phenoxy)methyl)-1,10-phenanthroline copper(l)
complex [Cu(Phen(OAr)2)I].
2,9-bis((4-(tert-butyl)phenoxy)methyl)-1,10-phenanthroline (obtained according to the
literature procedure,* 60 mg, 0.12 mol) and Cul (23 mg, 0.12 mol) were dissolved in 2 mL
toluene in a 50 mL Schlenk tube under N2, the mixture was stirred for 30 min at room
temperature. Volatiles were evaporated under reduced pressure, resulting in a red solid in
93% vyield (76 mg, 0.11 mmol), m.p. > 230 °C. én (300 MHz, CDCls, 298.15 K) 8.31 (d, J =
8.3 Hz, 2H), 7.97 (d, J = 8.3 Hz, 2H), 7.81 (s, 2H), 7.34 (d, J = 8.9 Hz, 4 H), 7.26 (s, 3H,
CDCls), 7.02 (m, 4H), 5.65 (s, 4H), 1.31 (s, 18H). m/z (ESI-MS) 567.3 [Cu(Phen(OAr)2)]".
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S.3. Characterization

g tBuc;

Arcs
CHazee
o 2 .
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Figure S1. Comparison of the "H NMR spectra of the macrocycles Cs in CDCls (black) at
293.15 K, CsPhen in C2D2Cls (blue) at 293.15 K, and CsPhenMes in C2D2Cl4 (red) at 393.15 K.
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Figure S2. Top: analysis of the 'TH NMR spectrum of CsPhenMeg in C2D2Cls at 393.15 K. Bottom:
VT "H NMR spectra of CsPhenMes in C2D2Cls from 253.15 to 393.15 K.
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Figure S4. '3C NMR spectrum of CsPhenMeg in C2D2Cls at 298.15 K.
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Figure S7. Top: analysis of the '"H NMR spectrum of [Cu(CsPhenMee)l] in C2D2Cls at 393.15 K.
Bottom: VT 'H NMR spectra in C2D2Cls from 253.15 to 393.15 K.
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Figure S11. 'H DOSY spectrum of the ligand Phen (8 mM in CDCls|toluene-ds 500 pL|50 pL) at 298

K, diffusion = 6.80 x 10® cm?%/s, rn = 2.38 A.
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Figure S12. '"H DOSY NMR spectrum of [Cu(Phen)(u-l)]2 (8 mM in CDCls|toluene-ds 500 puL|50 plL)
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Figure S14. '"H NMR spectrum of [Cu(Phen(OAr):I] in CDClIz at 293.15 K.
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diffusion = 2.86 x 10° cm?/s, rh = 5.65 A.
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S.4. General procedure for C-N cross-coupling reactions and characterization of the

coupling products

1.2.5 % Cul
2.5 % CgPhenMeg
rt 30 min

Br NH, 2.1.5eqt-BuOK H
O e (YL
R R

2 mL toluene

aryl bromide aniline coupling product

Scheme 7. General coupling procedure.

A 25 mL Schlenk flask was charged with 0.02 mmol (4 mg, 2.5 % mol) of Cul and 0.02 mmol
(30 mg, 2.5 % mol) of CsPhenMegs and 2.0 mL of toluene, and the mixture was stirred for 30
min under dinitrogen. After addition of 0.80 mmol (73 uL, 74 mg) of aniline, 0.80 mmol of the
corresponding aryl bromide, and 1.2 mmol (150 mg) of {-BuOK, the temperature was raised
to 110 °C in an oil bath. Reactions were monitored by TLC carried out on 0.25 mm plates
coated with silica gel, using UV light (254 nm) as visualising agent, until the consumption of
the starting materials, or when a significant amount of the likely coupling products was
evident, then the reaction was quenched by exposing it to air. The crude products were
extracted with diethyl ether, separated and isolated by flash column chromatography
performed on aluminium oxide 90 basic Macherey-Nagel as the stationary phase and
hexane-dichloromethane at different ratios as the eluent. Yields refer to isolated compounds
and their identity was confirmed by comparison with literature spectroscopic data. The same
conditions were employed for comparison with cavitand CsPhen, the catalyst blank
[Cu(Phen)l]2, and the molecular analogue [Cu(Phen(OAr)2)I]; mercury drop tests were

carried out under the same conditions.
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S.4.1. Optimisation of the C-N cross-coupling reaction

Table S1. Optimization of the reaction conditions for C-N cross-coupling.?!

1.2.5 % Cul
2.5 % Calix[8]arene

rt 30 min
©/X ©/NH2 2.1.5 eq +BuOK ©/ \© ‘/‘ /@
110 °C36h ©/
2mL toluene
aryl halide aniline 2
Yield™ (%)
Entry Ligand Aryl halide Base
1 2 3
1 CsPhenMes chlorobenzene t-BuOK - -
2 CsPhenMes bromobenzene t-BuOK 73 8 -
3 CsPhenMes iodobenzene t-BuOK 56 10 -
4 CsPhenMes bromobenzene MeONa 20 10 -
5 CsPhenMes bromobenzene NaOH 12 -
6 CsPhenMes bromobenzene DBU 8 -
7 CsPhenMes bromobenzene Cs2C0s3 10 -
8l CsPhen bromobenzene t-BuOK 50 12 7
gkl CsPhen iodobenzene t-BuOK 50 12 7
100 Phen bromobenzene t-BuOK 20 10 -
110 Phen(OAr); bromobenzene t-BuOK 26 8 10
12l Without bromobenzene t-BuOK 9 -
1310 CsPhenMes bromobenzene t-BuOK 68 6 --
1409 CsPhenMes bromobenzene t-BuOK 52 12 -
150 CsPhenMes bromobenzene t-BuOK - -
161! CsPhenMes bromobenzene t-BuOK - -

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.
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[a] The evaluations were performed in a Schlenk flask (25 mL) with 2 mL of toluene, temperature was
raised to 110 °C in an oil bath for 36 h under a nitrogen atmosphere. Reaction conditions: molar ratio
of 1:1 of aryl halide and aniline, with 2.5 % mol of ligand and 2.5 % mol of Cul. [b] Isolated yields after
column chromatography. [c] Also 15 % of triphenylamine was isolated. [d] 10 % mol of ligand and 10
% mol of Cul. [e] Without ligand and 10 % mol of Cul. [f] Mercury drop-test was performed. [g] THF
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as solvent. [h] Neat. [i] 2.5 % mol of CuCl.
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S.4.2. Characterisation of the C-N coupling products
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Figure $18. '"H NMR spectrum of diphenylamine.
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Figure S$19. DART MS of diphenylamine.
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Figure $20. '"H NMR spectrum of triphenylamine.
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Figure S24. '"H NMR spectrum of biphenyl.
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Figure $25. DART MS of biphenyl.
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Figure $28. '"H NMR spectrum of 4-nitrodiphenylamine.
Figure S29. DART MS of 4-nitrodiphenylamine
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Figure S30. 'H NMR spectrum of 4-cyanodiphenylamine.
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Figure S31. DART MS of 4-cyanodiphenylamine.
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Figure S42. '"H NMR spectrum of 1-phenylimidazole.
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Figure S43. DART MS of 1-phenylimidazole.
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S5. Computational Investigations

S$5.1 Computational Methodology

S5.1.1 Free Energy Calculation

Harmonic frequency calculations were performed on the optimized structures to verify that
they are indeed energy minima. The Goodvibes python script® was used to obtain the zero-
point energy and thermal corrections for the selected structures, by calculating an
approximate partition function using the rigid-rotator-quasiharmonic oscillator. To improve
accuracy, the frequencies were scaled using the scaling factor 1.0340.° Frequencies below
100 cm™ were set to 100 cm™ and the gas phase values were corrected to a solution-phase
standard state of 1 mol L. Reported energies are either relative electronic energies AE
(PBEO/def2-TZVP/D3/COSMO//PBE0/def2-SVP/D3/-COSMO) or relative free energies AG

at 298.15 K, all given in kJ mol™.

S$5.1.2 Molecular Dynamics Simulations

Structures were equilibrated using a modified procedure by Wallnofer at al.” that involves
extensive heating and cooling to achieve equilibration. The production runs (in explicit
chloroform) were carried out in NpT ensembles at 300 K, using Amber18.2 Temperature was
regulated with the Langevin thermostat,® whereas the pressure was kept at 1 bar using the
Berendsen barostat.’ The SHAKE algorithm' was used to restrain hydrogen bonds
allowing for a time step of 2 fs; coordinates were saved every 10 ps, simulating a total of 1
us. Accelerated MD (aMD) simulations'? were carried out using the dual-boost algorithm
implemented in Amber18,® where a bias was applied on the total potential and an additional
boost on the dihedral term.® A total of 12 aMD simulations, each with 1 s, were performed
with various boosting parameters. These settings were derived as proposed by Pierce et
al.*® by performing 100 ns classical MD simulations. All trajectories of the production runs

were combined, and the structures were aligned on the phenanthroyl bridge. A hierarchical
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clustering was applied on the combined trajectories to obtain a structurally divers ensemble.
We did not re-weight the trajectories because (i) accurate re-weighting is difficult to achieve
within aMD and energy minima remain such regardless of their relative energies, (ii) our goal
was to obtain structures that are as diverse as possible, since relative energies of the

conformers will change upon Cu(l) coordination.

S$5.2 Computational protocol to determine the dissociation transition state TS;4

The transition state TS3.4 presents a particular difficulty in obtaining a valid structure, as the
electronic energy is rising in a monotonic fashion, as the dissociation coordinate is
elongated. While this makes the determination of the exact structure difficult, the energy
barrier of this TS can still be estimated. By manually creating structures along the reaction
coordinate, 0.25 A apart, and performing a restrained optimization as well as frequency
calculations, the initial steps of the reaction can be characterized (Figure S44). When
another datapoint is added, with the product structures infinitely separated, a jump in free
energy can be observed. By fitting a sigmoid function on the values of —TAS (black dotted
line), the free energy along the dissociation (red line) can be estimated from adding the
calculated enthalpy (blue dotted line) to -TAS (black dotted line). The highest point is taken
as the estimated for TS3.4. The approximated transition-state structure is depicted in Figure

S50.
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Figure S44. Free energy fitting of TS3.4. Structures were generated along the reaction coordinate in
steps of 0.25 A (blue dots) and interpolated by a sigmoid blue dashed line. Optimizations and
frequency calculations were carried out at the PBEQ/def2-TZVP/D3/COSMO//PBEQ/def2-
SVP/D3/COSMO level (black dots) and sigmoid functions were fitted for the enthalpy and -TAS

(black dashed line). The free energy was calculated by summing up the sigmoids and the maximum
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value was taken as the TS free energy estimate (red line).
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S$5.3 Structures of reactive species
The transition states TS..3 (proton abstraction) and TS4.s (iodide abstraction) are diffusion

controlled, hence, a barrier of 20 kJ/mol is assumed and no structures are reported.

Figure S45. Structure 1, optimized with PBE0/def2-SVP/D3/COSMO(toluene).

Figure S46. Structure [Cu(Phen)(p-l)]2 optimized with PBE0Q/def2-SVP/D3/COSMO(toluene).
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Figure S47. Structure 2, optimized with PBE0/def2-SVP/D3/COSMO(toluene).

Figure S48. Structure of approximate TS2.3, optimized with PBEO/def2-SVP/D3/COSMO(toluene).
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Figure S49. Structure 3, optimized with PBE0/def2-SVP/D3/COSMO(toluene).

Figure S50. Structure TSs.4, Estimate optimized with PBE0/def2-SVP/D3/COSMO(toluene).
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omitted.

Figure S$51. Structure 4, optimized with PBE0/def2-SVP/D3/COSMO(toluene).

Figure $52. Structure 2a optimized with PBE0Q/def2-SVP/D3/COSMO(toluene), counter ion is
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Figure S53. Structure 3a optimized with PBE0/def2-SVP/D3/COSMO(toluene), counter ion is

omitted

Figure S54. Structure 5, optimized with PBE0/def2-SVP/D3/COSMO(toluene).
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Figure S55. Structure 6, optimized with PBEO/def2-SVP/D3/COSMO(toluene).
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Figure §$56. Structure 7, optimized with PBE0/def2-SVP/D3/COSMO(toluene).
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S$5.4 Subsequent cycles of the reaction

The first cycle of the reaction begins with iodine and ends with bromine attached to the Cu
atom. All further cycles of the reaction take place starting with the Br analogue of structure.
An investigation of the electronic energy path of the Br equivalents of structures 1 to 4 is
shown in Figure S57. The reaction energies are largely similar, with the main differences

being in the case of 3 and 4 with the bromine intermediates being 7 and 20 kJ mol™ higher

in energy.
NGO NH,Ph
il X
o —_—
S 1.~ TS,
5 0 — \\ N\
f N\ \ /CUIJ‘Nngh N
- Ccu-X N N
> N \ _Cu=NHPh
et -50 — N
: 2
L \ 4
O -100 - \ /
E \ /  c—
o \ ’
= w3 7
O e—
@ -150 : N\\Er/
L ] lodine C _Cu=NHPh
Bromine N ;(
-200

Reaction Coordinate

Figure S57. Energy diagram of structures 1-4 for the first (iodine) and subsequent (bromine) cycles
of the reaction. X stands for the respective halogen atom. Energies were computed with PBEO/def2-

TZVP/D3/COSMO//PBEO/def2-SVP/D3/COSMO.

43


https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
blio
nowledge

L]
|
rk

S$5.5 Investigation of the supramolecular complexe

The supramolecular catalyst is a difficult structure to fully investigate, as QM calculations
are computationally intensive and do not take into account the flexibility of the calixarene
ring. MD simulations can not only describe the flexibility of the cage, but they allow for the
inclusion of explicit solvent, which is essential for preventing the calixarene cavity from
collapsing. This comes at the cost of an inability to take into account any bond formation or
dissociation. To this end, we developed a protocol, as shown in Figure S58, where we
combine MD simulations with QM optimizations, in such a way that we are able to obtain
shapshots along the reaction pathway. By utilizing DFT for elucidating the reaction path on
a model system, we can pinpoint the important intermediates involved in the reaction.
Meanwhile, on the MD side, we can perform simulations of the catalyst to get an idea about
the cage movements. By clustering the simulations, we are able to acquire a few
representative structures, to which we can fit the various intermediates. These structures
can then subsequently serve as starting points for more simulations of the various
intermediates, as well as constructing a reaction profile for the whole supramolecular
catalyst — being able to capture the effect on confinement on the reaction path. Specificities
of each calculation step can be found in the respective subsections of the computational

methodology.
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Figure §58. Workflow combining QM and MD simulations, developed to investigate the
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Figure §59. Top: Three most populated clusters of the aMD simulations of the calixarene ligand

without Cu coordination (CsPhenMes) in toluene. Middle: most populated clusters of CsPhenMes in

chloroform. Bottom: Most populated the clusters for the simulation of 1caix in explicit chloroform.

The fitting of the small phenanthroyl system was performed on multiple clusters from
different simulations. Clustering the aMD simulations provided with an overview of the
dynamics of the calixarene macrocycle. When comparing the main clusters in the
simulations with implicit solvent (not shown) and chloroform, it was observed that explicit
solvation was essential to retain the cavity. When comparing the top three most populated

clusters of the aMD simulations of the uncoordinated ligand CsPhenMeg in toluene and in
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chloroform (top and middle panel in Figure S59), it is evident that the structures are very
similar. Indeed, even Cul coordination yielding 1caix (bottom panel in Figure S59) did not
change much, but very similar clusters were obtained for the simulation of 1caix in chloroform
compared to simulation of the ligand alone with cavities of similar size. As results for
chloroform and toluene were similar, all subsequent calculations were performed in
chloroform only to reduce computational costs.

As the simulations yielded well-defined cavities, fitting of structures 2 to 7 deemed possible
without too many clashes. To this end, structures 2 through 7 were fitted into the cavity,
using the phenantroyl bridge as a base for alignment, yielding 2caiix through 7caiix. Using the
number of steric clashes as the criterion, each fitted structure was ranked. The most
populated cluster of the simulation of 1caix showed the least amount of clashing and thus

was chosen as the template for subsequent optimizations.
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Figure S60. Structures of the supramolecular calixarene intermediates, optimized with PBEO/def2-

TZVP/D3/COSMO//PBEO/def2-SVP/D3/COSMO.

The resulting structures were subsequently optimized with PBEO/def2-SVP/D3+COSMO,
followed by single point calculations with the larger def2-TZVP basis set and the energetic
landscape was evaluated. Final structures are depicted in Figure S60.

As simulations of structure 1caix as well as 6caix Were performed, the flexibility of the
calixarene ring was also investigated. It was observed that the calixarene units exhibits less
movement during the simulation of 6caix. This was quantified as the relative entropy of the
diherdrals between the individial units calculated with the X-entropy script.'* In Figure S61,
it can be seen that the distributions of the dihedrals in the simulated structure 6caix are

considerably narrower than those of 1caiix.

48


https://www.tuwien.at/bibliothek

X
[}
<
=
=

—
©
Qo
(=)
]
h=
()
>
X
Q
e
=
kS,
2
m
c
Q
2
[l
—
()
©
C
©
—
2
c
e
,.(E
=
[}
9]
D
(@]
—
[}
0
2
©
c
=
n
e
[}
=
©
=
o
=
O
Q
=
v
[S]
>
=
°©
(4]
(o))
Q
=
ks
Qo
o
=
[oX
Q.
@©
Q
(]

The approved original version of this doctoral thesis is available in print at TU Wien Bi

thele

(]
blio
nowledge

L]
|
rk

0.040

0.035

°
°
@
S

0.025

0.020

probability density

o
°
2
o

0.010

0.005

0.000

0.040

0.035

o
°
@
S

0.025

0.020

probability density

I3
o
2
o

0.010

0.005

0.000

Figure S61. Entropy values of the dihedral distributions, as calculated with the X-entropy script. The

green distribution, contoured by red, represents the values from the simulation of 1caix. The blue
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distribution, contoured by orange, represents the values obtained from the simulation of 6caiix.
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Conformational Effects of Regioisomeric Substitution on
the Catalytic Activity of Copper/Calix[8]arene C—S Coupling

Armando Berlanga-Vazquez,® Radu A. Talmazan,” Carlos A. Reyes-Mata,”
Edmundo G. Percastegui,” Marcos Flores-Alamo," Maren Podewitz,*™ and Ivan Castillo*®

Functionalization of the phenolic rim of p-tert-butylcalix[8]arene
with phenanthroline to create a cavity leads to formation of
two regioisomers. Substitution of positions 1 and 5 produces
the known C,,-symmetric regioisomer 1,5-(2,9-dimethyl-1,10-
phenanthroyl)-p-tert-butylcalix[8]arene (L®), while substitution
of positions 1 and 4 produces the C-symmetric regioisomer 1,4-
(2,9-dimethyl-1,10-phenanthroyl)-p-tert-butylcalix[8]arene (L)
described herein. [Cu(L"*)I] was synthesized from L"* and Cul in
good yield and characterized spectroscopically. To evaluate the
effect of its cavity on catalysis, Ullmann-type C—S coupling was
chosen as proof-of-concept. Selected aryl halides were used,
and the results compared with the previously reported Cu(l)/L"?

Introduction

The application of molecules that provide a confined space as
catalysts has been the focus of increasing attention in recent
years."™ These systems present a cavity as their main feature,™
where they can host diverse reactants in a chemical environ-
ment that may differ significantly from that provided by the
bulk solution. In this context, the macrocycles known as
calix[n]arenes have been used as nanoreactors for a large range
of processes, including as stabilizers for supported molecular

[a] A. Berlanga-Vdzquez, C. A. Reyes-Mata, Prof. I. Castillo
Instituto de Quimica, Universidad Nacional Auténoma de México
Ciudad Universitaria, 04510, Ciudad de México (México)
E-mail: joseivan@unam.mx
iquimica.unam.mx/dr-ivan-castillo-perez
[b] R. A. Talmazan, Prof. M. Podewitz
Institute of Materials Chemistry, TU Wien
Getreidemarkt 9, 1060 Vienna (Austria)
E-mail: maren.podewitz@tuwien.ac.at
www.podewitz-lab.org
[c] Prof. E. G. Percdstegui
Centro Conjunto de Investigacién en Quimica Sustentable UAEM-UNAM
Carretera Toluca-Atlacomulco km 14.5
Toluca, 50200, Estado de México (México)
[d] Dr. M. Flores-Alamo
Facultad de Quimica, Division de Estudios de Posgrado
Universidad Nacional Auténoma de México
Ciudad Universitaria, 04510, Ciudad de México (México)

Supporting information for this article is available on the WWW under
https://doi.org/10.1002/ejic.202200596
Part of the Special Collection on “Inorganic Reaction Mechanisms”.

N © 2022 The Authors. European Journal of Inorganic Chemistry published by
Wiley-VCH GmbH. This is an open access article under the terms of the
Creative Commons Attribution License, which permits use, distribution and
reproduction in any medium, provided the original work is properly cited.

Eur. J. Inorg. Chem. 2023, 26, €202200596 (1 of 9)

system. Only highly activated aryl halides generate the C—S
coupling product in moderate yields with the Cu(l)/L"* system.
To shed light on these observations, detailed computational
investigations were carried out, revealing the influence of the
calix[8]arene macrocyclic morphology on the accessible con-
formations. The L' regioisomer undergoes a deformation that
does not occur with L' resulting in an exposed catalytic
center, presumably the cause of the low activity of the former
system. The 1,4-connectivity was confirmed in the solid-state
structure of the byproduct [Cu(L"*~H)(CH;CN),] that features
Cu(l) coordinated inside a cleft defined by the macrocyclic
framework.

(6] [7-10]

noble-metal catalysts,” organic transformations, small mole-
cule activation"™"¥ as well as C-C"' and C-N"® cross-
coupling reactions. Although the examples cited create a
confined environment for the catalytic reaction to proceed, the
metal involved is found outside the cavity of the calixarene
(exo-coordinated). Very few examples of endo-coordinated
metal complexes exist,"””'® and even fewer that participate in
catalytic transformations." Calixarenes are synthetically avail-
able on a large scale and can be functionalized with relative
ease.” In the specific case of calix[8]arenes that feature eight
phenolic moieties, functionalization requires the use of a base,
with CsF or Cs,CO; commonly employed due to the additional
templating effect of caesium, which allows control of the
regioselectivity.*"*?

Our research group reported the catalytic activity of copper-
based calix[8]arene derivatives for C—S cross coupling reactions,
with a bridging phenanthroline motif introduced at the 1 and 5
positions of the phenolic rim (L' in Scheme 1, left). The Cu(l)
complex of L' is very active for C-S coupling compared to
molecular analogues, and displays a higher reactivity towards
arylbromides, relative to aryliodides. *® Under the conditions
employed to obtain the 1,5-functionalized calix[8]arene, a side-
product obtained in low yield from the reaction mixture was
suspected to correspond to a regioisomer with different attach-
ment points to the phenolic positions. Modification of the
conditions resulted in improved yields of the latter compound
that based on the isolated mass, corresponds to an almost 1:1
mixture of L' and the new product (Scheme 1, right). To
investigate the identity and properties of the previously
unidentified regioisomer, we herein report the isolation and
characterization of the new compound as the 1,4-phenanthro-
line substituted calix[8]arene (L' and the catalytic activity of
its Cu(l) complexes in C—S coupling reactions for comparison

© 2022 The Authors. European Journal of Inorganic Chemistry published by Wiley-VCH GmbH
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Scheme 1. Synthetic route for [Cu(L"*)CI] (references 23, 25) and [Cu(L"*)I]
(this work).

with the L'*-based system. The 1,4-substitution pattern may
produce significant differences in the properties of the cavity,
and concomitantly modify the catalytic activity of its Cu(l)
complex. Molecular Dynamics (MD) simulations in explicit
solvent, accompanied by Density Functional Theory (DFT)
calculations capture the dynamic behavior of the flexible
macrocycle and its copper complexes. They revealed that
regioisomer-induced  conformational changes of the
calix[8]arene cavity are likely responsible for the dramatic
difference in the catalytic performance of both systems, with
the 1,4-regioisomer acting as a poor C—S coupling catalyst. Our
studies provide guidance for the future development of better
calixarene-based nanoreactors.””

Results and Discussion
Synthesis and Characterization

Calixarene derivatives. The functionalization of calix[8]arene
with a phenanthroline bridge has previously been reported by
our group.”” In this O-alkylation process, one equivalent of
calix[8]arene reacts with 1.2 equivs. of 2,9-bis(bromomethyl)-
1,10-phenanthroline in THF in the presence of 10 equivs. of CsF
as base and template. Deprotonation at 50°C overnight leads
to 82-86% of the C,,-symmetric regioisomer L'* in the original

Eur. J. Inorg. Chem. 2023, 26, 202200596 (2 of 9)

procedure,” which made identification of the small amount of

side product unviable. In contrast, heating to reflux temperature
(66 °C) for 4 h followed by addition of of 2,9-bis(bromomethyl)-
1,10-phenanthroline gives rise to a nearly 1:1 mixture of L'
and L"* (Scheme 1). TLC analysis of the latter reaction mixture
with 3:1 hexane/acetone as eluant shows the presence of only
two products with very similar R (0.225 for L' and 0.275 for
L"* determined after spectroscopic characterization, Figur-
es S1-S7), making it challenging to separate via column
chromatography. Separation of the two isomers involved
crystallization from 8:1 CHCl/toluene mixture and cooling to
—30°C of the caesium complexes formed in the presence of
excess CsF during alkylation with 2,9-bis(bromomethyl)-1,10-
phenanthroline, resulting in the solid identified previously as
[Cs(L"*—H)] as a white crystalline solid.*” Separate treatment of
[Cs(L'—H)] dissolved in CH,Cl, and the pale-yellow mother
liquor containing [Cs(L"*—H)] with 0.1 N HCl each afforded the
pure L and L™ assessed initially by TLC analysis. The
previously unidentified L'* was characterized by MALDI-TOF
MS, with a peak at m/z=1501.7 corresponding to the molecular
ion (Figure S3). 'H NMR spectroscopic analysis of L“* was
undertaken in C,D,Cl, solution, since this solvent results in
better resolved peaks for L' Noticeable differences include
the number of signals arising from the methylene protons of
the calixarene framework: the less symmetric L'* should give
rise to 5 doublets detected as broad peaks likely due to
fluxional processes (Figure S4, see also theoretical section). For
comparison, L'® displays only a pair of 1:1 signals due to the
symmetry plane defined by the phenanthroline moiety that
includes the O-atoms in 1 and 5 positions (Figure S5). The
flexibility of macrocyclic L™* is also reflected in the poorly
resolved *C NMR spectrum (Figure S6). The signals sharpen in
'H NMR data acquired at higher temperature, but they do not
coalesce completely up to 120°C (Figures S7-S8).

Copper complexes. Once isolation and identification of L'
was achieved, the corresponding Cu(l) complex was obtained
upon treatment of a toluene solution of the macrocycle with a
stoichiometric amount of copper iodide dissolved in a minimum
amount of acetonitrile under inert atmosphere. Cooling to
—30°C resulted in a brown microcrystalline solid in 82% yield,
formulated as [Cu(L™*)I] (see below). The IR spectrum evidences
a negligible displacement of the C—N band after Cu(l) complex-
ation at 1591 cm™, relative to the free ligand at 1594 cm™'
(Figures S1 and 52).°% Characterization by '"H NMR spectroscopy
confirms that the complex is diamagnetic, as expected for a
Cu(l) d"° center (Figures S5 and S8). The apparent flexibility of
the ligand in solution is restricted upon Cu(l) coordination; this
can be discerned in the methylene group signals, as they get
resolved into seven doublets with close to 1:1:1:1:1:1:2 ratio
at room temperature in C,D,Cl, (Figures S8). MALDI-TOF MS of
the complex obtained in acetonitrile solution shows a peak at
m/z=1503.6 corresponding to protonated [L'*+H], and in
addition to the usually observed peak at m/z=1564.6 [Cu(L"*)]"
with low intensity, an iodide-containing species at m/z=1774.1
assigned as [Cu,(L"*)(H,0)I]", based on its mass and isotopic
distribution (Figure S9); formation of this dicopper ion in the
ionization chamber is attributed to redistribution of labile Cu(l).

© 2022 The Authors. European Journal of Inorganic Chemistry published by Wiley-VCH GmbH
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The presence of iodide as ligand is supported by addition of
AgOTf to an acetonitrile solution of [Cu(L"*)I], which resulted in
Agl as a water-insoluble, pale-yellow precipitate. [Cu(L"*)I] is
EPR silent at X-band frequency, as expected for a diamagnetic
d" ion (Figure S10). Finally, combustion analysis is consistent
with the formulation as [Cu(L"*)(CH;CN)(H,0)l], likely due to the
presence of acetonitrile from crystallization (Figure S8) and
moisture absorbed during handling in air for analysis.

A separate batch of pale-yellow crystals were obtained by
evaporation of a concentrated 9:1 acetonitrile/toluene solution
in the triclinic space group P-1, and identified as [Cu-
(L"*—H)(CH,CN),] based on X-ray diffraction. However, this
species is only a minor product and the bulk of the isolated
material corresponds to [Cu(L'*)I], as stated previously and
confirmed by combustion analysis, MS, NMR spectroscopy, and
reactivity with AgOTf. Hence, the low yield of [Cu-
(L™*—H)(CH;CN),] did not allow us to test its catalytic activity
extensively (see below). The crystals lose solvent rapidly once
removed from the mother liquor at room temperature, and
they diffract poorly despite immediate mounting on a glass
capillary under a stream of cold N,. Nonetheless, careful and
rapid handling of the crystals allowed the collection of
diffraction data for [Cu(L"*—H)(CH,CN),], Figure 1. It consists of
a calix[8]larene with the 2,9-dimethylphenanthroyl group bridg-
ing the 1 and 4 phenolic positions. One phenolic oxygen donor
[04] is bound to the Cu(l) center, which is chelated by the
phenanthroline moiety; its coordination environment is com-
plemented by two acetonitrile molecules as additional N-
donors. Notably, the original iodide counterion is absent in
these yellow crystals and a deprotonated phenol of the
calixarene framework acts as charge compensator. The local
geometry of the Cu(l) ion in [Cu(L*—H)(CH,CN),] can be
described as a very distorted square pyramid 1> =0.228,% with
the two phenanthroline N-atoms, O4 and one acetonitrile N-
donor at the base of the pyramid, and the second acetonitrile
molecule in the apex. The copper-nitrogen bond distances Cu1-
N1 and Cu1-N2 (2.064 and 2.079 A), and the N1-Cu1-N2 angle
of 80.0° compare well with related Cu(l) phenanthroline
complexes.?’?® The Cu1-04 length of 2.746 A, is shorter than
the sum of the van der Waals radii of copper and oxygen

Figure 1. Mercury diagram of [Cu(L"*—H)(CH,CN),] (H-atoms and solvent
molecules omitted, C-atoms shown as wireframe for clarity). Ellipsoids are
presented at the 50% probability level.

Eur. J. Inorg. Chem. 2023, 26, €202200596 (3 of 9)

(2.9 A)#3 Selected bond lengths (A) and angles (°) are
presented in Table 1. Crystallographic data and structure refine-
ment details are presented in Table S1 in the Supporting
Information.

The conformation adopted by the substituted calix[8]arene
in [Cu(L"—H)(CH,CN),] can be described as 1,2,3,4-alternate,
where all phenolic groups are in syn orientation.®” This
conformation has been previously observed in calix[8]arene
complexes of lanthanides, thorium, and molybdenum, although
in all those cases the phenolic oxygen atoms are the only
donors present.?? The arrangement is stabilized by an intra-
molecular hydrogen-bonding network between the phenolic
OH groups, which distributes the anionic charge among the
phenol groups. The phenanthroyl bridge connecting the 1 and
4 positions defines a bimacrocyclic calixarene scaffold with an
asymmetric cleft composed of a small and a large cycle,
integrated by one 23- and one 31-membered rings, respec-
tively. In contrast, the cavity of L' consists of two symmetric
27-membered rings. For comparative purposes, the small cavity
of L' is only marginally larger than those of calix[4larene and
calix[5]arenes (16- and 20-membered rings), and slightly smaller
than that of calix[6]arene (24-membered ring).

Catalytic evaluation. In previous work, [Cu(L'*)CI] had been
tested as a catalyst precursor for C=S cross couplings, affording
arylthioether products in 70-95% yields with a variety of aryl
halides. The activity of this monometallic complex is signifi-
cantly different from that observed when using small molecular
complexes. For example, Bates etal. reported the dimeric
complexes [(Me,phen)Cu(u-)], and [(Me,phen)Cu(u-SCeHs)1,
that required 10% mol Cul and 2,9-dimethyl-1,10-phenanthro-
line (Me,phen) loads for acceptable catalytic activity.?* In
contrast, the use of 2.5% mol loads of [Cu(L"®)CI] displayed
high activity and unusual size-selectivity, demonstrating the
influence of the cavity in the process that allows the less
hindered substrates to access and interact with the copper
center, thus favoring shorter reaction times. For direct compar-
ison, we initially tested the catalytic activity of in situ formed
[Cu(L™)CI] in C-S couplings under analogous reaction con-
ditions, with poor results. Although the difference is only the
position of the phenanthroyl moiety, this modifies the size of
the cavity, as well as the energetically accessible conformations
in solution (see calculations below). Thus, Ullmann-type C-S
couplings with the potentially more active iodide complex
[Cu(L™)1] as catalyst precursor were carried out following the
conditions shown in Scheme 2. We used bromobenzene in
initial tests, based on the preference (size-selectivity) over

Table 1. Selected bond lengths (A) and angles (°) for [Cu(L"*—H)(CH,CN),].

Bond lengths Bond angles

Cul-N4 1.944(10) N4-Cu1-N3 111.6(3)

Cul-N3 1.987(8) N4-Cu1-N1 107.5(4)

Cul-N1 2.064(8) N3-Cu1-N1 118.2(3)

Cul-N2 2.079(8) N4-Cu1-N2 110.0(3)

Cu1-04 2.746(9) N1-Cu1-N2 80.0(3)
04-Cu1-N2 62.9(2)
04-Cu1-N3 75.3(3)
04-Cu1-N4 101.1(3)
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2.5% mol [Cu(L"4)1]

Na
X
- L
R toluene 110 °C, 72-96 h

H, F, CN, NO,
H, NO,
NO

o,

X=Br,R
X R
X R

I,
Cl,

N

Scheme 2. C=S Ullmann-type couplings with [Cu(L"*)I] as catalyst precursor.

iodobenzene exhibited previously by [Cu(L')CI], and the
activated 4-fluorobromobenzene, 4-bromobenzonitrile, and 4-
nitrobromobenzene (entries 1-4 in Table 1). The catalyst and
sodium thiophenolate were suspended in toluene and stirred
for an hour, followed by addition of the corresponding
arylboromide. The reactions were monitored by TLC analysis at
24 and 72 h intervals, and after such time the mixtures were
cooled to room temperature for analysis. The products were
separated by column chromatography and isolated or identified
whenever necessary by 'H NMR spectroscopy and DART-MS; the
yields of isolated coupling product are shown in Table 2.
Although the reactions were carried out under inert atmos-
phere, [Cu(L")I] can be handled in air, based on EPR analysis of
samples of the complex exposed to air for several days
(Figure S11). This is attributed to the steric protection of Cu(l)
provided by the calixarene scaffold.

Bromobenzene was the first substrate tested, and no cross-
coupling product was detected by TLC analysis, even after 72 h
of reaction at 110 °C; only reactants and catalyst were observed.

Table 2. Ullmann-type C—S cross-coupling of aryl halides using [Cu-
(L*)CI1® and [Cu(L"4)I].

Entry ArX Product yield [%]

[Cu(L™)CI]™ [Cu(L™)1]

94 Trace

[a] Previous work from Ref. [23]. NA: Not available.

Eur. J. Inorg. Chem. 2023, 26, 202200596 (4 of 9)

This was also the case after chromatographic separation.
Catalyst recovery was partially successful: although the complex
appears to decompose in silica, the ligand was isolated with a
maximum of 80% vyield. In a few specific cases of the coupling
reactions, the copper complex was recovered as well in ca. 30%
yield. Unlike copper catalyst with L%, for which the cross-
coupling reaction generates diarylsulfides in 15 h with up to
95% yield, [Cu(L™)I] is not a viable catalyst with the simplest
substrate bromobenzene. Therefore, we decided to try sub-
strates with activating (electron withdrawing) groups in the
para position (F, CN, and NO,). Even though 4-fluorobromoben-
zene may be considered as activated relative to bromobenzene,
no reaction with sodium thiophenolate was observed. When 4-
bromobenzonitrile was employed as substrate, the coupling
product was spotted by TLC, 'H NMR studies, and mass spectra
analysis (Figures S12 and S13), but this was isolated only in
trace amounts. Coupling was successful only with the most
highly activated 4-nitrobromobenzene, affording a new com-
pound that was isolated as an intense yellow oil after column
chromatography. DART-MS shows a peak corresponding to the
desired coupling product (4-nitrophenyl)phenylsulfide at m/z=
232 for [M+H]" (Figure S14). 'H NMR spectroscopy in Fig-
ure S14 confirms the identity of the coupling product, corre-
sponding to 35 % yield.

Considering that [Cu(L™*)I] requires the most active sub-
stituted bromobenzene substrate to perform the coupling
reaction, three additional tests were carried out using iodoben-
zene, 4-nitroiodobenzene and 4-nitrochlorobenzene. These
substrates allowed us to evaluate the effect of the size of the
halide in reactivity under the same conditions employed with
arylbromides. The results of these experiments are summarized
in Table 2 entries 5-7. When using iodobenzene, no product
could be identified as diphenyl sulfide after column chromatog-
raphy. Reactions with 4-nitroiodobenzene and 4-nitrochloro-
benzene afforded the coupling product 4-
nitrophenyl)phenylsulfide, isolated after column chromatogra-
phy, corresponding to 31% and 19% yields respectively (see
DART-MS in Figures S16 and S17). These observations evidence
that coupling reactions proceed only when using highly
activated aryl halides with [Cu(L"*)I] as catalyst, albeit in
moderate yields. This contrasts with the high activity estab-
lished for the 1,5-substituted system with all types of substrates,
although the size preference for aryl bromides over aryl iodides
is retained. The low catalytic activity of [Cu(L*)I] can be
ascribed to the difference of the cavity size and shape, and
potentially to the conformations that may be accessible for
both macrocycles. While in [Cu(L"*)CI] the Cu(l) ion is oriented
towards the center of the cavity, allowing the substrates to
enter and interact with the metal ion, in [Cu(L'*)I] the position
of the Cu(l) ion is shifted to one side, restricting the
conformations that may lead to high conversions with any
arylhalide.

A common phenomenon observed in all reactions tested
was that biphenyl was not detected. This supports the notion
that in [Cu(L*)I] the space to access the copper center is highly
restricted by the conformations available to the calixarene
framework. The extent of restriction is such that two aryl halides
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cannot be fitted simultaneously for homocoupling to take
place, regardless of the identity of the halogen substituent on
the aromatic substrates. When C—S coupling does occur, the
mechanism must be similar to that postulated for these types
of systems, where initial formation of Cu(l)-thiophenolate is
followed by oxidative addition of the arylhalide, and product
formation takes place by reductive elimination in the last step
in Scheme 3. As an alternative, if [Cu(L"*—H)(CH,CN),] were
present, the calixarene phenolate moiety (L"*—H) may be
protonated by the more acidic thiophenol PhSH, which would
lead to [Cu(L"*)(SPh)] in Scheme 3; the rest of the mechanism
should be identical to the one shown. This catalytic reaction
was indeed tested with the small amount of [Cu-
(L"*—H)(CH,CN),] available and PhSH/PhBr, with no products
observed (see Experimental Section for details).

Computational conformational studies. To shed light on
the reasons for the considerably lower activity of [Cu(L"*)X]
relative to [Cu(L™®)X], a theoretical investigation of the
structures was undertaken. Initial structure optimizations with
DFT did not show a big difference in energy for the two
regioisomeric complexes ([Cu(L")I] and [Cu(L™)I], shown in
Figure S18), with [Cu(L')I] being slightly more stable by
10 kimol™". To explore the flexibility of the calixarene macro-
cycle in solution, we performed accelerated MD (aMD) simu-
lations of [Cu(L")I] and [Cu(L™®)I] in explicit chloroform (see
computational methodology for details) — a methodology
established in a previous study on a similar system.P” To
quantify the change in conformational flexibility induced by the
bridging phenanthroyl moiety at the 1,4 and 1,5 positions, an
analysis of the dihedral angles between the individual calixar-

reductive elimination [Cu'(L‘"')X]

[Cu"(L"4)(SPh)(Ph)X]

oxidative adition

X
\©\ X =Br, 1
R

ene phenolic units was performed. Based on their distribution,
an estimate for the dihedral entropy as an indicator of inherent
flexibility can be obtained via kernel density estimation (see
computational details). For a given dihedral distribution, the
entropy value can be obtained by analyzing the area under the
curve (the larger the area, the higher the entropy). As seen in
Figure 2, where the distributions of the individual dihedral
angles are plotted for both complexes, the [Cu(L"*)I] structures
exhibit significantly more flexibility, especially in the larger loop,
as evidenced by the higher entropy values.

The MD simulations also revealed an interesting difference
in the behavior of the two structures, with [Cu(L™)I] displaying
a deformation of the cavity. This is in stark contrast to the
symmetric [Cu(L')I] catalyst. As depicted in Figure3 (full
structures in Figure S19 and S20), the catalytic center becomes
exposed to solvent as the framework deforms. Transition from
the deformed to the intact cavity happens several times over
the course of a single 1 us aMD simulation, as well as during
the 100 ns conventional MD simulation used to obtain the aMD
parameters (see computational details). Upon optimization of
the cluster representatives of the two distinct conformations
with DFT, it is evident that the deformed structure is slightly
more stable than the intact one (AE=-10kJmol™"). These
findings provide evidence that the deformation of the cavity is
likely to occur under experimental conditions and may explain
the low catalytic activity of [Cu(L'*)I] relative to [Cu(L™)I].
Although the deformed calculated structures suggest that
dimerization might be feasible, no experimental evidence for
deactivation through Cu—I—Cu bridge formation, i.e. dimeriza-
tion, was found. If the reaction were to proceed in the

—_— e

transmetallation NaXx

[Cu(L"4)(SPh)]

Scheme 3. Proposed mechanism for the (inefficient) C—S cross coupling of thiophenolate with aryl halides using [Cu(L"*)I] as catalyst, including potential

deactivation pathway.
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Figure 2. Left: schematic representation of [Cu(L"*)I] depicting the position of each dihedral angle. Right: dihedral entropy estimated from the area under the
curve of [Cu(L™)I] (patterned curves) and [Cu(L"*)I] (filled curves) as observed during aMD simulations.

Catalytic center exposed

Cavity Collapse

structures shown in Figures S17 and S18 in the Supporting Information.

deformed conformation with an exposed catalytic center,
replacement of iodide for thiophenolate would require more
open space around the Cu center. The transmetallation is a
two-step process, wherein a bulky, negatively charged inter-
mediate, [Cu(L")I(SPh)]~, would be formed upon the addition
of thiophenolate. This would be followed by the dissociation of
iodide, resulting in [Cu(L"*)(SPh)] (Scheme 3). To investigate the
first step of the transmetallation, we modelled the intermediate
as [Cu(L"I(SPh)]"Na* to balance the charge in the simulation
(see computational methodology for details). Given that
thiophenolate is added as a sodium salt and that the solvent is
non polar, it is reasonable to assume that the Na™ remains in

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.
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s the vicinity of the negatively charged [Cu(L"*)I(SPh)]~ complex.
@ our aMD simulations performed on the [Cu(L'*)I(SPh)] Na*
N = }

4= 2 intermediate, revealed a preference for the deformed structure.
.g%f This finding supports the hypothesis that the large steric
3% demand of the intermediate prevents the calixarene from
omm= = flipping back to its original position and restoring the cavity.

Indeed, the starting structure transitioned to a deformed one
within the 100 ns conventional MD simulation. Transitions
between conformations are rare in a 1 ps simulation, where
only 2.2% of the structures show an intact cage. Moreover, a

Eur. J. Inorg. Chem. 2023, 26, 202200596 (6 of 9)

Figure 3. Schematic representation of the intact and deformed structures of [Cu(L"*)I] observed during the aMD simulations in explicit solvent. The calixarene
macrocycle is displayed as wiggle. Left: front and side views of the intact conformation; right: deformed structure with exposed Cu(l) center. Detailed

simple experimental transmetallation test between [Cu(L"*)I]
and NaSPh at room temperature did not afford evidence of the
formation of [Cu(L"*)(SPh)] by MALDI-TOF MS. Re-optimization
of the deformed [Cu(L"*)I(SPh)] Na™ structures obtained from
MD simulations after clustering of the trajectory, with DFT
revealed that these very compact conformations (see Figur-
es $21-522) are surprisingly stable. In fact, the deformed
structure is 165 kJmol™' more stable than that with an intact
cage. This finding is in line with results from MD simulations,
where the intact cage conformation was hardly populated.
Attempts to optimize the subsequent putative reactive inter-
mediate [Cu(L**)X(SPh)(Ph)] (X=Br, I), proposed in Scheme 3
failed, with the calculations directly leading to the formation of
the C=S coupling product (see Figure S23). This result suggests
that sterically demanding species are not stable within the
coordination environment of [Cu(L"*)I]. This means either the
oxidative addition cannot take place, or it is immediately
followed by reductive elimination. In any case, the computa-
tional investigations highlight the importance of the 1,5-
substitution pattern of L' to preserve a reaction cavity that
results in high catalytic activity, allowing the reaction to
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proceed via the known oxidative addition/reductive elimination
pathway.

Conclusion

We have successfully isolated and characterized the 1,4-
regioisomer of p-tert-butylcalix[8]arene substituted with a
phenanthroyl moiety L'* by easy separation of the cesium
complex of L' via crystallization. L"* was employed as ligand to
obtain the new copper(l) complex [Cu(L*)I]. Spectroscopic
studies and structure optimization of [Cu(L"*)I] by theoretical
methods evidenced that the asymmetric cleft provided by L"*
forces Cu(l) towards one side of the calixarene framework,
relative to its symmetric [Cu(L'®)l] counterpart. Catalytic C—S
cross-coupling reactions of sodium thiophenolate with different
aryl halides and [Cu(L)I] as catalyst were tested. Product
formation only occurs when highly activated 4-nitroaryl halides
were used, although the yields obtained reached only a
maximum value of 35% despite extended reaction times. The
computational investigation of the two regioisomers delivers
new insights into the conformational dynamics that can affect
supramolecular catalytic activity. The high flexibility of the
asymmetric cage resulted in a deformation of the calix[8]arene
structure in [Cu(L™)I] that is likely the cause for the low
catalytic activity. Our studies highlight the importance of the
conformational landscape available for inherently flexible
macrocycles, particularly when aimed at providing a reactive
pocket for catalytic transformations. X-ray diffraction studies of
the minor product [Cu(L"*—H)(CH;CN),] confirm the nature of
the 1,4-isomer, as well as the rare endo-oriented coordination of
the metal center."”? Studies with different transition-metal ions
hosted within L'* and L' to further explore their properties are
currently underway.

Experimental Section

Materials and methods: All preparations and manipulations of air
sensitive compounds were carried out under dinitrogen atmos-
phere using an MBraun glovebox or standard Schlenk techniques.
Copper iodide (Cul), sodium thiophenolate (NaSC¢H;), bromoben-
zene (C¢HsBr), 4-fluorobromobenzene (BrCgH,F), 4-bromobenzoni-
trile (BrCgH,CN), 4-nitrobromobenzene (BrCsH,NO,), iodobenzene
(IC¢Hs), 4-nitroiodobenzene (ICGH,NO,) and 4-nitrochlorobenzene
(CICH4NO,) were purchased from Sigma-Aldrich and used without
further purification. Toluene (Sigma-Aldrich, 99.5%) was dried over
Na/benzophenone, distilled under N, and degassed via three
freeze-pump-thaw cycles.”® 'H NMR spectra were recorded on a
JEOL Eclipse spectrometer operating at 300 MHz and referenced to
the residual solvent signal of C,D,Cl, (s, 6=6.0 ppm). MALDI-TOF
MS were acquired with a Bruker Microflex MALDI-TOF mass
spectrometer using a 2,5-dihydroxybenzoic acid matrix. ATR-IR
spectra were recorded on a Frontier Perkin Elmer FTIR spectrom-
eter. EPR spectra were acquired in quartz tubes with a JEOL JES
TE300 spectrometer operating at X-band frequency (9.4 GHz) at 100
KHz field modulation, with a cylindrical cavity (TEO11 mode). Thin
layer chromatography (TLC) was conducted using aluminum-
backed TLC Silica Gel 60 F,s,. A mixture of hexane/acetone 3:1 was
used as eluant. Visualization of developed plates was performed

Eur. J. Inorg. Chem. 2023, 26, €202200596 (7 of 9)

under UV-vis light (245 nm) or with an iodine chamber. Retardation
factors (R;) were calculated as recommended by IUPAC.®” Column
chromatography was performed using 70-230 mm silica gel as
stationary phase and hexane as eluant.

Crystallographic details: Due to the high instability of single
crystals of [Cu(L™*—H)(CH,CN),], several crystals had to be tested. A
suitable single crystal was mounted on a glass fiber; crystallo-
graphic data were collected with an Oxford Diffraction Gemini “A”
diffractometer with a CCD area detector, with Ay, =0.71073 A at
170 K. Unit cell parameters were determined with a set of three
runs of 15 frames (1° in w). The double pass method of scanning
was used to exclude any noise.’® The collected frames were
integrated by using an orientation matrix determined from the
narrow frame scans. Final cell constants were determined by a
global refinement; collected data were corrected for absorbance by
using analytical numeric absorption correction using a multifaceted
crystal model based on expressions upon the Laue symmetry with
equivalent reflections. Structures solutions and refinement were
carried out with the SHELXS-2014%" and SHELXL-2014"" packages.
WinGX v2018" software was used to prepare material for
publication. Full-matrix least-squares refinement was carried out by
minimizing (Fo’~FA)%. All non-hydrogen atoms were refined aniso-
tropically. H atoms attached to C atoms were placed in geometri-
cally idealized positions and refined as riding on their parent atoms,
with C—H=0.95-0.99 A and with U,,(H)=1 .2U,,(C) for aromatic and
methylene groups, and 1.5U,,(C) for methyl groups. The tert-butyl
groups located on C20, C31, C53, C75 and C97 are disordered. On
the other hand, the solvent molecules were significantly disordered
and could not be modelled properly, thus SQUEEZE,"*? a part of the
PLATON package of crystallographic software, was used to calculate
the solvents disorder areas and remove their contributions to the
overall intensity data. The disordered solvent area is centered on
the 0.084 0.411 0.428 position and showed an estimated total of
127 electrons and a void volume of 2271 A, Crystallographic data
for the complex is presented in Table ST of the Supporting
Information.

Deposition Number(s) 1441364 contain(s) the supplementary
crystallographic data for this paper. These data are provided free of
charge by the joint Cambridge Crystallographic Data Centre and
Fachinformationszentrum Karlsruhe Access Structures service.

Synthesis of L' and L“Y: p-tert-butylcalix[8larene (1.45 g,
0.91 mmol) and CsF (1.38 g, 9.1 mmol) were dried for two hours at
120°C under vacuum. After allowing to cool to room temperature,
anhydrous THF was added, and the mixture was heated to reflux
for 4 h. Upon cooling to room temperature, 2,9-bis(boromomethyl)-
1,10-phenanthroline (400 mg, 1.09 mmol) was added to the mixture
and stirred for 36 h. The solvent was then evaporated under
reduced pressure to afford a yellow solid that was dissolved in a
CHCl3/toluene 8:1 mixture and placed in a —30°C freezer until a
white precipitate appeared after 3-4 days. The solid was filtered to
remove [Cs(L"*—H)] (41% yield of L'* after neutralization) and the
solution containing [Cs(L'*—H)] was washed with 50 mL of HCI
(0.1 M) to remove cesium as CsCl, and then washed with a
saturated solution of NaHCO; for neutralization, affording L™ in
46% yield; m. p.=200-202°C (dec). IR (ATR) n (cm ') =2959 (C—H),
1594 (C=N), 1481 (C=C). MALDI-TOF MS m/z: 1501 [L"* + H]*. 'H
NMR (C,D,Cl,, 300 MHz): & 9.53 (s, 6H, OH), 8.42 (d, J=8.03 Hz, 2H
Arphen)s 7.91 (M, 2H, Arppe,), 7.81 (s, 2H, Argpen), 7.21 (M, 16H, Argy),
5.53 (m, 2H, —CH,ppen), 5.17 (s, 2H, —=CHyppen), 443 (M, 4H, —CH,-c,y1),
4.10 (m, (8H, —CH,-i), 3.63 (m, (4H, —CH,-,i), 1.40-1.30 (m, 72H,
“Bu). Elemental analysis for Cio3.5H1235CIN, 5O 5
[L"*(0.5CH,CN,0.5CH,Cl,, 0.5H,0)] calcd.: C 78.98, H 7.91, N 2.22;
found: C 78.70,H 7.62, N 2.11.

© 2022 The Authors. European Journal of Inorganic Chemistry published by Wiley-VCH GmbH
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Synthesis of [Cu(L"*)I]: To a solution of L'* (390 mg, 0.26 mmol) in
5 mL of anhydrous, and deoxygenated toluene inside a glovebox
was added Cul (49 mg, 0.26 mmol). The brown solution was stirred
at room temperature overnight. Toluene was then evaporated
under reduced pressure to afford a brown solid that was dissolved
in an acetonitrile/toluene 9:1 mixture. Slow evaporation afforded a
small amount of yellow crystals (<5% [Cu(L*—H)(CH;CN),]) that
were collected for X-ray diffraction; elemental analysis for
Ci04H124CUN;O, [Cu(L™*—H)(CH,CN)(H,0)] calcd.: C 76.93, H 7.70, N
2.59; found: C 76.90, H 7.46, N 2.73. The remaining solution was
placed in a —30°C freezer, resulting in a brown microcrystalline
solid (360 mg, 82% yield); m. p.=170-172°C (dec). IR ATR v
(cm™")=2954 (C-H), 1591 (C=N), 1481 (C=C). MALDI-TOF MS m/z:
1564 [Cu(L™)]™. "H NMR (C,D,Cl,, 300 MHz): § 9.17 (s, 1H, OH), 8.56
(d, J=8.0 Hz, 2H Argnen); 8.31 (s, 2H, Arphen), 7.94 (m, 2H, Arppe,), 6.98
(m, 16H, Argy), 6.50 (d, J=16.1 Hz, 2H, —CHypper), 582 (d, J=
16.1 Hz, 2H, —CH,ppe), 4.69 (d, J=12.8 Hz, 2H, —CH,~,y,), 4.35 (d, J
12.4 Hz, 2H, —CH,-1,), 4.15 (d, J=13.4 Hz, 2H, —CH,-.;,), 3.93 (d, J
15.7 Hz, 2H, —CH,-.;,), 3.78 (d, J=15.0 Hz, 2H, —CH2-_,;,,), 3.61 (d, J
12.9 Hz, 2H, —CH,-.), 3.53 (d, J=14.6 Hz, 4H, —CH,-..;,), 1.37 (s, 9H,
“Bu), 1.30 (s, 18H, " Bu), 1.26 (s, 24H, " Bu), 1.23 (s, 24H, " Bu), 1.07
(s, 24H, “Bu). Elemental analysis for C,o,H;,,CL,CuIN;O,, [Cu-
(L™)(CH5CN)(2H,0),1] calcd.: C 70.59, H 7.23, N 2.37; found: C 70.39,
H 6.99, N 2.38.

Coupling reactions: In a typical procedure, sodium thiophenolate
(93 mg, 0.71 mmol) was added to a solution of [Cu(L*)I] (30 mg,
2.5% mol) in 5 mL of anhydrous toluene in a 100 mL Schlenk flask
under dinitrogen atmosphere, the mixture was stirred for 1 h at
room temperature followed by the addition of 0.71 mmol of the
corresponding aryl bromide. The mixture was heated to 110°C for
24-72h. An analogous test was run with 30mg [Cu-
(L"*—H)(CH5CN),], 0.71 mmol thiophenol and 0.71 mmol bromoben-
zene; this resulted in no detectable products, as judged in all cases
by TLC analysis on silica gel; final products when present were
purified and isolated after column chromatography with hexanes/
dichloromethane gradient (starting with 100% hexanes) as eluant.

Quantum chemical studies: The initial geometries of [Cu(L"*)I] and
[Cu(L™)1] for the optimizations were constructed by modification of
available crystal structures using Chemcraft 1.8."¥ Quantum chem-
ical calculations were performed with Turbomole 7.5*! unless
otherwise specified. All investigated structures were fully optimized
using the PBE0™! functional and def2-SVP“? basis set with empirical
dispersion corrections of the D3 type,”” along with implicit solvent
corrections using the Conductor-Like Screening Model (COSMO).“®
A dielectric constant of €=2.4 was chosen to model toluene. The
PBEO functional is known to provide good results when investigat-
ing structures involving transition metals.***® To obtain more
accurate electronic energies, the def2-TZVP basis set™***'*¥ was
used, alongside the same settings as mentioned above. The minima
were verified to be true by running numerical frequency calcu-
lations which were then checked for the absence of imaginary
frequencies.

Molecular dynamics simulations: Obtaining a representative struc-
tural ensemble of the calixarene required that the conformational
spaces of these two species are examined along the reaction
pathway, for both the L' and the L'* type of structures, by
selecting several intermediates. The exploration of the potential
energy surface was done using classical accelerated MD simula-
tions, a method proven to deliver reliable conformational ensem-
bles for macrocycles.”® Sampling in explicit solvent proved to be
essential to retain intact cavities, as attempts in implicit solvent
resulted in the cavity collapsing upon itself. Test calculations on
[Cu(L™)I] have shown that there is no significant difference
whether chloroform or toluene was used.® To this end, chloroform
was picked as the explicit solvent of choice, due to a faster

Eur. J. Inorg. Chem. 2023, 26, 202200596 (8 of 9)

equilibration. We chose to simulate the supramolecular structures
[Cu(L™)1] and [Cu(L™)I], to assess how the flexibility of the cavity
changes depending on the position of the bridge. We also
simulated the intermediate [Cu(L"*)I(SPh)]"Na™, which is the first
species to be formed in the transmetallation process.®™ Therefore, a
parametrization of the metal at the center of the molecule was
required. MCPB.py"™® was selected as the tool of choice for the
parametrization step. The structure optimizations and frequency
calculations for the metal center parametrization were performed
at the PBEO/def2-SVP/D3 level. [Cu(L")I(SPh)] Na* was simulated
using Na™ as an explicit counterion to reduce the net charge of the
system to 0. This is in line with experimental conditions, where
thiophenolate was added as a sodium salt.

To perform the initial equilibrations prior to simulation production
runs, a modified procedure by Wallnéfer etal.®® that involves
extensive heating and cooling was employed. The production runs
(in explicit chloroform) were carried out in NpT ensembles at 300 K,
using Amber20.5” The temperature was regulated with the
Langevin thermostat,®® and the pressure was kept at 1 bar using
the Berendsen barostat.®® The SHAKE algorithm® was used to
restrain hydrogen bonds allowing for a time step of 2fs;
coordinates were saved every 10 ps, simulating a total of 1 ps.
Accelerated MD simulations were carried out using the dual-boost
algorithm implemented in Amber20, where a bias was applied on
the total potential and an additional boost on the dihedral term.
Several aMD simulations, each with 1us were performed with
various boosting parameters. These settings were derived by
performing 100 ns classical MD simulations, as proposed by Pierce
et al.®" The obtained structures were aligned on the phenanthroyl
bridge. A hierarchical clustering was applied on the trajectories to
obtain a structurally diverse ensemble. The reweighting of the aMD
simulations was not necessary, as the energetics were not a
concern, since we aimed at obtaining a large conformational
ensemble, from which representative structures were selected and
further optimized with DFT. To investigate the flexibility of the
calixarene units, a dihedral analysis was used, to characterize the
rotations between each moiety. Dihedral angles were assigned
between the planes of each of the 6-membered rings of the
calixarene units, as changes in these angles accurately describe the
movements within the calixarene ring. The relative entropy values
were obtained by using the X-entropy™” script that performs an
entropic analysis on the angle distributions by kernel density
estimation. Thus, it leads to an accurate estimation of the flexibility,
whereby the more flexible the system, the larger the area under the
dihedral distribution curve, and the larger the entropy. DFT
calculations on the cluster representatives or structure optimiza-
tions were performed with the protocol described in the previous
section. Structural parameter measurements and visualizations
were done with PyMol and YMD.[**%%
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Synthesis of precursors

p-tert-butylcalix[8]arene. This was synthesized according to the literature
procedure, from p-tert-butylphenol (4.00 g, 0.026 mol), paraformaldehyde (3.60 g,
0.120 mol), and sodium hydroxide (355 mg, 0.008 mol) in xylene, by heating to reflux
for 24 h under inert atmosphere. After cooling to room temperature, the solid formed
was filtered and washed with cold xylene. The product was obtained as a white
crystalline solid in 80% yield (3.40 g); m.p. > 250°C (dec). '"H NMR (CDCls, 300
MHz): 5 9.62 (s, 8H; OH), 7.17 (m, 16H; Ar), 4.36 (m, 8H; —CH>-), 3.50 (m, 8H; —
CHx-), 1.25 (s, 72H; *Bu).

2,9-bis(bromomethyl)-1,10-phenanthroline (NeoBr2). In a round bottom Schlenk
flask, neocuproine (1.50 g, 0.007 mol) and three equivalents of recrystallized N-
bromosuccinimide (4.00 g, 0.02 mol) were dissolved in CH3zCN and heated to reflux
for 18 h under inert atmosphere. After cooling to room temperature and removing of
the solvent under reduced pressure, the mixture was washed with diethylether. The
solid was neutralized with a saturated solution of NaHCO3. Then, the solid was
dissolved in THF and cooled to 0 °C, two equivalents of both HPO(OEt), and "ProNEt
were added, the mixture was warmed to room temperature, and stirred for 24 h for
debromination. Then the solvent was evaporated under reduce pressure, and the
product was purified by column chromatography using CH2Cl> as eluant to obtain
the corresponding dibromide in 30% yield (800 mg); m.p. 110-115°C (dec). '"H NMR
(CDCls, 300 MHz): 6 8.26 (d, J = 8.34 Hz, 2H, Ar), 7.92 (d, J = 8.33 Hz, 2H, Ar), 7.81
(s, 2H, Ar), 4.97 (s, 4H, CH2Br). DART-MS m/z = 367 [NeoBr2H]*.
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Characterization of L'* and [Cu(L"*)I]:
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Table S1. Crystal data and structure refinement for [Cu(L'*-H)(CH3;CN).]

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to 6 = 25.242°
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [I>2 o(1)]

R indices (all data)
Largest diff. peak and hole

C110 H131 Cu N6 Osg

1728.74

170(2) K

0.71073 A

Triclinic

P1

a=19.151(3) A; a = 101.152(11)°
b =19.238(2) A; B = 109.114(13)°
€ =20.013(3) A; y = 97.228(11)°
6691.4(17) A3

2

0.858 Mg/m?

0.206 mm-"

1852

0.290 x 0.230 x 0.120 mm?

3.450 to 25.350°

-23<h<22,-23<k<23,-24<1<24

61714
24351 [R(int) = 0.2146]
99.4 %

Full-matrix least-squares on F?
24351 /901 /906

0.875

R1=0.1553, wR2 = 0.3266
R1=0.3139, wR2 = 0.3739
0.422 and -0.327 e A3
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Figure S13. DART-MS of (4-nitrophenyl)phenylsﬂlfide from reaction of thiophenolate with 4-
bromobenzenonitrile and [Cu(L'*)I] as catalyst.
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Figure S14. "H NMR spectrum of 4-bromobenzenonitrile in CDCls at room temperature from
reaction of thiophenolate with 4-bromobenzenonitrile and [Cu(L"#)I] as catalyst.
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Figure $15. DART-MS of (4-nitrophenyl)phenylsulfide from reaction of thiophenolate with 4-
nitrobromobenzene and [Cu(L'#)I] as catalyst.
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Figure S$16. '"H NMR spectrum of (4-nitrophenyl)phenylsulfide in CDCls at room temperature from

reaction of thiophenolate with 1-bromo-4-nitrobenzene and [Cu(L'*)I] as catalyst.
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Figure S17. DART-MS of (4-nitrophenyl)phenylsulfide from reaction of thiophenolate with 4-
nitroiodobenzene and [Cu(L"*)I] as catalyst.
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Figure S18. DART-MS of (4-nitrophenyl)phenylsulfide from reaction of thiophenolate with 4-
nitrochlorobenzene and [Cu(L"*)I] as catalyst.
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Figure S19. Top: Side (A) and top (B) view of the optimized initial [Cu(L"*)I] structure with intact
cage before sampling. Bottom: Side (C) and top (D) view of the of the optimized [Cu(L'*)I] structure
with intact cage. Optimizations performed with PBEO/def2-SVP/D3 in toluene modelled as implicit
solvent with COSMO. Initial structures were taken from the available x-ray crystal structure and
modified accordingly.
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Figure S20. Top: Side (A) and top (B) view of the cluster representative of [Cu(L"*)I] complex as

obtained from the aMD simulations showing the intact cage. Bottom: Side (C) and top (D) view of

the of the cluster representative of [Cu(L"#)I] as obtained from the aMD simulations showing the
collapsed cage. The above structures did not undergo DFT optimization.
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Figure S21. Side (A) and top (B) view of the DFT optimized cluster representative of [Cu(L"*)I]
structure showing the collapsed cage. Optimizations performed with PBEQ/def2-SVP/D3 in toluene
modelled as implicit solvent with COSMO.

Figure S22. Top: Side (A) and top (B) view of the cluster representative of [Cu(L"#)I(SPh)]'Na*
structure showing the collapsed cage. For clarity of the picture, t-butyl groups and nonpolar
hydrogen atoms were omitted for clarity, calixarene units were directly connected not displaying the
connecting carbon atoms.
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Figure S23. Top: Side (A) and front (B) view of the cluster representative of [Cu(L"*)I(SPh)]'Na*
structure showing the intact cage. For clarity of the picture, t-butyl groups and nonpolar hydrogen
atoms were omitted for clarity, calixarene units were directly connected not displaying the
connecting carbon atoms.

Figure S24. Top: Side (A) and top (B) view of an example of failed optimization of the reaction
intermediate [Cu(L"*)Br(SPh)(Ph)]. The reaction yielded the formation of the coupling product and
regeneration of the catalyst. Optimizations performed with PBE0/Def2-SVP/D3 in toluene modelled

as implicit solvent with COSMO.
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No Transition Metals Required - Oxygen Promoted
Synthesis of Imines from Primary Alcohols and Amines

under Ambient Conditions
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Antonio Thun-Hohenstein,” Maxine-Sophie Geissler,”” Lukas Pachmann,”® Marc Pignitter,"

Maren Podewitz,*® and Karl Kirchner*®

Abstract: The synthesis of imines denotes a cornerstone in
organic chemistry. The use of alcohols as renewable sub-
stituents for carbonyl-functionality represents an attractive
opportunity. Consequently, carbonyl moieties can be in situ
generated from alcohols upon transition-metal catalysis under
inert atmosphere. Alternatively, bases can be utilized under
aerobic conditions. In this context, we report the synthesis of

imines from benzyl alcohols and anilines, promoted by KO'Bu
under aerobic conditions at room temperature, in the
absence of any transition-metal catalyst. A detailed inves-
tigation of the radical mechanism of the underlying reaction
is presented. This reveals a complex reaction network fully
supporting the experimental findings.

J

Introduction

The utilization of alcohols as alkylation surrogates for aldehydes
represents a highly desirable reaction route in organic
chemistry, since alcohols can be directly obtained from
biomass.!" Therefore, efficient catalytic procedures for in situ
generation of carbonyl moieties, based on noble-? and non-
precious transition metals® were described in the last decades
by a manifold of researchers, including reports from our
group.”! However, it has been shown that benzyl alcohols can
be swiftly oxidized to the corresponding carbonyls upon
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treatment with a strong base under atmospheric conditions.”
In fact, various condensation reactions' can be carried out with
benzyl alcohols in presence of base (sometimes in catalytic
amounts) without transition-metal complexes. It was found that
the majority of these transformations are driven by alkali metal
catalyzed Meerwein-Ponndorf-Verley reduction/Oppenauer ox-
idation (MPV-O) reactions.”’ A similar transformation represents
the synthesis of imines from benzyl alcohols and anilines® - a
reaction that has been known since the 1950s but seems to be
largely overseen in the organometallic’'s community (Scheme 1).
Additionally, Le Berre and co-workers studied the oxidation of
the related diphenylmethanol with KO'Bu and oxygen to
benzophenone and KOOH, originally reported as KO,.”!

In contrast to transition metal catalyzed reactions, only little
mechanistic insights are provided so far for this process. We
describe here an efficient coupling of alcohols and amines
promoted by oxygen at room temperature and propose a

Previous Reports

Transition metal , AT R'—NH, .
-~ 2 > A X, ..R
R OH H, lR No ? R/\N

o often requires addition of base
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« high reaction temperatures
¢ inert atmosphere (Ar, Ny)

This Work
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Scheme 1. Transition metal catalyzed synthesis of imines from alcohols and
amines (top) and base/oxygen promoted imine synthesis in the absence of a
transition-metal catalyst (bottom).
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detailed reaction mechanism based on both experimental
findings and extensive theoretical studies.

Results and Discussion

In order to examine the impact of various parameters in
oxygen-promoted imine formation, optimization reactions were

Table 1. Optimization reaction for oxygen-promoted imine formation.”

Base (1.3 equiv.) PhAN’Ph
solvent, 25°C,3 h 1a

Ph" YNOH + Ph—NH,

Entry Base Solvent Conversion™ [%]
1 KO'Bu toluene >99
2 KOH toluene traces
3 KHMDS toluene 66

4 NaO'Bu toluene 50

5 LiO'Bu toluene 60

6 KO'Bu THF >99
7 KO'Bu MeCN 11

8 KO'Bu toluene 5

gledl KO'Bu toluene 19
10 KO'Bu toluene 82

[a] Conditions: benzyl alcohol (1.0 mmol), aniline (1.2 mmol), base
(1.3 mmol), solvent (6 mL), 25°C, open reaction vessel, 3 h. [b] determined
by GC-MS. [c] under Ar. [d] under UV-irradiation. [e] 1 equiv. TEMPO
added.

carried out, utilizing benzyl alcohol and aniline as model
system. Selected results are depicted in Table 1. At first,
different bases were investigated, showing good reactivity for
strong bases. In this context, quantitative product formation
could be observed for KO'Bu (Table 1, entry 1) at room temper-
ature in toluene. Notably, under the same reaction conditions,
only traces of product were formed with KOH. Concerning the
solvent, high conversions were detected in toluene and THF. It
should be noted that poor reactivity was observed, if the
reaction was carried out under argon atmosphere and under
UV-irradiation (Table 1, entries 8 and 9). Interestingly, TEMPO
can be used as efficient promotor under oxygen-free conditions
(Table 1, entry 10). Having established the optimal parameters,
scope and limitation of the introduced protocol was explored.
In this context, anilines, containing electron-donating or -with-
drawing groups, were reacted with benzyl alcohol to give
excellent yields (Table2 entries 1a-1r). Furthermore, the
condensation of substituted benzyl alcohols with anilines was
examined (Table 2 entries 1s-1ah), showing high reactivity for
most substrates. The introduced protocol tolerates a wide range
of functional groups including halides, (thio)ethers, alkenes,
acetals, the nitro-group as well as electron-rich or electron-poor
heterocycles. However, a massive drop in reactivity was
observed for the reaction of aniline with aliphatic 1-octanol (see
Table 2 entry 1ai).

Table 2. Substrate scope of oxygen-promoted imine formation.”

KO'Bu P Ar'

L) Nar @\4N‘A"
)

1af | Nag
Ar' = 4-tolyl Ar' = 4-OMe-Ph
>99 (93) 58 (52)

A\ + . - .
Al OH Ar'—NH -
r 2 toluene, 25°C, 3 h Arm N
1
Shdlloohd SO>S S
T :
Z : o S PR
1a: R = H; >99 (87): im 1n 10 1p
1b: R = 4-Me; >99 (94) :  >99(87) pp >99 (87) 98 (93) 98 (82)
1c: R = 2-Me; 98 (89) N/)
1d: R = 4-F; 98 (84) : N N _Ph s _Ph
fe: R = 4-Cl; >09 (84) | P N N
1f: R = 4-Br; >99 (83) ! OO NNy F a
1g: R = 4-1; >99 (87) 19 ; 1s 1t
1h: R = 4-CN; >99 (77) r 95 (88) 99 (95) Ar
1i: R = 4-OMe; 98 (92) | 20 (7®) 98 (91) ©9 ,"r
1j: R = 4-SMe; >99 (94) | N AP N AP 7
1k: R = 3-CF; >89 (91) | °F Sy-Ph N° N’
1R = 245599 68) | B Mes %
1u 1v 1w 1x
99 (89) Ar' = 2-tolyl Ar' = 4-tolyl Ar' = 4-tolyl
i;“' 46 (35) 56 (41) 99 (85)
_N
SNAT Meo N N N R
SCRITE B o auliNe ool & e
oM 12 MeO [¢} NZ
) 1y AF = 4-tolyl 1aa 1ab 1ac: R = Ph; >99 (87)
Ar' = 3-CF3-Ph 78 (64) >99 (81) Ar = 4-tolyl 1ad: R = 4-SMe-Ph; >99 (86)
98 (79) 96 (87) 1ae: R = 3-thiophenyl; >99 (84)

N N R
\
1ah F 1ai
Ar' = 4-OMe-Ph R = octyl
80 (54) 3glbl

GC-MS, isolated yield given in parenthesis. [b] 24 h.

[a] Conditions: benzyl alcohol (1.0 mmol), aniline (1.2 mmol), KO'Bu (1.3 mmol), solvent (6 mL), 25°C, open reaction vessel, 3 h, conversion determined by
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Encouraged by the high reactivity of the developed
methodology we performed mechanistic investigations, em-
ploying benzyl alcohol and aniline as model substrates for all
experimental and computational studies. At first, the role of
KO'Bu was explored. It should be noted that the purity of KO'Bu
and several other substrates was carefully analyzed to exclude
traces of potentially (catalytically) active impurities using ICP-
MS. We could reproduce all results with various batches of
KO'Bu from different suppliers with purity levels from 98% up
to >99.99%. Furthermore, upon stochiometric addition of 18-
crown-6 as potassium scavenger 88% conversion was detected:
This suggests that the metal ion is not involved in the rate-
determining step, ruling out an alkali metal MPV-O pathway (cf.
computational investigation). Next, we investigated whether
this transformation is driven by a radical mechanism. Although
the addition of TEMPO did not lead to a drop in reactivity, the
reaction pathway clearly involves radicals, since the addition of
the typical radical trap 3,4-chromanediol completely suppressed
all reactivity. KO'Bu seems to simply act as a base, forming the
benzylate salt, which then forms a radical with oxygen from the
air (see below). In fact, potassium benzylate, PhCH,OK, can be
used as starting material, resulting in moderate yield due to
high moisture sensitivity of the salt.

The impact of oxygen on the reaction was investigated and
full conversion was observed for the model reaction within
15 min under a pure O, atmosphere. Next, deuterated benzyl
alcohol-a,a-D, was used as substrate. No drop of deuterium
content was detected in the product. Surprisingly, if '®O-
enriched benzyl alcohol was employed as starting material, a
massive drop in '®O-content was observed in the in situ

KO'Bu, O, from air
Ph" YNOH + Ph—NH, >
toluene, 25°C,3 h

phSN-PP

Aol —

20% '®0-content
in benzaldehyde

88% 180-content
in benzyl alcohol

Scheme 2. "®0-Labeling experiment for the base/oxygen promoted synthesis
of imines.

generated benzaldehyde (Scheme 2). This could be attributed
to an exchange with oxygen from air or to a scrambling
reaction with water (cf. computational investigation).

Furthermore, we examined whether catalytic amounts of
KO'Bu are sufficient for this transformation as described by
several researchers under more forcing conditions.” If 30 mol %
of KO'Bu are used in the model reaction under O,-atmosphere,
a turnover number of approx. 2.2 was observed, which proves
that the reaction can in general be operated in a catalytic
fashion.

To gain further insights into the reaction mechanism, we
carried out extensive quantum chemical calculations (DLPNO-
CCSD(T)/def2-QZVP//PBEQ/def2-TZVP/D4 in toluene,” see Sup-
porting Information for details), through which we were able to
determine a complex radical pathway. Formation of the benzyl
aldehyde can be achieved with and without loss in '®O-labeling,
shown in Scheme 3. The reaction mechanism can be separated
into several reaction paths starting from path A, which can
branch off at various reaction steps resulting in pathways (paths
B to F) that depend on intermediates generated in preceding
reaction steps. As some of the intermediates are rather short
lived, we refrain from quantifying the likelihood of these
pathways to occur. Overall, the reaction mechanism can be
subdivided into two subsequent hydrogen atom abstraction
(HAT) steps.

From the simplified reaction free energy diagram presented
in Figure 1 showing relevant intermediates and transition states
(for full diagram see Supporting Information Figures S7 and S8),
it can be seen that benzyl alcohol A reacts with the tert-butyl
base to form the potassium salt B. This step of the reaction is
favored, with a AG=—5.3 kcal/mol. Notably, this step can itself
be skipped completely as the reaction was experimentally
shown to proceed when starting directly from the potassium
salt. This also indicates that the tert-butyl base does not play a
significant role in reaction steps following B.

The salt proceeds to interact with molecular oxygen, which
leads to oxidation and the formation of the radical C via
hydrogen atom abstraction (HAT) depicted in TS®C. The free

OH OH Path D
-H,0/H,0
OK H0 OH e
e
Diol% -KOH Diol
1st Oxidation Path ETHO 2"d Oxidation
x H OOH _PathA H
-H,0,
o
©/\OK 2 O/\ Path ] ©/\ox HoO® X path F ©/¥0
(e -KOOH
B E F
\_/ 3:11%0/'%0
KO'Bu Path C
-HO'Bu -H,0
OH Path B
-Hp0,0,,0H"
A 3150 3350 3550

Magnetic Field [G]

D1

Scheme 3. Simplified reaction mechanism for the formation of benzaldehyde from benzyl alcohol through various pathways. The red O-atoms represent the
'80-labeling. The inserted EPR spectrum depicts a radical species (C or D) observed in experiment.
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Figure 1. Simplified energy profiles of the various radical reaction pathways to form benzaldehyde. Paths A and B are water assisted, while path F denotes the

water-free pathway. The value for the transition state TS®F

is only an estimate, based on reaction path optimization. All values are free energies AG, in kcal/

mol, calculated with DLPNO-CCSD(T)/def2-QZVP//PBE0/def2-TZVP/D4. The ®O-label is depicted in red. Due to the nature of CCSD, accurate energies are not
achievable for the MECP points. In there cases, the energy differences are obtained from B2PLYP/def2-TZVP/D4//PBEQ/def2-TZVP/D4 (for more information see

computational methodology section and SI).

energy barrier for this step is AG™=13.2 kcal/mol, while the
formation of the C radical itself is favored (AG=-—11.8 kcal/
mol). With the formation of C, a rather stable peroxyl radical is
liberated. In presence of residual water, the C¥ complex (AG=
—13.7 kcal/mol) is formed. The potassium ion assists proton
abstraction from water, forming the radical D, which is strongly
favored, with AG=—43.6 kcal/mol. The energy barrier for this
step is given by TSS"° and has a free energy of AG™ =15.5 kcal/
mol. For both C and D g, values were calculated,"” with gi,c=
2.003 and g, p=2.004. A radical species was also detected in
EPR spectroscopy (g, =2.001, see Scheme 3) and our g-tensor
calculations indicate that this structure must be either C or D or
a mixture of both (see Figure S9 for details).

In path A, the initiation of the reaction, D can undergo a
spin crossing event, in the proximity of the peroxyl radical
generated previously, with an energy barrier of AG™=9.9 kcal/
mol for DY, resulting in the formation of E (AG=—91.6 kcal/
mol). Such hydroperoxide species are found to be stable for

Chem. Eur. J. 2023, 29, e202300094 (4 of 6)

similar compounds."? E then undergoes a scrambling reaction
with an energy barrier of AG"=24.1 kcal/mol, through TS*™,
resulting in the final product, F1. In path A, the initial '®O-
labeled oxygen of the benzyl alcohol is retained.

From structure D, the reaction can also proceed in the
presence of environmental O,. Following path B (see Figure 1)
the reaction with oxygen results in a spin crossover event, with
a barrier of AG"=8.0 kcal/mol for D1"5, culminating in the
formation of D1 (with AG=-52.3 kcal/mol). D1 can then re-
enter path A, propagating the radical reaction by HAT from B
under generation of E with a free energy of this reaction step of
AG=-21.9 kcal/mol (not shown in diagram). Alternatively, D1
can proceed via Ef (AG=—53.0 kcal/mol), provided that the
H,O, generated during the path A is in proximity. Continuing
from Ef, the structure undergoes a series of rearrangements,
with the highest energy point represented by TS*™®, at AG=
—36.6 kcal/mol. The rate determining barrier for these steps is

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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AG" =16.4 kcal/mol, the second HAT. In the final product of the
reaction, F2, the '®O-labeled oxygen atom is substituted.

Moreover, in the presence of a hydroxyl radical (generated
in path B), the additional path C and path D branching off from
D are also possible (see Figure S8). Depending on the
orientation of the two radicals in the encounter structure, path
C can be followed, through the F1M!% spin crossover point
(second HAT). This presents a barrier of AG™=10.8 kcal/mol
and results in the F1 product, as it transitions into the singlet
spin state. Alternatively (path D), a different orientation of the
hydroxyl radical pushes the structure into forming a diol. The
spin transition barrier for Diol"* is AG* =11.5 kcal/mol. Once
on the singlet surface, Diol is created (AG=—36.7 kcal/mol).
This is subsequently followed by a scrambling reaction with a
barrier of AG™=18.5 kcal/mol, that has an equal probability of
resulting in F1 (labelled benzaldehyde) or F2 (non-labelled
benzaldehyde). The cumulative barrier for this path is AG™=
25.4 kcal/mol.

Another possibility for branching exists in C (path E),
provided that an OH radical is present (see Figure S8). The spin
crossover CMEP that takes place has a barrier of AG* =15.1 kcal/
mol and results in Diol® (AG=—36.1 kcal/mol), the K* salt
analogue of Diol. This structure can then react in the presence
of water to result in the formation of Diol with a barrier for this
reaction step of AG*=17.2 kcal/mol (TS ®). Afterwards the
Diol intermediate re-enters path D via TS?®F (scrambling) to
yield F1 and F2 with equal probability.

Many alternate paths towards the product F starting from
each intermediate were attempted, but the transition states
were found to be either very high or calculations converged to
previously known intermediates. In our proposed mechanism
water plays a crucial role to form (neutral) low energy
intermediates and transition states. In contrast, the initial
investigation by Le Berre hinted at a water-free reaction but
was missing mechanistic details.” Nevertheless, we modelled
this pathway in analogy to our hitherto determined mechanism.
In this reaction cascade (path F), C interacts with O, forming the
potassium analogue of D1, denoted as DK which is with AG=
—12.1 kcal/mol significantly less stable than the potassium free
counterpart D1 (AG=—52.3 kcal/mol). Likewise, the barrier for
this transformation was estimated to be around 16 kcal/mol
compared to AG™=13.6 kcal/mol for the water-assisted path-
way. Radical propagation mediated by DK resulting in EK is also
less favorable than in the water-assisted pathway (AG=
—10.2 kcal/mol vs. AG=—21.9 kcal/mol), while the final forma-
tion of benzaldehyde is even exergonic with AG= +4.6 kcal/
mol. The relative stability of F in the water-free pathway is
thereby only AG=-17.7 kcal/mol as opposed to AG=
—110.5 kcal/mol in the water-assisted pathway. Although the
water-free Le Berre mechanism is feasible, it is thermodynami-
cally less favorable. In addition, we would like to note here that
the consecutive reaction with amine leads to stochiometric
amounts of water.

The termination of the reaction can happen via paths C, D
or E, as well as through the decomposition of H,0,. This can be
generated in path A, or by the combination of two OH radicals
formed via path B.

Chem. Eur. J. 2023, 29, e202300094 (5 of 6)

A quantitative estimation for the ratio of F1 to F2 is very
challenging, because several of the pathways depend on the
presence and proximity of short-lived radical species. From a
kinetic perspective, path B presents the lowest overall barriers,
AG™,x=16.4 kcal/mol, which suggest that given the right
environment, F2 would be produced in higher amounts - a
finding in line with experimental observations. Still, this reaction
pathway is kinetically competing with the water-free pathway,
for which a rate-determining barrier of ca. 17 kcal/mol is
estimated.

The fast condensation to the final imine, from the amine
and the in situ generated benzaldehyde proceeds via a well-
known exergonic C—N coupling pathway with a reaction barrier
of AG* =16 kcal/mol."™ The released water promotes the main
water-assisted reaction pathway - accelerating benzaldehyde
formation. The experimentally determined drop in '®0-content
can therefore originate from exchange with oxygen (path B) or
from scrambling with water (paths D and E). Alternatively, '®0-
labeled benzaldehyde can undergo base mediated exchange
with water, as known from fundamental organic chemistry.
However, this exchange has to compete with the rapid imine
formation.

To determine the extent to which each reaction pathway is
followed, an exhaustive microkinetic modelling would have to
be performed, which is beyond the scope of this paper.

In conclusion, we report the first concise reaction mecha-
nism of the transition metal free in situ formation of benzalde-
hyde under ambient conditions. Our combined experimental
and computational studies unambiguously showed that dioxy-
gen (and water) is essential for this complex radical process. We
could show that KO'Bu acts solely as a deprotonating agent,
that the concentration of O, is critical for a rapid conversion
and that the presence of a transition metal catalyst is not
required.

The overall mechanism can be decomposed into two
separate HAT reactions that eventually lead to oxidation of
benzyl alcohol to benzaldehyde. EPR spectroscopy was able to
confirm the presence of a radical intermediate and corroborate
theoretical calculations. The forgoing of expensive transition-
metal catalysts in the formation of aldehydes from alcohols is
highly desirable. Thus, the detailed mechanism provides
starting points for future investigations and optimizations of
this and similar systems.

Experimental Section

General protocol for N-Alkylation: KO'Bu (146 mg, 1.3 mmol) was
put into a 10 mL flat-bottom vial. Then a toluene (6 mL) solution of
the aniline derivative (110 uL, 1.2 mmol) and alcohol (104 pL,
1.0 mmol) was added. The reaction mixture was stirred for 3 h at
room temperature, while exposed to ambient atmospheric con-
ditions. A sample was taken for GC-MS analysis. Afterwards, the
reaction mixture was filtered over a pad of Celite, and the solvent
was removed under reduced pressure to yield the crude product
which was purified via recrystallization or column chromatography.

Computational methodology: Structures were fully optimized
using the PBEO density functional,"* the def2-TZVP basis set,"*” D4

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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corrections."™ Calculations were performed in toluene, modelled as
implicit solvent."® Structures were verified to energy minima or
transition states by analysis of the Hessian, showing either no or
exactly one imaginary frequency that matches the reaction
coordinate, respectively. Final electronic energies were calculated
with local pair-natural orbital (DLPNO) based singles- and doubles,
and perturbative triples coupled cluster theory (CCSD(T)),"* while
thermodynamic corrections to obtain free energies were calculated
with DFT (see above) using the rigid-rotor quasi harmonic oscillator
model. Minimum energy crossing points were carried out with a
method proposed by Harvey.™ EPR tensors were calculated with
the double-hybrid density functional B2PLYP"® and gauge-invariant
independent atomic orbitals, while spectra were visualized with
Easyspin."® All calculations were performed with ORCA 5.0.3."”
Subsequent to the completion of this work, it was made known
that ORCA 5.0.3 contained a bug in the implementation of D4,
which could occasionally lead to wrong geometries and energies.
As this was fixed in orca 5.0.4, we have re-optimized the structures
and computed the corresponding DFT energies where applicable.
There were no notable discrepancies between the two ORCA
versions, in the case of our system.
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1. General Information

All reactions were performed under ambient conditions and solvents were used as purchased, if not
stated otherwise. All aniline and benzyl alcohol substrates as well as all bases were purchased from
commercially available sources like Sigma-Aldrich, Acros Organics or TCI and used without further
purification. The deuterated solvents were purchased from Eurisotope and dried over 3 A molecular
sieves. '"H and *C{'H} spectra were recorded on Bruker AVANCE-250, AVANCE-400, and AVANCE-
600 spectrometers. 'H and *C{'H} NMR spectra were referenced internally to residual protio-solvent,
and solvent resonances, respectively, and are reported relative to tetramethylsilane (6 = 0 ppm).

High resolution-accurate mass data mass spectra were recorded on a hybrid Maxis Qg-a0TOF mass
spectrometer (Bruker Daltonics, Bremen, Germany) fitted with an ESI-source. Measured accurate mass
data of the [M]+ ions for confirming calculated elemental compositions were typically within £5 ppm
accuracy. The mass calibration was done with a commercial mixture of perfluorinated trialkyl-triazines
(ES Tuning Mix, Agilent Technologies, Santa Clara, CA, USA).

GC-MS analysis was conducted on an ISQ LT Single quadrupole MS (Thermo Fisher) directly
interfaced to a TRACE 1300 Gas Chromatographic systems (Thermo Fisher), using a Rxi-5Sil MS (30
m, 0.25mm ID) cross-bonded dimethyl polysiloxane capillary column.

CW-EPR spectroscopic measurements were performed on an Xband Bruker Elexsys-II E500 EPR
spectrometer (Bruker Biospin GmbH, Rheinstetten, Germany) in solution at 100 K. A highsensitivity
cavity (SHQE1119) was used for measurements, setting the microwave frequency to 9.86 GHz, the
modulation frequency to 100 kHz, the center field to 6000 G, the sweep width to 12000 G, the sweep
time to 120 s, the modulation amplitude to 4 G, the microwave power to 15.9 mW, the conversion time
to 7.33 ms, and the resolution to 4096 points. The spectra were analyzed using the Bruker Xepr software.
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2. Experimental protocols

General protocol for N-Alkylation
Ko'BU N. R

NH, + p~ -
-2 R™"OH —@Gmenew3n & R X

R

KO'Bu (146 mg, 1.3 mmol) was put into a 10 ml flat-bottom vial. Then a toluene (6 ml) solution of the
aniline derivative (110 ul, 1.2 mmol) and alcohol (104 ul, 1.0 mmol) was added. The reaction mixture
was stirred for 3 h at room temperature, while exposed to ambient atmospheric conditions. A sample
was taken for GC-MS analysis with n-dodecane used as internal standard. Afterwards, the reaction
mixture was filtered over a pad of Celite, and the solvent was removed under reduced pressure to yield
the crude product which was purified and isolated as described below.

Further optimization reactions

NH, N OH base (1'3 mm0|) N\Q
ojuene e 2 h ©/ X

1'2 mmoj 1°'0 mMmo| 1a

Table S1: Further optimization reactions of aniline with benzyl alcohol.?

Entry Base Conversion Additive
[%]
1 KO'Bu >99 TEMPO
2° KO'Bu 82 TEMPO
3° - 2 TEMPO
4 KO'Bu 0 3,4-chromanediol
5b¢ KO'Bu 19 -

2Reaction conditions: Aniline (55 ul, 0.6 mmol), benzyl alcohol (52 ul, 0.5 mmol), KO'Bu (73 mg, 0.65 mmol),
solvent (6 ml), additive (0.65 mmol), ambient conditions, room temperature. Conversion
of 1a was determined by GC/MS. ® Exclusion of oxygen. ¢ Reaction solution was radiated with UV light.

ICP-MS analysis

ICP-MS measurements were carried out on an iCAP Qc quadrupole inductively coupled plasma-mass spectrometer
(ICP-MS, Thermo, Bremen), using typical instrumental settings for kinetic energy discrimination mode. Potassium
tert-butoxide used in all performed and described experiments was carefully analyzed. Samples were diluted with
1% nitric acid solution, prepared from plasma-pure nitric acid and double distilled water. Additionally, a selection
of organic substrates was analyzed by LA-ICP-MS. Only ppb traces of transition metals such as Pd or Pt were
found.
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3. Spectroscopic Data for Imine Products

EjWG

(E)-N-benzylideneaniline (1a)'. The crude product was purified by recrystallisation in n-heptane (1 ml)
yielding 157 mg (87 % isolated yield) as white solid. 'TH NMR (8, 400 MHz, CD,Cl,, 25 °C): 8.48 (s,
1H), 7.92 - 7.90 (m, 2H), 7.49 (dd, /= 5.1 Hz, J = 1.9 Hz 3H), 7.42 - 7.38 (m, 2H), 7.26 - 7.20 (m, 3H).
BC{'H} NMR (3, 101 MHz, CD-Cl,, 25 °C): 160.6, 152.5, 136.8, 131.7, 129.5, 129.1, 129.1, 126.3,

121.2.
Q“VQ

(E)-N-benzylidene-4-methylaniline (1b)*. The crude product was purified by Al,Os 120 (12 g, basic
activated) column chromatography (n-heptane/Et,O 20:1) yielding 183 mg (94 % isolated yield) as
yellow liquid. "H NMR (3, 400 MHz, CD,Cl,, 25 °C): 8.48 (s, 1H), 7.92 - 7.88 (m, 2H), 7.50 - 7.47 (m,
3H), 7.23 - 7.20 (m, 2H), 7.15 - 7.12 (m, 2H), 2.37 (s, 3H, CH3). BC{'H} NMR (3, 101 MHz, CD,Cl,,
25 °C): 159.7, 149.8, 136.9, 136.3, 131.5, 130.1, 129.1, 129.0, 121.1, 21.1.

@CVQ

(E)-1-phenyl-N-(o-tolyl)methanimine (1¢)*. The crude product was purified by ALO; 120 (12 g, basic
activated) column chromatography (n-heptane/Et,O 20:1) yielding 173 mg (89 % isolated yield) as
yellow liquid. "H NMR (3, 400 MHz, CD,Cl,, 25 °C): 8.38 (s, 1H), 7.95 - 7.91 (m, 2H), 7.51 - 7.48 (m,
3H), 7.24 - 7.20 (m, 2H), 7.13 (td, / = 7.4 Hz, J = 1.3 Hz, 1H), 6.94 (dd, /= 7.6 Hz, J = 1.1 Hz, 1H),
2.35 (s, 3H, CHs). BC{'H} NMR (5, 101 MHz, CD:Cl,, 25 °C): 159.8, 151.6, 137.0, 132.3, 131.6, 130.6,
129.1, 129.1, 127.1, 126.0, 117.9, 17.9.

oM

(E)-N-benzylidene-4-fluoroaniline (1d)*. The crude product was purified by ALOs 120 (12 g, basic
activated) column chromatography (n-heptane/Et,O 2:1) yielding 167 mg (84 % isolated yield) as pale-
yellow solid. "H NMR (3, 400 MHz, CD,Cl,, 25 °C): 8.46 (s, 1H), 7.91 - 7.89 (m, 2H), 7.50 - 7.49 (m,
3H), 7.23 - 7.20 (m, 2H), 7.12 - 7.08 (m, 2H). BC{'H} NMR (3, 101 MHz, CD-Cl,, 25 °C): 162.8,
160.5, 160.4, 148.6, 136.7, 131.8, 129.1 (d, J = 7.1 Hz), 122.7 (d, J = 8.3 Hz), 116.2 (d, J = 22.6 Hz).

o

(E)-N-benzylidene-4-chloroaniline (1e)*. The crude product was purified by recrystallisation in n-
heptane (1 ml) yielding 181 mg (84 % isolated yield) as white solid. "TH NMR (3, 400 MHz, CD,Cl,
25 °C): 8.45 (s, 1H), 7.92 - 7.89 (m, 2H), 7.52 - 7.47 (m, 3H), 7.39 - 7.36 (m, 2H), 7.19 - 7.15 (m, 2H).
BC{'H} NMR (3, 101 MHz, CD,Cl, 25 °C): 161.1, 151.0, 136.5, 132.0, 131.7, 129.6, 129.2, 129.2,
122.7.

S4


https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
blio
nowledge

L]
|
rk

(E)-N-benzylidene-4-bromoaniline (1f)*. The crude product was purified by recrystallisation in n-
heptane (1 ml) yielding 216 mg (83 % isolated yield) as white solid. '"H NMR (3, 400 MHz, CD,Cl,,
25 °C): 8.45 (s, 1H), 7.92 - 7.89 (m, 2H), 7.54 - 7.48 (m, 5H), 7.13 - 7.09 (m, 2H). *C{'H} NMR (3,
101 MHz, CD:Cl,, 25 °C): 161.1, 151.5, 136.5, 132.6, 132.0, 129.2, 129.2, 123.0, 119.5.

o

(E)-N-benzylidene-4-iodoaniline (1g)*. The crude product was purified by recrystallisation in n-heptane
(1 ml) yielding 268mg (87 % isolated yield) as pale-yellow solid. '"H NMR (3, 400 MHz, CD,Cl,
25 °C): 8.44 (s, 1H), 7.91 - 7.89 (m, 2H), 7.74 - 7.70 (m, 2H), 7.52 - 7.47 (m, 3H). 7.00 - 6.96 (m, 2H).
BC{'H} NMR (3, 101 MHz, CD,Cl, 25 °C): 161.2, 152.2, 138.6, 136.5, 132.0, 129.2, 129.2, 123.4,

90.4.
Nh/@
NC/©/

(E)-4-(benzylideneamino)benzonitrile (1h)°.The crude product was purified by recrystallisation in n-
heptane/Et,O (1 ml, 1:1) yielding 185 mg (77 % isolated yield) as pale-yellow solid. 'H NMR (3,
400 MHz, CD,Cl,, 25 °C): 8.43 (s, 1H), 7.92 (m, 2H), 7.70 (m, 2H), 7.55 - 7.49 (m, 3H), 7.24 (m,
2H).BC{'H} NMR (3, 101 MHz, CD,Cl,, 25 °C): 162.8, 156.5, 136.1, 133.8, 132.5, 129.5, 129.3,
121.9, 119.3, 109 4.

o

(E)-N-benzylidene-4-methoxyaniline (1i)°. The crude product was purified by ALO; 60 (12 g, basic
activated) column chromatography (n-heptane/Et,O 2:1) yielding 194 mg (92 % isolated yield) as pale-
yellow solid. "TH NMR (8, 400 MHz, CD,Cl,, 25 °C): 8.50 (s, 1H), 7.89 (m, 2H), 7.48 (m, 3H), 7.24 (m,
2H), 6.94 (m, 2H), 3.82 (s, 3H).C{'H} NMR (3, 101 MHz, CD,Cl,, 25 °C): 158.8, 158.5, 145.2, 137.0,
131.3,129.1, 128.9, 122.5, 114.7, 55.9.

o

(E)-N-benzylidene-4-(methylthio)aniline (1j)’. The crude product was purified by recrystallisation in n-
heptane/toluene (2 ml, 5:1) yielding 214 mg (94 % isolated yield) as brown solid. 'H NMR (3, 400 MHz,
CD:Cl, 25 °C): 8.49 (s, 1H), 7.90 (m, 2H), 7.49 (m, 3H), 7.30 (m, 2H), 7.19 (m, 2H), 2.51 (s,
3H).BC{'H} NMR (3, 101 MHz, CD,Cl,, 25 °C): 159.9, 149.6, 136.8, 136.5, 131.7, 129.2, 129.1, 127.8,
121.9, 16.4.
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(E)-N-benzylidene-4-(trifluoromethyl)aniline (1K)®. The crude product was purified by Al,O; 150 (12 g,
basic activated) column chromatography (n-heptane/EtO 1:2) yielding 228 mg (91 % isolated yield) as
pale-yellow solid. TH NMR (3, 400 MHz, CD>Cl,, 25 °C): 8.49 (s, 1H), 7.93 (m, 2H), 7.56 — 7.48 (m,
5H), 7.46 (m, 1H), 7.40 (m, 1H). ®*C{'H} NMR (3, 101 MHz, CD,Cl,, 25 °C): 162.2, 153.1, 136.3,
132.2, 131.7 (d, J = 32.1 Hz), 130.2, 129.4, 129.2, 124.7 124.6 (d, J = 272 Hz), 122.7 (q, J = 3.8 Hz),
118.2 (q, / = 3.8 Hz).

o

(E)-N-benzylidene-2,4-difluoroaniline (11)°.The crude product was purified by AOs 150 (12 g, basic
activated) column chromatography (n-heptane) yielding 192 mg (88 % isolated yield) as yellow liquid.
"H NMR (3, 400 MHz, CD:Cl,, 25 °C): 8.52 (s, 1H), 7.93 - 7.91 (m, 2H), 7.55 - 7.47 (m, 3H), 7.20 -
7.18 (m, 1H), 6.97 - 6.90 (m, 2H).*C{'H} NMR (3, 101 MHz, CD,Cl, 25 °C): 163.0 (t, J = 2.2 Hz),
162.2 (d, J=11.2 Hz), 159.8 (d, /= 11.3 Hz), 157.0 (d, J = 12.0 Hz), 154.5 (d, J/ = 12.3 Hz), 136.8
(dd, J=10.4 Hz, J = 3.7 Hz), 136.4, 132.2, 129.2 (d, J = 4.9 Hz), 122.5 (dd, J/ = 9.6 Hz, J = 3.2 Hz),
111.7 (dd, J = 22.1 Hz, J = 4.0 Hz), 104.9 (dd, J = 26.3 Hz, J = 24.3 Hz).

W©

(E)-N-benzylidene-2-napthylamine (1m)'°. The crude product was purified by recrystallisation in n-
heptane (1 ml) yielding 268mg (87 % isolated yield) as pale-yellow solid. "H NMR (8, 400 MHz,
CD:Cly, 25 °C): 8.62 (s, 1H), 7.99 - 7.97 (m, 2H), 7.91 - 7.87 (m, 3H), 7.63 (m, 1H), 7.54 - 7.45 (m,
6H). BC{'H} NMR (5, 101 MHz, CD,Cl,, 25 °C): 160.8, 150.0, 136.8, 134.6, 132.4, 131.8, 129.3,
129.2,129.2, 128.3, 128.1, 126.8, 125.8, 121.5, 118.1.

[O:©/N§/©

0]

(E)-N-benzylidene-2,3-dihydrobenzo[b][ 1,4]dioxin-6-amine (1n)''. The crude product was purified by
Al,O3; 60 (6 g, basic activated) column chromatography (n-heptane/toluene/Et;O 2:1:0.1) yielding
207 mg (87 % isolated yield) as pale-yellow solid. 'TH NMR (3, 400 MHz, CD,Cl,, 25 °C): 8.46 (s, 1H),
7.87 (m, 2H), 7.47 (m, 3H), 6.87 (dd, J = 8.3 Hz, J = 0.5 Hz, 1H), 6.81 — 6.77 (m, 2H), 4.27 (s 4H).
BC{'H} NMR (3, 101 MHz, CD,Cl,, 25 °C): 158.9, 146.0, 144.3, 142.8, 136.9, 131.4, 129.1, 128.9,
117.8 114.9, 110.0, 65.0.
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(E)-N-benzylidene-4-vinylaniline (10)'2. The crude product was purified by recrystallisation in n-
heptane (4 ml) yielding 193 mg (93 % isolated yield) as yellow liquid. "H NMR (8, 400 MHz, CD,Cl,,
25 °C): 8.50 (s, 1H), 7.91 (m, 2H), 7.48 (m, SH), 7.20 (m, 2H), 6.75 (dd, /= 17.6 Hz, J = 10.9 Hz, 1H),
5.76 (dd, J = 17.6 Hz, J = 0.9 Hz, 1H), 5.24 (dd, J = 10.9 Hz, J = 0.9 Hz, 1H). *C{"H} NMR (3,
101 MHz, CD.Cl,, 25 °C): 160.3, 151.9, 136.8, 136.7, 135.9, 131.8, 129.2, 129.1, 127.4 121.5, 113.5.

O N.\/(]
oh

(E)-N-benzylidene-4-aminostilbene (1p)*. The crude product was purified by recrystallisation in n-
heptane/toluene (4 ml, 1:1) yielding 232 mg (82 % isolated yield) as gold/brown solid. '"H NMR (3,
400 MHz, CD-Cl, 25 °C): 8.53 (s, 1H), 7.93 (m, 2H), 7.56 (m, 4H), 7.50 (m, 3H), 7.38 (m, 2H), 6.26
(s,3H),7.16 (d,J=2.5 H, 2H). BC{'H} NMR (3, 101 MHz, CD-Cl,, 25 °C): 160.2, 151.7, 137.8, 136.8,
135.7, 131.8, 129.2, 129.1, 129.1, 128.5, 128.4, 128.0, 127.7, 126.8, 121.8, 53.8.

WQ

(E)-N-benzylidene-1-napthylamine (1q)*. The crude product was purified by Al,Os 60 (7 g, basic
activated) column chromatography (n-heptane) yielding 175 mg (76 % isolated yield) as orange oil. '"H
NMR (6, 400 MHz, CD:Cl,, 25 °C): 8.58 (s, 1H), 8.36 - 8.33 (m, 1H), 8.05 - 8.03 (m, 2H), 7.89 - 7.86
(m, 1H), 7.75 - 7.73 (m, 1H), 7.55 - 7.47 (m, 6H), 7.10 - 7.08 (m, 1H)."*C{'H} NMR (5, 101 MHz,
CD:Cly, 25 °C): 160.8, 149.7, 136.9, 134.4,131.9, 129.3, 129.3, 129.2 128.0, 126.8, 126.5, 126.1, 126.1,
124.3, 113.0.

wed
-N

Ny
(E)-N-benzylidene-3-methyl-1-phenyl-1H-pyrazol-5-amine (1r). The crude product was purified by
AlO3 60 (6 g, basic activated) column chromatography (n-heptane/toluene/Et;O 2:1:0.1) yielding
237 mg (91 % isolated yield) as pale-yellow solid. 'TH NMR (3, 400 MHz, CD,Cl,, 25 °C): 8.66 (s, 1H),
7.87 (m, 2H), 7.75 (m, 2H), 7.47 (m, 5H), 7.32 (m, 1H), 6.22 (s, 1H), 2.33 (s, 3H). P*C{'H} NMR (3,
101 MHz, CDCl,, 25 °C): 160.7, 150.8, 149.5, 136.4, 132.3, 129.4, 129.3, 128.9, 126.6, 124.2, 93.6,
14.3. HR-MS (ESI*, CH3;CN/MeOH + 1 % H>O): m/z calcd for Ci7HisN3 [M+H]* 262.1339, found
262.1331.

QNQQ

(E)-N-(4-fluorobenzylidene)aniline (1s)*. The crude product was purified by Al,Os; 150 (12 g, basic
activated) column chromatography (n-heptane/Et,O 20:1) yielding 185 mg (88 % isolated yield) as
white solid. "TH NMR (8, 400 MHz, CD,Cl,, 25 °C): 8.44 (s, 1H), 7.92 (m, 2H), 7.40 (m, 2H), 7.26 —
7.16 (m, 5H). BC{"H} NMR (3, 101 MHz, CD,Cl,, 25 °C): 165.1 (d, J = 251 Hz), 159.1, 152.3, 133.2
(d,J=3.2Hz), 131.1 (d, J=8.8 Hz), 129.6, 126.4, 121.2, 116.2 (d. J = 21.9).
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(E)-N-(4-chlorobenzylidene)aniline (1t)*. The crude product was purified by recrystallisation in 7n-
heptane (2 ml) yielding 204 mg (95 % isolated yield) as pale-yellow solid. '"H NMR (3, 400 MHz,
CD,Cl,, 25 °C): 8.45 (s, 1H), 7.87 (m, 2H), 7.47 (m, 2H), 7.40 (m, 2H), 7.27 — 7.20 (m, 3H). BC{'H}
NMR (3, 101 MHz, CD,Cl,, 25 °C): 159.1, 152.1, 137.5, 135.4, 130.3, 129.6, 129.4, 126.5, 121.2.

@rwv@B

(E)-N-(3-bromobenzylidene)aniline (1u)"*. The crude product was purified by Al,Os 150 (12 g, basic
activated) column chromatography (n-heptane/Et,O 20:1) yielding 232 mg (89 % isolated yield) as
yellow liquid. "H NMR (3, 400 MHz, CD:Cl,, 25 °C): 8.42 (s, 1H), 8.11 (m, 1H), 7.82 (dt, J = 7.7 Hz,
J=1.2Hz, 1H), 7.63 (ddd, J=8.0 Hz, J=2.1 Hz, J=1.1 Hz, 1H), 7.43 - 7.36 (m, 3H), 7.28 — 7.21 (m,
3H). BC{'H} NMR (8, 101 MHz, CD:Cl,, 25 °C): 158.8, 151.9, 138.8, 134.5, 131.5, 130.8, 129.6,
128.0, 126.7, 123.3, 121.2.

@CV@

(E)-1-(4-bromophenyl)-N-(o-tolyl)methanimine (1v)'*. The crude product was purified by Al,Os; 150
(12 g, basic activated) column chromatography (n-heptane/Et;O 20:1) yielding 95 mg (46 % isolated
yield) as yellow oil. "TH NMR (8, 400 MHz, CD,Cl, 25 °C): 8.34 (s, 1H), 7.81 (m, 2H), 7.63 (m, 2H),
7.21 (m, 2H), 7.13 (td, / = 7.4 Hz, J = 1.4 Hz, 1H), 6.94 (dd, J = 7.7 Hz, J = 1.4 Hz, 1H), 2.34 (s, 3H).
BC{'H} NMR (3, 101 MHz, CD,Cl, 25 °C): 158.4, 151.1, 136.0, 132.5, 132.3, 130.6, 130.5, 127.1,
126.3, 1259, 117.7, 17.9.

/@.W@

(E)-1-(4-(methylthio )phenyl)-N-(p-tolyl)methanimine (1w)". The crude product was purified by
recrystallisation in n-heptane (1 ml) yielding 96 mg (41 % isolated yield) as pale-yellow solid. 'TH NMR
(6, 400 MHz, CD:Cl,, 25 °C): 8.42 (s, 1H), 7.80 (m, 2H), 7.31 (m, 2H), 7.31 (m, 2H), 7.20 (m, 2H),
7.12 (m, 2H), 2.54 (s, 3H), 2.36 (s, 3H). BC{'H} NMR (5, 101 MHz, CD:Cl,, 25 °C): 159.0, 149.8,
143.5, 136.2, 133.5, 130.1, 129.3, 126.0, 121.1, 21.1, 15.3.

fona's

(E)-1-(naphthalen-1-yl)-N-(p-tolyl)methanimine (1x)'®. The crude product was purified by Al,Os 150
(2 g, basic activated) column chromatography (n-heptane) yielding 208 mg (85 % isolated yield) as
yellow oil. "TH NMR (3, 400 MHz, CD:Cl,, 25 °C): 9.19 (d, J = 8.7 Hz, 1H), 9.14 (s, 1H), 8.13 (dd, J =
7.2Hz,J = 1.1 Hz, 1H), 8.01 (d, J = 8.2 Hz, 1H), 7.97 (m, 1H), 7.68 (ddd, J/ =8.5Hz, /=62 Hz, J =
1.5 Hz, 1H), 7.62 (m, 2H), 7.29 (m, 4H), 2.45 (s, 3H). B*C{'H} NMR (3, 101 MHz, CDCl,, 25 °C):
159.6, 150.4, 136.3, 134.4, 132.1, 132.0, 131.8, 130.3, 130.2, 129.1, 127.7, 126.6, 125.7, 124.8, 121.2,
21.2.

r

S8


https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
blio
nowledge

L]
|
rk

7

(E)-1-(naphthalen-1-yl)-N-(3-(trifluoromethyl)phenyl)methanimine (1y). The crude product was
purified by Al,O3 150 (2 g, basic activated) column chromatography (n-heptane) yielding 236 mg (79 %
isolated yield) as yellow oil. "TH NMR (3, 400 MHz, CD,Cl,, 25 °C): 9.16 (d, J = 8.8 Hz, 1H), 9.09 (s,
1H), 8.11 (dd, J =7.2 Hz, J = 1.1 Hz, 1H), 8.04 (d, / = 8.2 Hz, 1H), 7.97 (m, 1H), 7.69 - 7.47 (m, 6H),
7.49 (m, 1H). P*C{'H} NMR (3, 101 MHz, CD:Cl,, 25 °C): 162.2, 153.6, 134.4, 132.9, 131.9, 131.8,
131.6, 131.4, 131.3, 130.3, 129.2, 128.1, 126.8, 126.0, 125.7, 124.8, 124.7, 123.3, 122.7, 122.7, 122.7,
122.6, 118.3, 118.3, 118.2, 118.2. HR-MS (ESI*, CH3CN/MeOH + 1 % H>0): m/z calcd for CisH2F3N
[M-+H]* 300.0995, found 300.0989.

o

(E)-4-methyl-N-(4-nitrobenzylidene)aniline (1z)'°. The crude product was purified by Al,Os 150 (4 g,
basic activated) column chromatography (n-heptane/Et,O 1:1) yielding 125 mg (64 % isolated yield) as
yellow solid. '"H NMR (8, 400 MHz, CD,Cl,, 25 °C): 8.59 (s, 1H), 8.31 (m, 2H), 8.08 (m, 2H), 7.22 (m,
4H), 2.38 (s, 3H). P*C{'H} NMR (5, 101 MHz, CD,Cl, 25 °C): 156.9, 149.6, 148.7, 142.3, 137.7, 130.3,
129.6, 124.3, 121.4, 21.2.

OMe
Ns/©:
©/ OMe
(E)-N-(3,4-Dimethoxybenzylidene)aniline (1aa)'’. The crude product was purified by A,O; 150 (2 g,
basic activated) column chromatography (n-heptane/EtO 1:1) yielding 195 mg (81 % isolated yield) as
yellow oil. 'H NMR (8, 400 MHz, CD,Cl,, 25 °C): 8.37 (s, 1H), 7.60 (d, J = 7.6 Hz, 1H), 7.39 (m, 2H),
7.34 (dd, J =8.2Hz, J = 1.9 Hz, 1H), 7.24 - 7.18 (m, 3H), 6.95 (d, J = 8.2 Hz, 1H), 3.93 (s, 3H), 3.90

(s, 3H). BC{'H} NMR (3, 101 MHz, CD,Cl,, 25 °C): 160.1, 152.7, 152.7, 150.0, 130.0, 129.5, 125.9,
124.5,121.2,111.1, 109.6, 56.3, 56.2.

QNVQEZ>

(E)-1-(benzo[d][1,3]dioxol-5-yl)-N-(p-tolyl)methanimine (1ab)'°. The crude product was purified by
recrystallisation in n-heptane (1 ml) yielding 208 mg (87 % isolated yield) as pale-yellow solid. 'H
NMR (5, 400 MHz, CD,Cl,, 25 °C): 8.36 (s, 1H), 7.51 (d, J = 7.5 Hz, 1H), 7.27 (dd, / = 8.0 Hz, J =
1.6 Hz, 1H), 7.19 (m, 2H), 7.10 (m, 2H), 6.89 (d, J = 8.0 Hz, 1H), 6.04 (s, 2H), 2.36 (s, 3H). BC{'H}
NMR (3, 101 MHz, CD:Cl,, 25 °C): 158.8, 150.8, 149.8, 148.9, 136.0, 131.9, 130.1, 125.9, 121.1,
108.5, 106.9, 102.2, 21.1.
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(E)-N-benzylidene-3-pyridinamine (1ac)'®. The crude product was purified by A,O3 150 (6 g, basic
activated) column chromatography (n-heptane/toluene 1:1) yielding 116 mg (87 % isolated yield) as
yellow liquid. '"H NMR (8, 400 MHz, CD,Cly, 25 °C): 8.49 (s, 1H), 8.48 — 8.45 (m, 2H), 7.93 (m, 2H),
7.54 —7.50 (m, 4H), 7.33 (ddd, J = 8.1 Hz, J = 4.7 Hz, J = 0.8 Hz, 2H). *C{'H} NMR (3, 101 MHz,
CDCl, 25 °C): 162.3, 148.1, 147.5, 143.2, 136.3, 132.2, 129.3, 129.2, 127.8 124.0.

SMe
X N\\/‘@/

=
N

(E)-1-(4-(methylthio )phenyl)-N-(pyridin-3-yl)methanimine (1ad)'®. The crude product was purified by
Al,Os3 150 (10 g, basic activated) column chromatography (Et,O) yielding 196 mg (86 % isolated
yield) as white solid. "H NMR (8, 400 MHz, CD,Cl,, 25 °C): 8.44 (m, 3H), 7.83 (m, 2H), 7.51 (ddd, J
=8.1 Hz, J=2.6 Hz, J = 1.6 Hz, 1H), 7.51 (m, 3H), 2.54 (s, 3H). BC{'H} NMR (3, 101 MHz,
CD:Cl,, 25 °C): 161.6, 148.2, 147.4, 144.6, 143.2, 132.9, 129.6, 127.8, 125.9, 124.0, 15.2.

s
LS

=
N

(E)-N-(pyridin-3-yl)-1-(thiophen-3-yl)methanimine (1ae). The crude product was purified by Al,O3 150
(2 g, basic activated) column chromatography (Et,O) yielding 158 mg (84 % isolated yield) as yellow
oil. 'H NMR (3, 400 MHz, CD,Cl,, 25 °C): 8.49 (s, 1H), 8.44 (m, 2H), 7.88 (dd, J=2.9 Hz, J= 1.1 Hz,
1H), 7.68 (ddd, J = 5.1 Hz, J = 1.2 Hz, J = 0.4 Hz, 1H), 7.50 (ddd, J = 8.1 Hz, J = 2.6 Hz, / = 1.6 Hz,
1H), 7.43 (ddd, J = 5.1 Hz, J = 2.9 Hz, J = 0.7 Hz, 1H), 7.31 (ddd, J = 8.1 Hz, /= 4.8 Hz, J = 0.7 Hz,
1H). BC{'H} NMR (3, 101 MHz, CD,Cl,, 25 °C): 156.3, 148.2, 147.4, 143.1, 141.0, 131.6, 127.8,
127.4, 126.1, 124.0. HR-MS (ESI*, CH;CN/MeOH + 1 % H;0): m/z calcd for CioHsN>S [M+H]*
189.0481, found 189.0485.

/@NQ/E?

(E)-1-(furan-2-yl)-N-(p-tolyl)methanimine (1af)". The crude product was purified by A,Os 150 (12 g,
basic activated) column chromatography (n-heptane/Et,O 20:1) yielding 172 mg (93 % isolated yield)
as yellow oil. '"H NMR (3, 400 MHz, CD,Cl,, 25 °C): 8.30 (s, 1H), 7.62 (d, J = 1.7 Hz, 1H), 7.20 (m,
2H), 7.13 (m, 2H), 6.95 (dd, J = 3.5 Hz, /= 0.6 Hz, 1H), 6.57 (dd, J = 3.5 Hz, J = 1.8 Hz, 1H), 2.36 (s,
3H). BC{'H} NMR (3, 101 MHz, CD:Cl,, 25 °C): 153.0, 149.3, 147.3, 145.8, 136.6, 130.2, 121.2,
1159, 112.5, 21.1.

‘ N

MeO

(E)-1-(furan-2-yl)-N-(4-methoxyphenyl)methanimine (1ag)*. The crude product was purified by Al,O;
150 (12 g, basic activated) column chromatography (n-heptane/toluene/Et;O 1:1:0.1) yielding 105 mg
(52 % isolated yield) as yellow oil. 'TH NMR (8, 400 MHz, CD,Cl,, 25 °C): 8.31 (s, 1H), 7.61 (d, J =
1.7 Hz, 1H), 7.22 (m, 2H), 6.92 (m, 3H), 6.57 (dd, J = 3.5 Hz, J = 1.8 Hz, 1H), 3.81 (s, 3H). PC{'H}
NMR (6, 101 MHz, CD:Cl, 25 °C): 158.9, 153.1, 146.1, 145.7, 144.7, 122.6, 115.5, 114.8, 112.5,
55.8.
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(E)-N-(4-fluorobenzylidene)-9H-fluoren-2-amine (1ah). The crude product was purified by Al,O3 150
(4 g, basic activated) column chromatography (n-heptane/acetone 1:1) yielding 155 mg (54 % isolated
yield) as pale-yellow solid. 'H NMR (8, 400 MHz, CD,Cl,, 25 °C): 8.54 (s, 1H), 7.95 (m, 2H), 7.80 (t,
J =8.1Hz, 2H), 7.56 (m, 1H), 7.43 (m, 1H), 7.39 (m, 1H), 7.31 (dd, / = 7.4 Hz, J/ = 1.2 Hz, 1H), 7.27
(m, 1H), 7.20 (m, 2H), 3.95 (s, 2H). BC{'H} NMR (3, 101 MHz, CD,Cl, 25 °C): 166.3, 163.8, 158.3,
151.1, 145.0, 143.9, 141.7, 140.3, 133.4, 131.1, 131.1, 127.2, 126.9, 125.4, 120.7, 120.5, 120.1, 118.0,
116.3, 116.1, 37.3. HR-MS (ESI*, CH3CN/MeOH + 1 % H;0): m/z calcd for CyHisFN [M+H]*
288.1183, found 288.1187.
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4. Experimental mechanistic studies

N-Alkylation of aniline under pure Oz atmosphere

KO'Bu (0.65 mmol) and molecular sieves (15 pellets, 4 A) were put into a 10 mL screwcap-vial
containing a magnetic stir bar. Then a toluene (3 mL) solution containing aniline (0.60 mmol) and
benzyl alcohol (0.50 mmol) was added. The vial was closed and flushed with pure oxygen for 1 min and
then stirred for 15 min. A GC-MS analysis showed full conversion.

N-Alkylation of aniline in the presence of 18-crown-6 ether

KO'Bu (0.65 mmol) and molecular sieves (15 pellets, 4 A) were put into a 10 mL flat-bottom vial
containing a magnetic stir bar. Then a toluene (3 mL) solution containing aniline (0.60 mmol),
benzyl alcohol (0.50 mmol) and 18-crown-6 ether (0.65 mmol) was added. The reaction mixture was
stirred for 3 h at room temperature, while exposed to ambient atmospheric conditions. A GC-MS
analysis showed 88% conversion.

Synthesis of benzyl alcohol [130]
Benzyl alcohol ['80] was synthesized by slightly modified procedure from the literature.?!

Toluene-4-sulforic acid (2mg) was added to methyl orthobenzoate (925.3 pl, 5.38 mmol, 1 equiv.) in a
Schlenk tube under argon atmosphere. ['30]Water (99% '80) (100 ul, 5.54 mmol, 1.03 equiv.) was
added under rapid stirring. The mixture became homogenous after 2 minutes of stirring. The solution
was stirred for further 30 minutes. Methanol was gently removed in vacuum (100 mbar, 30 minutes). 10
mL dry diethyl ether was added, and the mixture was cooled to 0 °C. Solid lithium aluminum hydride
(217.8 mg, 5.65 mmol, 1.05 equiv.) was added in batch. The suspension was stirred for 5 minutes at 0
°C and 16 hours at room temperature. Water (2 mL) and saturated ammonium chloride solution (2 mL)
were slowly added. The aqueous phase was extracted with n-pentane (3x 10 mL). The combined organic
phases were dried over sodium sulfate and the solvent was gently removed, yielding benzyl alcohol
['*0O] (290 mg, 49%) as colorless liquid.

"H NMR (400 MHz, CDCls, 6): 7.37-7.35 (m, 4H), 7.34 — 7.27 (m, 1H), 4.70 (d, J = 5.8 Hz, 2H), 1.63
(t, J = 5.9 Hz, 1H) ppm. PC{'H} NMR (100 MHz, CDCl3, 8): 141.0, 128.7, 127.8, 127.1, 65.5 ppm.

The '8O-content was assigned by mass spectrometry, using EI-MS from GC-MS data.?

Calculation: (Signal of m/z 110) / [(Signal of m/z 110) + (Signal of m/z 108)]:
70.02 / (70.02 + 9.93) = 88 % '*0 in benzyl alcohol
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Figure S1'H NMR spectrum of benzyl alcohol ['*O].
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Figure S3 EI-MS spectrum of benzyl alcohol ['*0].
Synthesis of potassium benzylate (PhCH20K)
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In an Argon filled glovebox benzyl alcohol (1.5 mL, 14.4 mmol) was reacted neat with metal K (0.5 g).
The reaction mixture was stirred for 6 h at room temperature, and the solidified residue washed twice
with pentane (3 mL). The off-white solid was dried in vacuum. Yield: 1.72 g (81 %)

"H NMR (250 MHz, THF-d8): 7.37 (d, J = 7.2 Hz, 2H), 7.21 (t, J = 7.3 Hz, 2H), 7.09 (t, J = 7.2 Hz,
1H), 4.75 (s, 2H).

©/\0K

mmmmmmmm
mmmmmmmm

hhhhhhhh

j\ /THF\
4 |
R, L A f o o
PNiAGA el
g8 A
T . T . T . . T T . . T . T T . . . T .
00 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 0 05 00
f1 (ppm)

Figure S4 'H NMR of potassium benzylate.
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N-Alkylation of aniline with benzyl alcohol ['*0]

16oH  HaN 13 equiv' KO'BU O
©/ + \© 017 Mintojuene:3h > SN
25 °Cr 4A MS

1 equiv’ 12 equiv’

88% 180

The reaction was carried out according to the procedure described above, employing benzyl alcohol
['*0] instead of standard benzyl alcohol. Samples for GC-MS analysis were taken every 15 min. The
180 content was determined by EI-MS.

20+2% 80 content was found in in situ formed benzaldehyde upon reaction progress.

N-Alkylation of aniline using PhCH2OK salt

The reaction was carried out according to the procedure described above, employing the potassium
benzylate salt instead of standard benzyl alcohol and KO'Bu. The manipulation of reactants was carried
out in a glovebox, whereas the reaction itself was carried out under ambient atmospheric conditions. A
GC-MS analysis showed 54% conversion.

N-Alkylation of aniline with benzyl alcohol-a,0-d2

benzy| ajcoho| &g,
D,

N
Co NH, KOtBU N
©/ OH I
ouene 3 h it
13D

8.48

L

®10.04
572.01 ¢
- |3.08
ol2.084
3.004

7.‘0 6.‘5 6.‘0 5.‘5 5.‘0 4.‘5 4.‘0 3}5 3.‘0 2.‘5 2.‘0 1.‘5 1.‘0 0.‘5 0.‘0
[ppm]

o
©

100 95 90

Figure S5. 'H NMR of 1a-D. Reaction conditions: aniline (55 pl, 0.6 mmol), benzyl alcohol-o,a-d2 (52
ul, 0.5 mmol, 96% D), KO'Bu (73 mg, 0.65 mmol), molecular sieves (15-20 pellets, 4 A) and toluene (3
ml), room temperature, 3 h. Work up same as 1a.
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EPR monitoring of N-Alkylation

In a glovebox, a flame-dried EPR tube was charged with a 0.5 mL of a solution of KO'Bu, aniline and
benzyl alcohol in toluene (prepared as described in the general procedure above) and sealed. A
consecutive EPR experiment (100 K and room temperature) of this sample showed no presence of
paramagnetic material. The measurement itself was repeated after 1 h with identical results.

Subsequently the air-tight sample tube was opened, and 2 mL of air was injected with a long steel canula
into the solution. The sample was consecutively cooled down to 100 K and subjected to EPR
measurement. A signal was detected with g, = 2.001 and hyperfine coupling A('H) = 18 G distinctive
for an organic carbon-based radical.

A similar experiment was carried out with PhCH>OK salt and aniline to give identical results.

3150 3200 3250 3300 3350 3400 3450 3500 3550
Mangetic Field [G]

Figure S6. X-Band cw-EPR spectrum of the reaction mixture at 100 K in frozen toluene glass. The
obtained signal is depicted in red and the computer simulation in grey color.
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5. Computational studies

For the structure optimization, Density Functional Theory (DFT) was the method of choice, using the
PBE0** functional, def2-TZVP>* basis set with D4?*¢ dispersion corrections as well as implicit
solvation via the CPCM** implementation (toluene was used as solvent). All calculations were
performed using the ORCA 5.0.3%°%f software suite. To validate the accuracy of the DFT method,
structures A and D were optimized using domain based local pair-natural orbital (DLPNO) based
singles- and doubles, and perturbative triples coupled cluster (CCSD(T))**¢ with the def2-TZVP basis
set an the CPCM implicit solvent model and minimal differences in the geometry were observed. The
energetics confirmed this, as the energy change between single point calculations performed at the
DLPNO-CCSD(T)/def2-QZVP?*/CPCM level on both DFT and CCSD optimized structure was less
than 0.25 kcal/mol. To speed up calculation coulomb fitting was used.*™!

By performing single point calculations using B2PLYLP?/def2-TZVP/D4/CPCM on the structures
and comparing them to CCSD values, we observed very small energy differences of up to 3 kcal/mol.
As it is known that CCSD does not handle mixed spin states well, it was unfeasible to obtain accurate
energy values for the minimum energy crossing points (MECP). As such, the DFT double hybrid
values were taken for the energy barriers related to these spin-transition points along the reaction
pathway. The MECP structures were calculated using a method by Harvey et al as implemented in
ORCA .?* Here, both the energy of spin surface 1 and the energy difference between the two spin
surfaces are minimized. The structures were verified to be true minimum geometries by running
surface crossing adapted frequency calculations, which showed no negative values.

The full proposed mechanism is depicted in Figure S7, with a multitude of conditional branching
points, depending on the immediate environment of the molecule. While the mechanism itself is not
exhaustive, it can provide greater insight into the possible species formed and their interactions.
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Figure S8 depicts the reaction pathways C to E that depend on the existence of the short-lived
hydroxyl radical and are therefore less likely to take place, even though the calculated
thermodynamics and kinetics suggest that they are viable.
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Figure S8. Pathways C-E of the water-assisted mechanism, branching out from C and D respectively.
As these pathways depend on the presence of a short-lived hydroxyl radical, they are less likely to take
place. All values are free energies AG, in kcal/mol, calculated with DLPNO-CCSD(T)/def2-
QZVP//PBE0/def2-TZVP/D4. The '®0-label is depicted in red.

For the EPR calculations, the method of choice was B2PLYP/def2-TZVP/D4/CPCM, using gauge

independent atomic orbitals. We performed calculations on all intermediate radicals, and C/D have the

giso values closest to the experimental results. Simulations of the EPR spectra were performed with

Easyspin® and do not provide clear evidence whether C or D is the experimentally observed radical

species or a combination of both as a small shoulder is visible in the experimental spectra, compare

Figures S6 and S9.

519


https://www.tuwien.at/bibliothek

9.86 GHz

S20

9.86 GHz

o
(=}
s O
S~
<t
Q
[a® .
g > e
N
= -
= 5
8E © s
173 7
_— = =]
= S m 3
@
DWV L 0
(] 188 By “
E N
/M o
I Fe
2 5
T - m r«u 3
B
o
.n M-
3
| ) RS F e
T EEEREERE TR =
= & | e s T g % 8 & )
('nque) Ayisuajul ==t "
S — g = = - "
> £ £
. O & E
22 = L
2 m g S ®s —
8 - 2 o o0z ) -ua J...v\
= < e
s 2 Ry & k=
g m R gz g =
o =] Doy =
m.m 8 = S o - <
: 52 g 2 g
S S — == 2 o, O 8r'L 5
— — B 17 .m b G, S S
° . G G TR =
- g o 1 A
O PP oE o = T =t 8
T .QM %c u MM ——— 66T | o ..%
_0 .nl.a o0 (S} SNW re N_
IT—(e S == L = ‘ ]
& g% (= B 660 | o ~
.mm =5 S 8’8 /Dlh\
w2
. 4 =] ..
” m =~ = g &
| g 4= = @ LR
o~ - - o~ o« |-
s 3 s ° § 3 3 5= Z T Z
('nraue) Apsusyul Bn 2 R 2 H
o 3 [ =
= o \o -

Jayloljqig usipn NL e wuud ul sjgejreAe si sisay) [2Jo1oop syl Jo uoisian [eulblio panoidde sy any a8pajmoud) oA

“regBnyian 3ayloljqig UsIp NL Jap ue 1Sl uoirenassiq Jasalp uoisianfeulblo aponipab ausiqoidde aig Av_mﬂ_u.o__n__m


https://www.tuwien.at/bibliothek

Le Fe
L= L M
Fe F3
g 8
L e N e
L& L M
PEES —
L2 £z — —€0E | 1
o~
Lo Lo
2 ~
L g " 3
\am)
L g ~
L (D)
2
) £
: O s
28 o § 5
G L. = FRe =
(AR s = <
82'921 SR B = s >
:_mNJ/, w cre L« g
PYGEL — -8 ) s1 | =
wei/ i 5 iz
| L2 T2
Rmmiﬁ = M e %
€L Fa
75'2s1 -8 W,. 8y'L i /m\..
- = = 8L 2 Z.
£9'091 — —] g ..% e f 86T | o
_ PR e | >
LR Z 6L R AN (=}
- 1 (D)
\E/ [5:3 IL - =
B m \_— MMM =] m..
8 R iy 00T - J
L& 162 s ~
= sl 0
N—"
/ g Z 9 le T
z e z &
@ I R
N N
Jayioljqig usiph NL e wid ul sjgejieAe si sisay) [eJo1o0p SIY) Jo UoisiaA [eulblio panoidde sy qny a8pajmoun nox

“regBnyian 3ayloljqig UsIp NL Jap ue 1Sl uoirenassiq Jasalp uoisianfeulblo aponipab ausiqoidde aig Av_WF_u.O__ﬂ__m

S21


https://www.tuwien.at/bibliothek

mwie—

PEES

£1°121
00621
ezt %

L EroET
751ET
TEHET
76'9€T m“

08°6kT —

CIesT—

DW@

=] o
= L=
L g BELT— FE—— [&
L8 -
Le L e
L2 L e
- bBES
8 H8
=
LE ] FR
N
L8 L L8
. —
& m &
<
. £
D
2§ E 12§
=] D =]
5 > BELIT— L8
= [e) 66521 &
& - otz — =
M= o SO'6Z1 Fa
— ~ OE'6Z1
L 2 £5°0ET 3
& N_ 85°1E1 2
= PEZET
— 8 m;. e, — L
.m 55151
HE 82651 — o -8
e
g 7 g
~
. @ 5
- g
lg & HM lg
—_—— 4
le T A e
j
L5 O L]
~N o ~

Jayloljqig usipn NL e wuud ul sjgejreAe si sisay) [2Jo1oop syl Jo uoisian [eulblio panoidde sy
“regBnyian 3ayloljqig UsIp NL Jap ue 1Sl uoirenassiq Jasalp uoisianfeulblo aponipab ausiqoidde aig

'"H NMR: (E)-1-phenyl-N-(o-tolyl)methanimine (1c)

gny a8pajmoud| INoA

Saylolqie

S22


https://www.tuwien.at/bibliothek

SET

€S
£6'9
£6'9
56'9
S6'9
me
e
€L
£Te
¥I'L
ST'L
0z'L
L
weL
L
v'L
vo'L
8r'L
8p'L
6¥'L
6v'L
6v'L
05’2
0S5
18'L
162
6L
6L
£6'L
£€6'L
£€6'L
¥6'L
S6'L
S6'L
8e'8

o

i e
L2 =
(=1 =l
Lo n
=3 =l
Lo L=
L m l w
667 | i
h — [
&
s 2 -3
2 &
[ e .m r H
N
L2 .m = | o =
s ¥ o
h N
£ TS
Fras —~ 43 oo =)
°© WJ mn.h/ [ m
— " = 90°L ) )
[ i o1 | o)
S or'L o m
Lo e
T are R
- Z. 0z'L <
Ha ' 0z'L 1
= e I8 m
— w1l e = @ 5}
— o] " . @t 4 e i)
2oz Lm.. £ T — FeeT [ ™ =
B0 [ 2 g 6L =, e W,.
= B — &, %
— PN 05 ] S
g /Dm\ 6L — ' TesT | o o
06'L L2 T
=007 | 1 - 62 u Z.
= & 160 Lot L ~
Lo M e 4 : : /Dm\
s Z 2 e .-
n — < R
RS P
] — w = Z
re
g S
“ayiolqgig usiph N.L e juld ul ajge|reAe si sIsay] [240190p SIY) JO UoISIaA feulbLio pasoidde ayl gny agpajmouy oA

“regBnyian 3ayloljqig UsIp NL Jap ue 1Sl uoirenassiq Jasalp uoisianfeulblo aponipab ausiqoidde aig Av_mr_u.o__ﬂ__m

S23


https://www.tuwien.at/bibliothek

=3 B
o
Lo =
g &
=] FS
L W | H
L2 2
PEES —
L2 |
R ~ L=
d ™
R [
(]
LI . @
= R
=1 g s °
- 8 sve S
°E 5 91t E g
- O . - p—
509171 e 8T°L 2
an A = B oL Lo w
89221 3 -8 ﬂ_“ 61'L | o)
el <t 9L Lo m
60°621 — = 1 o€l el
a6zt s — - m L =
81T g ] e 15} mm”n L2 p_u
S9'9ET HE .M MH.M A__.
o i | v (D)
anT — & > 6L o
15°8bT R M ok pnv
19091 o 0] e IR 1m
oor> = = bS] MMM =107 =
egzo1/ N_ o #8677 | <
[~ B Feagp e
rs ] 5L 86°C | ™~ [}
~ . e
B 84 9L = =607 | o e
- @ N~ 06°L o N_
.. 16°L
2 R 16L — < =T L \_}
oy M 6t \ [ m
4 sb'8 k. =
g A R
——
Q :g T Q P
w —— o N
S s T
aylolgig usipn NL e uud ul ajge|reAe si sisay) [e1o100p SIY) Jo uoisiaA eulblio panoidde syl any 38pajmou 4noA

“regBnyian 3ayloljqig UsIp NL Jap ue 1Sl uoirenassiq Jasalp uoisianfeulblo aponipab ausiqoidde aig Av_@_-_u.o__ﬂ__m

S24


https://www.tuwien.at/bibliothek

8.5

200

9.0

/
Q

T
210

DNVQ

9.5

.
@

Cl

220

o Fe
(=]
- =]
8 =
3 =
= F2
L2 L2
PE'ES — ~
L8 "
o
R
)
lg T Lo
o -
L= g - &=
= R
n p—
L2
2 s - Q
= o P =]
sE = =
-a o a . —
& o o2 'Z
B [te <
9721 =2 ) s 3
61621 1L b 1 60°L — - g
07’621 < ore Lo
85°6C1 -8 ) e e
SO°TET m erL B )
‘1£1 = : e !
i f s 5§ 3
s 8L | )
0 15T — — g WJ 6t'L © =
[= 15°¢ - Anuv
o g 2 15y w0z |~ =
L0°18T ) : €52 U >
e Z ey U P~
= 1 68'L J ~ m
~ 06'L
g @ S.NW —— w3 o
hes .. 6L N
a4 i
~
2 S)
—— m
—— Z.
¢ T
o
= -

10.0

Jayloljqig usipn NL e wuud ul sjgejreAe si sisay) [2Jo1oop syl Jo uoisian [eulblio panoidde sy < any a8pajmoud) oA
“regBnyian 3ayloljqig UsIp NL Jap ue 1Sl uoirenassiq Jasalp uoisianfeulblo aponipab ausiqoidde aig v_@_-_u.o__ﬂ__m

S25


https://www.tuwien.at/bibliothek

¥a'Es —

05611
S_mﬂw
61621
TT6ZT L
8611
ss'eel Yy
05'9€T

05'18T—

[ASL )

10

20

50

T T
00 90

110
& [ppm]

s —

120

130

A

96'9
£6°9
869
66’9
669
00L

T
140

160

LA
8L
6 %

T
170

05724
15°¢
75
ore
e
2t ]
o]
vt
mm.L
16
vb'g |

T T T
200 190 180

210

T
220

BC{'H} NMR: (E)-N-benzylidene-4-bromoaniline (1f)

Jayloljqig usipn NL e wuud ul sjgejreAe si sisay) [2Jo1oop syl Jo uoisian [eulblio panoidde sy

Q

-

b
re
bt}
=]
LS
=
L v
Le
~
[ w
~
Le
”m
B
”m
Le
-
~~
= on
R
T O
22 £
N
=
Lo %
92
s g
1
la
9 Q
5
00T | R <
=
- n )
Fgez [ N
=61 =}
FOT | o .ha.Uv
=
1
=660 |2 PN
m
o N
e R
o
s I
-

gny a8pajmoud| INoA

"reqgBnyian 3ayiolqig UsIp\ N1 Jap ue 1sI uoneuassiq Jasalp uoisiaAfeulBlio aponipab ausigoidde aig Av_@_-_u.o__ﬂ__m

S26


https://www.tuwien.at/bibliothek

PB'ES —

W06 —

9E'ERT
al'6Zl
£2'621
00 ZET
69ET —
658617

LSt —

L1181 —

TEST
gL
fxard
YL
ST
sT'L
9aTL
6L
} 15°¢
£5°¢
v52
S5'¢
89/
89/
69'2
S 0LL
L4
TLLA

1674

16'2

£6¢

. €6'L
&8 —

doaniline (1g)

110
& [ppm]

-10

120

130

l

150

160

T
170

(E)-N-benzylidene-4

T T T
200 190 180

210

T
220

BC{'H} NMR

/
z
Q
z

0.5

1.0

A

T
25 20 15

5‘5 5.0 4.5 4.0 35 3.0
& [ppm1
)benzonitrile (1h)

mo

6.0

6.5

70

—3)

] “o0'z

JH\ME.N F

| E66'T
0T

S
T
8.0

=00'T |

8.5

(E)-4-(benzylideneam

T
8.0

9.5

T
10.0

"H NMR

Jayloljqig usipn NL e wuud ul sjgejreAe si sisay) [2Jo1oop syl Jo uoisian [eulblio panoidde sy any a8pajmoud) oA

“regBnyian 3ayloljqig UsIp NL Jap ue 1Sl uoirenassiq Jasalp uoisianfeulblo aponipab ausiqoidde aig Av_@_-_u.o__ﬂ__m

S27


https://www.tuwien.at/bibliothek

FES —

0601 —

£E61T
06121 M
87621
15°62T
56T~
SLEET m
20951

k95T —
64791 —

10

20

30

o"
NC

2.0

3.0

5

T
90

e —

100

110
& [ppm]

w®s
mm.u/

|

b6'9
56'9

130

569
€L

el
szt
STt
i
'L ﬁ
8L
8L
8L
8L
88'L
88’2
88'L
68
68'L
68'L ‘
68'L
. 06'L
L 06'L
06'L
06'L
0s'g

150 140

160

T T T T
2000 190 180 170

o"
MeO

210

T
220

BC{'H} NMR: (E)-4-(benzylideneamino)benzonitrile (1h)

Jayloljqig usipn NL e wuud ul sjgejreAe si sisay) [2Jo1oop syl Jo uoisian [eulblio panoidde sy

“regBnyian 3ayloljqig UsIp NL Jap ue 1Sl uoirenassiq Jasalp uoisianfeulblo aponipab ausiqoidde aig

:
=]
=]
—
8.5

L
"H NMR: (E)-N-benzylidene-4-methoxyaniline (1i)
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BC{'H} NMR: (E)-N-benzylidene-2-naphthylamine (1m)
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"H NMR: (E)-N-benzylidene-2,3-dihydrobenzo[b][1,4]dioxin-6-amine (1n)
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BC{'H} NMR: (E)-N-benzylidene-2,3-dihydrobenzo[b][1,4]dioxin-6-amine (1n)
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"H NMR: (E)-N-benzylidene-3-methyl-1-phenyl-1H-pyrazol-5-amine (1r)
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BC{'H} NMR: (E)-N-benzylidene-3-methyl-1-phenyl-1H-pyrazol-5-amine (1r)
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BC{'H} NMR: (E)-N-(4-fluorobenzylidene)aniline (1s)
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'"H NMR: (E)-N-(4-chlorobenzylidene)aniline (1t)
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BC{'H} NMR: (E)-N-(4-chlorobenzylidene)aniline (1t)
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"H NMR: (E)-N-(3-bromobenzylidene)aniline (1u)
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BC{'H} NMR: (E)-1-(4-bromophenyl)-N-(o-tolyl)methanimine (1v)
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Abstract

Supramolecular transition metal catalysts with tailored reaction environments allow for the usage of
abundant 3d metals as catalytic centres, leading to more sustainable chemical processes. However, such
catalysts are large and flexible systems with intricate interactions, resulting in complex reaction
coordinates. To capture their dynamic nature, we developed a broadly applicable, high-throughput
workflow, leveraging quantum mechanics/molecular mechanics (QM/MM) molecular dynamics in
explicit solvent, to investigate a Cu(l)-calix[8]arene catalysed C-N coupling reaction. The system
complexity and high amount of data generated from sampling the reaction require automated analyses.
To identify and quantify the reaction coordinate from noisy simulation trajectories, we applied
interpretable machine learning techniques (Lasso, Random Forest, Logistic Regression) in a consensus
model, alongside dimensionality reduction methods (PCA, LDA, tICA). Leveraging a Granger Causality
model, we go beyond the traditional view of a reaction coordinate, by defining it as a sequence of
molecular motions that led up to the reaction.
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Introduction

Catalysis plays a pivotal role in chemistry. By lowering reaction barriers, catalysts facilitate chemical
transformation under mild conditions, contributing to sustainable and economic processes. Nature has
perfected this principle in enzymes, through precise control of the environment surrounding the
catalytic centre and substrate.! In an effort to mimic the tight control over the environment, the field of
supramolecular catalysis chemistry has emerged.?® For example, the use of a macrocycle allows the
substitution of rare earth metals with more abundant counterparts, while maintaining high catalytic
performance.”®

Complimentary to experimental advances, computational chemistry has played a key role in the design
and understanding of catalytic systems, by elucidating reaction mechanisms.**2 Despite considerable
efforts, quantum chemistry is limited in its predictive abilities.'®* As these systems grow in complexity,
there is a need to improve not only on the underlying electronic structure theory used to study them,
but also the chemical model that describes the catalytic system in its environment.'* Often, the errors
introduced by a too simplistic chemical model exceed those arising from the use of an approximate
theoretical methodology such as DFT.*> Consequently, the goal is to create a chemical model which is
a “digital twin” of the reaction flask, where the in-silico procedure can fully replicate experimental
conditions, meaning a catalyst in explicit solvent, at finite temperature and pressure. As a full ab-initio
qguantum chemical (QC) level is not feasible, a tailored multiscale strategy has to be developed,
accounting for conformational flexibility, explicit solvation effects and the dynamic nature of chemical
reactions.

While the majority of computational mechanistic studies are performed with a single structure, with
conformer search recently gaining popularity'*!®7 thanks to easily accessible tools,'® a transition to
structure ensembles provides a more complete picture.***’

Another crucial aspect which needs to be considered is solvation. While widely used implicit solvation
models provide remarkable performance,?®%2 they cannot describe explicit interactions between solute
and solvent. In combination with dispersion corrections and a small basis set, they often favour very
compact structures with many intramolecular bonds’*® — a poor representation of a solvated system. It
is therefore crucial to include explicit solvation in any realistic model, ideally via a full condensed phase
calculation or through microsolvation.?*%

Describing catalyst ensembles in explicit solvent is a significant improvement of the chemical model, yet
it is important to recognize that catalysts are, by nature, dynamic entities. By tracking the motion of the
nuclei during a reaction, we may observe a different reaction pathway,?>?® The dynamic effects are well
documented for organic molecules in implicit solvents,?” yet rarely investigated in transition metal

catalysis.?>?728

While the inclusion of dynamics in mechanistic studies makes a model more realistic, it adds complexity
and significantly increases computational cost. This limitation can be addressed by relying on multiscale
methods such as quantum mechanics/molecular mechanics (QM/MM) which describe the catalytic
centre and substrates at a QM level, while the surrounding environment is treated with MM.?*3 This
hybrid methodology can be combined with molecular dymanics (MD) to investigate the dynamic
behaviour. A transition to QM/MM MD in explicit solvent allows for sampling timescales to the order of
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nanoseconds, magnitudes higher than in a pure QM approach. Due to the rare nature of the reactions,
repeated sampling is a requirement for statistically relevant information regarding energy barriers and
structural information.

While the setup of such multiscale methods is a challenge in itself, a vast amount of data is generated
from the simulations. As it is not feasible to interpret them by observation only, an automatic way of
processing reaction trajectories is needed. Machine learning (ML) approaches can be used to evaluate
the data and extract condensed results which contain insight into the reaction coordinate.?® While
neural network approaches®? have garnered a lot of attention recently, they are not very well suited for
data analysis approaches where understanding of the process is required, due to their black box nature,
which makes them very difficult to evaluate.®® Instead, interpretable machine learning techniques, such
as decision trees, random forests or logistic regression, offer good performance in extracting relevant
information from large datasets and presenting them in easily understandable ways. In addition,
dimensionality reduction techniques—Principal Component Analysis®** (PCA) or time-lagged Independent
Component Analysis®® (tICA) effectively detect combined coordinates from the trajectories, revealing the
key motions of a system. Yet these dimensionality reduction techniques have almost exclusively been
applied to biomolecules®*38 with few exceptions.3*° A combination of aforementioned methods offers
great promise to detect a cumulative reaction coordinate from a multitude of independent trajectories,
providing chemical insight into the mechanism and reactivity of the system. To the best of our
knowledge these combined methods have not been applied to study reaction mechanisms in explicit
solvent, let alone large supramolecular transition metal catalysts.

Another aspect that has until now been neglected in chemistry is causality. While the concept is
widespread across various scientific domains* —ranging from economics**™¢ and climate researc
to biology®>*® and medical studies®>®—it remains surprisingly absent in the field of chemistry. Although
a handful of precedents in biomolecular simulations exists,*’~? it has not been explored to study
chemical reactions, not to mention transition-metal catalysis. As trajectories are essentially discrete
time series, containing the various degrees of freedom of the system, causality can be statistically
inferred from the analysis of these trajectories. Consequently, the reaction coordinate can be
decomposed into a sequence of motions leading up to the reaction, exposing the intricate interplay of
functional groups of the system, offering an unprecedented view of reactivity.

h 47-51

| | Br |
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Figure 1. The supramolecular system calix[8]arene-based [Cu(CsPhenMeg)l] catalyses the C-N coupling reaction of phenyl
bromide and aniline.
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A supramolecular catalyst that has shown remarkable catalytic efficacy for C-N coupling is the the Cu(l)-
1,5-(2,9-dimethyl-1,10-phenanthroyl)-2,3,4,6,7,8-hexamethyl-p-tert-butylcalix[8]arene system.” The
macrocyclic ligand allows for usage of earth abundant metals, such as Cu, an essential step towards
more sustainable chemical processes.®®®° The investigated system necessitates explicit solvation for
accurate results, as implicit solvation models lead to a collapse of the macrocyclic cage, which
compromises catalytic activity.” To account for the conformational flexibility of the supramolecular
cage’®® and the dynamic nature of the system as a whole, a dynamic ensemble-based approach is
required to study the reaction. While the mechanism of this catalysts was established to be a sequence
of oxidative addition / reductive elimination,’” the dynamic effects of the system, in particular the
contribution of the cage, and the influence of explicit solvent molecules are completely unknown.
Consequently, we developed a multiscale QM/MM MD approach to understand the bond formation
dynamics of the C-N coupling step with the Cu-calix[8]arene catalyst in explicit chloroform. By relying on
the GFN2-xTB®” method to describe the QM part, we could achieve massive sampling, resulting in 152
individual reaction trajectories. To extract chemically relevant information from these data, we
employed supervised and unsupervised interpretable machine learning dimensionality reduction
models, in order to identify the cumulative reaction coordinate and to detect critical movements in the
structure. A consensus approach combining individual machine learning techniques improved the
performance, while random forest models and decision rules allowed us to quantify the reaction
coordinate. Finally, we employed the statistical Granger Causality analysis model®®® to decompose the
reaction coordinate into a sequence of individual consecutive movements. This work serves as a widely
applicable template for any mechanistic investigations, revealing and quantifying complex reaction
coordinates, alongside causal effects derived from the individual movements leading up to the reaction.

Results

We obtained 152 QM/MM MD reaction trajectories for the C-N coupling step. Out of these, 142 reacted
within 20 ps of simulation time. From these trajectories we evaluated the reaction energy and labelled
the structural data accordingly as educt, transition state, or product — resulting in three ensembles. We
then used this information to identify the reaction coordinate, quantify it and identify a sequence of
movements leading to the reaction.

Reaction Energetics Analysis

We analysed 142 simulations where a reaction occurred to extract insights about the C-N coupling
process. As the reaction happened spontaneously during the simulations, the energy profile can be
obtained directly (S| Figure S2 A) and served as indicator to label the three distinct states, educt,
transition state, and product. The reaction energy was obtained by averaging the ensembles of the
educt and product states and amounted to -212 * 25 kJ mol™ A sigmoid fit through the smoothened
energy profile of each simulation (see S, Figure S2 B and C) allowed identification and the calculation of
the energy barrier to be 13 + 9 kJ mol™. These GFN2-xTB reaction energies are in excellent agreement
with full DFT data, obtained with PBEO/def2-SVP/D3 (see SI, Table S2).
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Extracting Chemical Information from Structural Data

To obtain information about the changes in chemical structure from the reaction trajectories with a
total of over 1.5 million frames, we resorted to interpretable machine learning approaches.

Determination of a suitable coordinate system

A standard method to extract reaction coordinates from trajectories, either in biomolecular or reaction
dynamics studies, is Principal Component Analysis (PCA) in cartesian coordinate space. However, this
approach proved unsuccessful for the Cu-calix[8]arene catalyst due to the difficult to properly align this
highly flexible system not showing any separation between the three states (Figure S3).

Legend
PCA on All Internal Coordinates
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Figure 2. A. Schematic depiction of the calixarene, showing the centres of mass used for the calculation of the reduced set of
internal coordinates; B. PCA performed on the reduced internal coordinates.

To achieve good separation between the three states, educt, TS, and product, we developed a reduced
internal coordinate description of the system (see Figure 2A) to minimize the noise from highly
correlated coordinates.®? Hence, we described rigid fragments, such as the individual calixarene units
(cX), the phenanthroline bridge (Phena), the phenyl (Phe) and aniline (NPh) moieties by their respective
centres of mass (Figure 2A). An overview over the distribution of the internal coordinates which define
the reduced model can be found in the supporting Information, Figure S10. This internal coordinate set
nicely separates educts and products in the PCA space (Figure 2B), but still shows overlap between
educts and transition states. Analysing the loadings of the principal components (see Sl Figure S5), we
can see that the main contributions belong to the C-N, NPh-Phe, Cu-N distances, as well as to the Phena-
Cu-Br angle, describing changes in the coordination at the Cu centre as the product is formed.

A second less common method, to reveal the reaction coordinates in biomolecular studies, is the time-
lagged Independent Component Analysis (tICA). While PCA focuses on the largest variance in the
dataset, which generally corresponds to fast molecular motion, tICA can be used to separate and extract
the internal coordinates which exhibit the strongest time-correlations for a chosen lag time, thus
revealing slow movements in the system.
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Figure 3. Time-Lagged Independent Component Analysis of the MD trajectories, using a lag time of 20 fs. A. Distribution of the
structural ensembles (Feature Values) over each of the four independent components; B. Projection of the ensembles in the
space of independent components 1 and 2, with the ensemble colouring performed a posteriori; C. Normalized internal
coordinate (feature) contribution to each independent component.

The tICA performed on the reduced internal coordinates set, resulted in a good separation of the
product and educt states, mainly across the first independent component (IC1), as shown in Figure 3A-B,
yet the transition state ensemble cannot be fully separated from the educts. When taking into
consideration further ICs (Figure 3A and 3B), we observe a broad distribution of the product ensemble,
indicating significant conformational flexibility. The contributions to ICs can be traced down, by relating
the contribution strength (Figure 3C) to the degree of freedom it corresponds to (Figure 3B insert). A
positive contribution (coloured in red) means that the respective feature increases as the values of the
IC increases, while a negative contribution (coloured in blue) means the feature increases as the IC
values decrease. The absolute value of a contribution (colour intensity) represents the importance of the
feature in defining the IC.

IC1 reveals the changes at the reaction centre (see 1** column, Figure 3C), related the Cu adopting a
planar configuration upon product formation. Of particular interest are the strong contributions of the
distance of NPh to the c0, c2, ¢6 and c7 (2" column bottom/3™ column top) and their similarity to the C-
N distance (4th column bottom), indicating the movement of the product deeper into the cavity.
Additionally, a translation of the calixarene units can be inferred, when looking at the changes in the
Phena-Cu-cX and Phena-Cu-oX angles (5" column). Their similar contribution values indicate a
translation, rather than a rotation. This indicates that the distance between the phenyl part of the
product and the calixarene units decrease as the reaction proceeds, which is indicative of -1 stacking
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between the product and calixarene cage. IC2 acts to separate various conformers within the product
ensemble.

Improved Reaction Coordinate Detection Through Supervised Methods

We intended to further improve the separation of the three states in the PCA by utilizing the labelling of
the data, indicating each structure as educt, product or transition state. Using this information, we
trained a model that maximized the separation between the three ensembles and simultaneously
reduced the number of internal coordinates (features) to those that contribute the most to the
separation. The latter is referred to as feature elimination. There are various ways of achieving this goal
and we tested a selection of them in PCA and Linear Discriminant Analysis (LDA) dimensionality
reduction approaches (see Figure 4). While PCAs depend on the technique used to eliminate the
features (Figure 4A-C and S| Figure S4), LDA is independent of the feature selection and consistently
yields excellent separation (Figure 4D-F and Sl Figure S4). While LDA results in compact distinct
ensembles, PCA also achieves separation within the ensembles depending on the feature elimination
approach that was used.

PCA on High Contribution Features with Logistic Regression PCA with Random Forest PCA with LassoCV.
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Figure 4. Dimensionality reduction performance with various feature reduction methods: A. PCA with Logistic Regression with
mean-based cutoff; B. PCA with Random Forest with mean-based cutoff; C. PCA with LassoCV; D. LDA with Recursive feature
elimination with cross validation using a logistic regression classifier; E. LDA with Recursive feature elimination with cross
validation using a random forest classifier; F. LDA with LassoCV.

Amongst the top contributors are the change in the Phena-Cu-Br angle, as well as the C-N distance.
Secondary features such as the distance between the product and phenanthroline bridge also play an
important role for the LR classifier. The RF identifies the distances between the Cu and several
calixarene units as being important, as well as the distance between the aniline and phenanthroline. The
separation with the LassoCV approach is superior to that obtained with the logistic regression, as the
educt and transition state ensembles are better separated. However, the there is only one ensemble
visible for the product state. The principal contributors are the Cu-N, Cu-Phe, Cu-C, Phe-03 and Phe-02
distances.
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It can be observed that the various feature selection methods show variability and differences in the
selected internal coordinates and separation performance.

Revealing Causality in the Reaction Coordinate — Information from Consensus Model

In order to combat the variability associated with the various feature selection methods, we switched to
a consensus model, which integrates the features highlighted by all supervised ML methods. The model
identifies 49 features (internal coordinates) (Figure 5A) of high importance. We performed an additional
PCA (Figure 5B) on the consensus features. Additional insight can be obtained by performing hierarchical
clustering on the consensus features (see Sl) and calculating the correlations between them, resulting in
a clustermap (Figure 5C), which reorders the internal coordinates according to their correlation to each
other.
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Figure 5. Analysis of internal coordinates deemed as high importance by the consensus model. A. Internal coordinates and their
contribution; B. PCA of the consensus features; C. Clustermap of the internal coordinates Pearson correlations.

Judging the importance of the consensus model features (Figure 5A), we see that the C-N bond distance
is most important (in agreement with chemical intuition), alongside several distances and angles
corresponding to the reaction centre. Notably, the c¢6-C distance is also deemed highly important, which
indicates that the cage indeed plays a role in defining the reaction coordinate. This small set of internal
coordinates yields almost perfect separation of the three states as well as distinguishing the product
conformations (Figure 5B), thereby outperforming any of the individual feature selection methods.

When looking at the clustermap plot (Figure 5C), we see two distinct regions of the complex with
opposite correlation. Upon closer inspection of the individual features and their clustering, we can see
the internal coordinates corresponding to the each calixarene unit group together. Coordinates that
show positive correlation with the C-N bond (depicted in blue) decrease in value as the reaction
proceeds, while those showing a negative correlation (depicted in red) increase during the reaction.
Hence, the distances between Phe and NPh (comprising the product) and calixarene units 6 and 7
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decrease, indicating m-m stacking interactions (depicted in blue), whereas C moves away from calixarene
units 2-4 (coloured in red).

While the correlation analysis shows which movements take place in a correlated fashion, it is also
interesting to evaluate the causality of these movements and how they propagate through the system.
As tICA, a time-lag based method, revealed new information regarding the cage movement and product
interaction, we decided to apply the Granger causality model, also time-lag based, to evaluate the
reaction trajectories.

Using the coordinates resulting from the consensus model, we can construct a propagation cluster map
of our system (Figure 6), which allows us to observe how the internal coordinates influence the C-N
bond formation. This combines the hierarchical clustering of the consensus features with the results of
the Granger causality model. Thus, we can infer the causality between coordinates and groups of
coordinates.
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Figure 6. Propagation cluster map of the system, leading to the C-N bond formation. The numbers represent the total causality
effects uncovered by the respective coordinate(s) and the red arrows indicate the direction of causality.

It allows us to examine the effects leading to the change in the C-N distance, identified as the most
important feature in the consensus model. Causality was evaluated between each of the 49 consensus
features and then examined with regards to the C-N bond distance. Thus, Figure 6 can be read as a map
of movements leading to the coupling reaction, by choosing a starting point and following the arrows
towards the highlighted C-N feature. The numbers next to the arrows indicate the number of
trajectories where the C-N bond formation can be attributed to the respective features. In 52
trajectories out of 139, the coupling is triggered by a move in the orange cluster, consisting of the
calixarene 2,3,4 and 7 to C distances as well as the proximity of Phe to the Cu. When we include
information about the Phena-Cu-Br angle, alongside Cu and Br distances to NPh, from the purple cluster,
as well as information from the red cluster, we can infer causality in 90 of the trajectories. The green
cluster consists mostly of information related to the position of the calixarenes around the reaction
centre. When we combine all information together, we can infer that the C-N coupling is caused by
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movements in the calixarene cage, alongside the Cu coordination change in 121 trajectories. Naturally
the causality analysis can be expanded to include the sources of changes in each feature, however this
quickly becomes a very complex multidimensional problem.

Quantification of Reaction Coordinates

While the previous approaches identified the relevant internal degrees of freedom which determine the
reaction coordinate, as a next step, we sought to quantify it, that is, to define ranges which separate the
data into the three ensembles. A method to achieve this, is the decision tree, which splits ensembles by
setting cut-offs based on the coordinates that show the largest distribution differences between classes.

le6
1.456

Ensemble
[ Educt
I Transition State
0.000 I Product
1.740 2.687 5.827
Cu-C
'/S k
388624 228822

1.273 2.334 3.107 76.7 112.8 179.9
C-N Phena-Cu-Br

333335 284029
0 0 L_#—vi
9.792 11.788 13.160

1.273 2.239 3.107
C-N c0-05 n=6131 n=1104312

/ / Transition State Product

43100 11152

0

3.700 5.741 9.384 71.98 110.48 138.33
Phe-04 Phena-Cu-c0
n=1030346 n=1076150
Transition State / \ Educt / \
n=12183 n=62435 n=13700 n=14804
. Educt Transition State Transition State Educt

Figure 7. A. Model of the calixarene with the reduced centres of mass; B. Decision Tree classifier used to interpret the differences
between the 3 structure groups,trained on the balanced classes.

The decision tree in Figure 7 has been trained on the whole dataset, with balanced weighting given to
the groups via oversampling, in order to remove biasing against the transition state ensemble, which
contains significantly fewer structures. The results of an unbalanced tree can be found in Figure S7.
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Analysing the tree, we can see that the Cu-C distance plays a key role in the splitting of the educts and
products, with the majority of transition states being grouped with the educt class. The remaining
transition state contamination of the product ensemble can be separated by taking the angle
determined by the Phenanthroline bridge, Cu and Br atoms into account (Phena-Cu-Br), where values
below 112.8° are indicative of a transition state.

To differentiate between the transition states combined with educts, the C-N bond represents an
effective metric, where values higher than 2.33 A indicate an educt, while distances below 2.24 A
indicate a transition state. The educt states that do exhibit a C-N bond distance similar to that of the TS
can be identified by a smaller phenyl to calixarene unit 4 oxygen atom distance (Phe-04). When
transition states exhibit a C-N bond distance over 2.33 A, we can perform a selection based on the
calixarene c0 and calixarene 05 distance (which should be greater than 11.79 A) and the angle defined
by the Phenanthroline bridge, Cu and cO, where values below 110.5 indicate a TS.

The reliability of a single decision tree-based approach can often be improved by utilizing a random
forest classifier and averaging the results. In general, this improves accuracy, but reduces the
interpretability. To overcome this limitation decision rules can be used, providing a semantic
understanding of the RF classifier. We used 30 decision trees, each trained on a subset of the data, to
yield the random forest. When applied to our dataset, this method provides rules for each of the three
classes, as seen in Figure 8, below. A complete diagram of the decision rules can be found in the SI,
Figure S8.

Ruleset

Cu-C<2.124R
C-N <2167 R
Cu-Phena > 2.95 R

Cu-N >1.83 A
C-N<168R
Phe-NPh < 5.17 &

All structures

Cu-C >2.17 R
C-N<184R
Phe-N < 3.05 &

Cu-C >2.08 A
Cu-N >1.84 &
Phe-N < 3.01 A

Figure 8. Graphical depiction of the decision rules derived from the random forest approach, Product A, B, C refers to different
conformer ensembles within the product category.

Notably, the decision rules approach identifies three distinct rule sets for defining a product. This
correlates with the findings from the consensus PCA and indicates the existence of various conformers
in the product ensemble.

Discussion

Taking advantage of semi-empirical quantum chemistry methods allowed us to obtain a large sample set
of the reductive elimination step of the C-N coupling reaction with a Cu-calix[8]arene catalyst, using a
hybrid QM/MM molecular dynamics approach. Since the amount of generated data, alongside the very
high dimensionality, makes the reaction difficult to interpret by visual analysis, statistical methods and
machine learning techniques were used to extract chemically relevant information from the dataset.
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To investigate the C-N coupling step we generated 152 reaction trajectories, amounting to more than 3
ns of total sampling time. We observed a convergence of the PCA with increased sampling (see SI, Figure
S9), we assumed the total simulation time to be sufficient. As we observed spontaneous C-N coupling in
142 of the 152 trajectories, we could directly analyse these unbiased simulations.

By analysing the reaction energy profiles, we were able to quantify the reaction energy, as well as the
reaction barrier, including uncertainty values. While the reaction barrier computed with a static
modelling approach is within 10 kJ mol™ (13 + 9 kJ mol™ vs 23 kJ mol™?), the reaction energy exhibits
some differences, -212 + 25 kJ mol™ vs -255 kJ mol™.” The remaining differences in the reaction energy
can be attributed to the different chemical models that were used: in the static model, the investigated
structure was obtained at 0 K, representing the bottom of the potential energy surface, while the
dynamic study not only averages over all conformations but also considers thermal energy, hence, the
structures are not 0 K structures and hence no minima on the potential energy surface. Alongside
energetics, the reaction profile allowed for the categorization of the structures into three ensembles,
namely educt, transition state and product. This was a key step in improving the reaction coordinate
detection, as it allowed for the use of supervised learning methods to reduce the coordinate space.

To yield any separation between the three states in the PCA, we had to transform cartesian coordinates
to a reduced set of internal coordinates, to minimize the number of highly correlated coordinates in the
data set, thus reducing noise. While product states could be separated from educts and transition
states, the latter two still showed overlap. In contrast, standard PCA on the cartesian coordinates
resulted in no separation of the three states. We suspect the poor performance stems from failure to
fully eliminate rotational and translational degrees of freedom from the system. Complementary to PCA
tICA was used to identify slow movements of the system. While the analysis revealed some structural
insights into the product conformer ensemble — revealing m-1t stacking interactions between the
coupling product, phenanthroline, and calixarene — it was not able to separate educts from transition
states. Hence, tICA could not fully identify the reaction coordinate.

Utilizing the labelled data in PCA and LDA combined with supervised ML approaches resulted in a much
better separation of the three ensembles. While the performance of PCA was highly dependent on the
internal coordinate set, LDA showed remarkable separation between the three ensembles, highlighting
the robustness of the method. A consensus model developed to combine the performance of the
various dimensionality and feature reduction methods, identified 49 internal coordinates to be relevant,
with the C-N distance being the most prominent one, which is in agreement with chemical intuition.

By applying the Granger causality model, pioneered in econometrics and widely applied in other
scientific fields, **™°® we were able to decompose the reaction coordinate into a sequence of molecular
motions. The four main components of the reaction coordinate, separated in time and happening as a
domino effect, are depicted schematically in Figure 9: i) the calixarene cage tilts perpendicularly to the
phenanthroline; ii) the Cu changes coordination to become planar; iii) the C-N bond distance shortens;
iv) m-1t stacking effects drive the movement of the product inside the cage and below the
phenanthroline. It appears that in the majority of the sampled data, the C-N coupling distance is largely
influenced by a movement in the upper cage of the calixarene, namely units 2,3 and 4, which can be
seen as the trigger for the reaction. This works presents a causal analysis, based on the robust Granger
model for the C-N bond formation as a proof of principle. However, the model relies on the assumptions
of stationary time-series and provides limited insight into the scale of the relationship between cause

12


https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
blio
nowledge

L]
|
rk

and effect. A transition to more advanced causal discovery models, such as PC Momentary Conditional
Independence (PCMCI)'*? based methods would allow for analysis of non-stationary time series and
better false positive control but is beyond the scope of this work.

® ot

Phenanthroline Phenanthroline Phenanthroline Phenanthroline —_.
| —
N
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Figure 9. Schematic representation of the movements corresponding to the reaction coordinate of the C-N coupling reaction. i)
Tilting movement of the calixarene cage; ii) Change in coordination of the copper centre; iii) Shortening of the C-N bond; iv) m-it
stacking effects stabilise the product in the cavity.

To quantify the changes in internal coordinates, we employed a decision tree trained on the three
ensembles, which highlighted the Cu-C and C-N distances as being the main feature for separating
products from educts and transition states, respectively. However, decision trees are dependent on the
initialisation condition and must be limited in their size to maintain interpretability. A transition to the
decision rule approach overcomes some of the limitations by assigning a semantic interpretation to a
random forest classifier, thus, clearly separating the three ensembles. In addition, three distinct product
conformers are identified, each with a different set of rules defining them. These conformations will
likely converge as the product diffuses out of the cavity.

To the best of our knowledge there is only a single study of the reaction dynamics of a transition-metal
complex with explicit solvent with repeated sampling of the reaction step.?® This study on Fe-oxo-
mediated C—H functionalization reactions by Joy et. al used kinetic energies, quantum numbers and
velocities to distinguish between two different dynamic reaction pathways.?® While they also used ML
for feature selection, their focus is on physical chemical factors that impact reactivity. Our focus lies on
the investigation of structural changes to ease interpretation and to facilitate causality analysis, which
has never been attempted for chemical reactions but opens a completely new angle on how to
understand reactivity.

From all statistical analyses, we can see that the transition state structures tend to be close to the educt
or even overlays with the educt space (see e.g. unsupervised PCA Figure 2, tICA Figure 3 or supervised
PCA Figure 5), we surmise that this is an indication that we have an early transition-state here. Hence,
this information can be leveraged for future catalyst design.

Conclusion

We developed a workflow to identify and quantify the reaction coordinate from a set of trajectories,
detecting chemically intuitive and less intuitive contributions.
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By devising a high throughput QM/MM MD workflow, we were able to study the C-N coupling reaction
dynamics of a supramolecular Cu-calix[8]arene catalyst under experimental conditions. This
development is a crucial step towards a predictive operando model for complex catalytic reactions. It
allowed us to extract not only reaction energies and barriers with uncertainties but also provide insights
into the intricate dynamic nature of the macrocyclic transition metal catalyst in explicit solvent.

To process the vast amount of data, interpretable machine learning techniques proved to be invaluable,
thanks to the ability to map results back to structural changes. However, a consensus model is needed
to eliminate the inherent variability/instability of the individual ML approaches.

By performing a causal analysis of the internal coordinates of a system that contribute to the
categorisation of the ensembles, an extra temporal dimension can be added to the reaction coordinate,
allowing us to explain the chemical reaction as a sequence of movements leading up to C-N bond
formation. One can then utilize this information to pinpoint the exact source (group of atoms) that
triggers the reaction and by suitable chemical mutation tweak the system in such way that the reactivity
is enhanced. By checking the outcome of decision trees and rules run on this modified system, one can
gauge the impact of a specific change on the reaction coordinate. Through the implementation of the
methodology in a straight forward workflow and the restriction to analysis of structural parameters, this
technique is accessible to the non-expert user, while the obtained results, that is changes in coordinates
during the reaction, can easily be understood by a general chemist.

Our methodology was demonstrated on a highly flexible Cu-calix[8]arene catalyst, but serves as a
blueprint to identify and quantify the reaction coordinate in any dynamic chemical system, from small
(in)organic complexes to large (bio-)molecules.

Methods

Workflow for Determination of Complex Reaction Coordinates

The multistep protocol developed to investigate the C-N coupling dynamics with a Cu-calix[8]arene
catalyst is highlighted in Figure 10. It involves high throughput explicit solvent MD sampling of the
reaction step, followed by machine learning analysis, where consensus features are extracted. These are
utilized for qualitative and quantitative analysis of the reaction coordinate. As a last step, the time
evolution of the system is considered by applying a causality model that allows to redefine the reaction
coordinate as a sequence of individual movements of groups of atoms.

Simulation Protocol

For the QM/MM MD simulation, we chose the in-house developed ab-initio guantum mechanical charge
field (QMCF) molecular dynamics approach’® using the link-bond method to describe the bonds crossing
between QM and MM.”%72 The simulation parameters were set up using the GAFF”® force-field’%, using
the PyConSolv?!® 1.0.0 tool, with default settings. For the geometry optimization, the PBEO functional’®
was used with the def2-SVP basis set’® and D3 dispersion corrections’” in implicit chloroform, using
CPCM.?° The system was solvated in a cubic periodic box with 1708 chloroform molecules. For detailed
information regarding the simulation parameters, see the supporting information. The 54 atoms at the
centre of the calixarene cage were included in the QM zone (see Sl Figure S1). The quantum mechanical
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calculations were performed at two distinct levels. The semi-empirical method GFN2-xTB was utilized,
providing a vast speedup of the QM calculation. As semi-empirical methods require benchmarking,”®%°
full DFT reference was used, with PBEO/def2-SVP/D3 using Turbomole.®
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Figure 10. General workflow for extracting highly detailed information about the reaction coordinate from both a correlational
and causal point of view.

To generate an appropriate starting structure the system was equilibrated and a 100ns MM/MD
simulation was carried out, using the multistep protocol implemented in PyConSolv.® We conducted
152 simulation runs using the QM/MM MD protocol of the reductive elimination step, employing GFN2-
XTB as QM method. Among these runs, 142 simulations captured the reductive elimination step and
were utilized for energy and structural analysis.

Ensemble Labelling and Reaction Energy

From the MD simulation trajectories, cartesian coordinates and QM energies of the catalyst were
extracted. The QM energy was used to label the individual frames as educt, transition state and product,
while employing a filter function to minimize random fluctuations. The transition states were identified
as the frames that define the last energy maximum before the large drop in energy associated with the
formation of the product (See Sl for details). The reaction barrier was defined as the difference between
the transition state structure energy and the maximum value of a sigmoid function fitted through the
reaction profile. The reaction energy, with uncertainty, was calculated based on the energy difference
between the average energy of the product and educt ensembles, respectively. As DFT sampling on a
similar scale as GFN2-xTB is not achievable, we cannot compare the reaction energies using the DFT
educts and products. Thus, we used the fitted sigmoids to calculate the energy difference between the
educts and product, by subtracting the highest sigmoid value from the lowest.

Identification of the Reaction Coordinate

We resorted to three coordinate systems to describe the reaction coordinate and significant secondary
movements. Firstly, a cartesian coordinate system, obtained by combining all simulations and aligning
them on the rigid phenanthroline bridge. This helps mitigate the impact of rotational and translational
movements of the system during the simulations.®? Secondly, we generated a set of internal coordinates
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for all trajectories, using the MDanalysis package.® This has the advantage of removing the issue of
noise due to alignment artefacts, yet introduces more correlational effects.®? Thirdly, we generated a
reduced set of internal coordinates, describing highly rigid chemical moieties by their centre of mass
(see Sl for details)

To determine the importance of each feature in distinguishing between the three ensembles (educt, TS,
product), and therefore its contribution to the reaction coordinate, we performed dimensionality
reduction on the coordinate sets, aiming to increase separation between ensembles.

To this end, we utilized Principal Component Analysis (PCA)** and Time-lagged Independent Component
Analysis (tICA),>* which complement each other in regards to addressing the variances present in the
dataset,?*®> as unsupervised methods. For supervised dimensionality reduction, we opt for Linear
Discriminant Analysis (LDA)® due to its efficacy in separating distinct classes within a given dataset. To
further enhance the separation capability of PCA and LDA, several methods of automated feature
selection were chosen and implemented, namely Recursive Feature Elimination with Cross Validation®’
(RFECV) using both Random Forest ® (RF) and Logistic Regression® as classifier models, and Lasso®® with
Cross Validation (LassoCV), all using fivefold stratified cross-validation.”® The RF and Logistic Regression
classifiers were also evaluated manually for performance, eliminating features under a certain threshold
(see Sl for details). Additionally, a simple Pearson correlation evaluation between the energy and each
feature was performed, removing any coordinate which exhibited low correlation (higher than -0.75 and
lower than 0.75). For the final feature selection, we employed a consensus model that extracted high-
contributing features. These features were identified by performing a PCA and LDA based on the
Recursive Feature Elimination with Cross-Validation (RFECV), LassoCV, and manual assessments
approaches. Subsequently, we computed the average contributions to the first three principal
components, as well as the two LDA components. The selected features needed to appear in at least
70% of the elimination models to be deemed significant. This process yielded a set of 49 internal
coordinates for the PCA and 46 for the LDA. These coordinates were further subjected to causal
inference (as detailed in the Statistical Methods section) and correlation interpretation. To enhance
comprehensibility, we applied a hierarchical clustering algorithm to group together similar movements
within the consensus features.*?

In tandem with automated feature reduction methodologies, we leveraged decision trees to highlight
features from our dataset. These decision trees underwent training under two distinct conditions: one
with class balancing and another without. Furthermore, we adopted a decision rule framework,
employing the skoperules®® library. Within this framework, a random forest bagging classifier, consisting
of 30 decision trees, was used to provide a semantically quantitative characterization of the three
ensembles.

Statistical Model for Causality Inference

We aimed to infer the cause of the onset of the chemical reaction. To this end, we focused our
investigation on the educt and TS ensembles of each trajectory. We eliminated trajectories with few
educt structures (less than 100), thus having a total of 139 reaction sampling events. To infer Granger
Causality®® (GC) we followed the protocol outlined by Toda and Yamamoto.®® This involved performing
the augmented Dickey-Fuller® and Kwiatkowski—Phillips—Schmidt—Shin®® tests to ascertain the
stationarity of the various time series. Most of the time series were deemed stationary, with only a
couple of the features presenting non-stationarity, which were rendered stationary through differencing
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(see Sl for the critical and test statistics for each test and trajectory).%® A multivariate vector
autoregression model?”*® was constructed and fitted with lag times varying from 0 to 50, for each time
series. The appropriate lag time was chosen for each trajectory, based on the Akaike information
criterion®”*° (see Sl for additional information). The correlated time series were checked for
cointegration using the Johansen test.'® Finally, we calculated a GC matrix for each feature, for every
simulation, resulting in a total of 139 matrices, using Vector Autoregressive (VAR) models trained at the
appropriate lag time. To account for the occurrence of false positives with repeated sampling of the
reaction, we applied the false discovery rate (FDR) correction proposed by Benjamini and Hochberg,*!
with a threshold alpha of 0.1. The threshold for the GC test was set to p < 0.05. The full p-values for the
causality matrices, non-FDR corrected, can be found in the SI, along with the results of all statistical
tests.

Technical Note

Our implementation leveraged the following Python packages for data processing, statistical analysis
and machine learning: pandas 2.2.1,'% numpy 1.26.4,'% scikit-learn 1.4.1.post1,'%* statsmodels 0.14.1,*%
scipy 1.12.0,'° mdanalysis 2.7.0,%'%7 skoperules 1.0.1,°® and pyemma 2.5.12.2% For visualizations, we
utilized dtreeviz 2.2.217,'% seaborn 0.13.2,%'° and matplotlib 3.8.318.1* The code used for analysis is
made available as a jupyter notebook on Github (https://github.com/PodewitzLab/MLReactCoord) and
will be integrated in the analysis suite of a future version of PyConSolv
(https://github.com/PodewitzLab/PyConSolv).

Data availability

The p-values for the statistical analysis are available on Github
(https://github.com/PodewitzLab/MLReactCoord), alongside two example trajectories. Due to the size
of the simulation data, it can be made available upon request from the corresponding authors.

Code availability

The python code used for analysis is made available on Github
(https://github.com/PodewitzLab/MLReactCoord) and the respective functions will be implemented in a
future version of PyConSolv (https://github.com/PodewitzLab/PyConSolv) to facilitate a broad
applicability.
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1. Simulation protocol

The simulation temperature was maintained using the Bussi-Donadio-Parrinello thermostat with a
was set to keep the temperature at 298.15K.! The velocity verlet?/RATTLE® was employed to integrate
the equations of motion with a timestep of 2fs, with all hydrogen atom bonds being constrained. The
long-range electrostatic interactions were considered via the reaction field method* with a
Coulombic cutoff of 12.5 A.
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Figure S1 The centre of the figure shows the QM and MM areas of the model system. The 3 potential curves belong to the
bond stretching energy of the C-O link bond. The black curve represents the energy calculated at a full QM level using xTB-
GFN2. The red curve represents the energy calculated for the QM/MM setup. The green curve is the result of applying a
properly adjusted MM potential along the link-bond. It can be seen that the green and black curves are in very good
agreement in the minimum region.

The link bonds were defined between the oxygen atoms bonded to the phenanthroline bridge and
the calixarene units 1 and 5 (see Figure S1). The parameters for the link bonds were calculated for
both DFT and GFN2-xTB approaches (Table S1).

Through the use of a smoothing function applied to all particles located in the 0.2 A smoothing
region, the transition between the QM and MM regions was smoothed. The QM-MM transition was
facilitated by using the link-atom approach. The bond linking the oxygen atom of the phenanthroline
bridge with the carbon of the calixarene unit was partitioned and the unsaturated valence was
satisfied by placing a hydrogen atom at a position determined by:

g =p(ro —7¢) (1)

To obtain the correct parameters for the link-bond, full QM and MM calculations of a model system
was performed (for full details on the model system, consult the Sl). In Figure 1, the energy of the
bond stretching can be seen to be very similar for both the model system in the case of a full QM
approach, as well as in the link-bond, when the appropriate harmonic potential is applied.

In Table 1 the resulting parameters of the link-bond can be seen for both methods.


https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfiigbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
blio
nowledge

L]
|
rk

Table 1 Link bond parameters for the two methods.

req (l&) Plink Klink
PBEO/def2-SVP/D3 1.3687 0.7124 335.786
xTB-GFN2 1.3866 0.7085 154.4160

2. Reaction Energy and Labelling

The data that is extracted from the MD simulations consists of QM energies, as well as coordinates
for the entire catalyst. The energy data contains the potential energy of the QM zone, embedded in
the electrostatic point charges of the solvent molecules. As a consequence, random fluctuations,
typically below 4 kJ/mol and categorised as noise, can be observed. To enhance the clarity of
reaction energy trends, we employed the Savitzky—Golay filter® with a bandwidth of 10 and a second-
degree polynomial fit to smooth the reaction profile. Following this, data was then categorized into
three distinct groups: educts, transition states, and products. The educts and products are clearly
distinguished, based on a large energy difference between the two ensembles (See Figure S2). The
transition state corresponds to the energy maximum reached just before the significant energy drop
associated with C-N bond formation (See Figure S2). To account for structural noise, we selected
structures from frames immediately preceding and following the energy peak, resulting in a total of
three structures per simulation run. These labels (Educt, TS and Product) were used for training the
supervised machine learning models.
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Figure S2 Energy Diagram example of a QM/MM MD simulation of the C-N coupling step of phenylbromide and aniline
using a Cu(l)-calix[8]arene catalyst. A: Energy fluctuations for the whole duration of a simulation. Zoom focuses on the
reductive elimination range in the simulation. The blue curve represents the raw energy data, the red curve represents the
smoothed energy data; B: Energy curve and the sigmoid functions fitted to the smoothed reaction profile used for the
reaction barrier calculations; C: Energy curve and the sigmoid functions fitted to the raw reaction profile used for the
reaction energy calculations. Energies are for the QM zone, calculated with GFN2-xTB.

The reaction energy was calculated by analysing 30 frames before and after the transition state and
fitting a sigmoid function to the energy profile. The reaction energy is defined as the difference
between the minimum and maximum values obtained from this sigmoid fit, while the reaction
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barrier corresponds to the difference between the transition state structure and the maximum value
of the sigmoid function (See Figure S2). Both raw data and smoothed data are used to compute
these energy values to estimate the effect of the smoothing function.

We find that the GFN2-xTB reaction energies are in very good agreement with those computed with
PBEO/def2-SVP/D3, as shown in Table S2.

Table S2 Reaction energies and barriers computed from the GFN2-xTB and DFT trajectories. All values are given in kJ mol-L.

Mean Median Standard Deviation
Smooth GFN2-xTB | Reaction | -165.0 -166.2 12.2
Barrier 13.1 13.2 8.9
Raw GFN2-xTB Reaction | -163.3 -164.2 12.3
Barrier 11.8 12.5 134
Raw DFT Reaction | -168.7 12.7
Barrier 17.7 5.1

3. Coordinate Systems

We performed a PCA on the cartesian coordinates of the simulation trajectories of the Cu(l)-
calix[8]arene (Figure S3A).This requires the simulation trajectories to be aligned, so that the PCA is
able to separate the data according to the largest variance present within, thus capturing changes in
system configuration.

As the calixarene system is highly flexible, there is considerable difficulty associated with performing
a correct alignment of the simulation trajectories. This results in certain system-wide translational
and rotational degrees of freedom remaining embedded in the cartesian coordinates. The PCA
performance was lacklustre (Figure S3), where the 3 labelled groups cannot be properly separated.
When investigating the Pearson correlation of the system coordinates, we observe signs of rotational
motion (see Figure S3), indicating excessive noise in the trajectory coordinates.

Another strongly correlated area in the matrix is represented by the reaction centre, which
corresponds to the formation of the C-N bond and rearrangement of the atoms surrounding the
copper.
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Figure S3 A. Calixarene structure with the numbered calixarene units and oxygen atoms. The bubble surrounds the atoms in
the QM zone of the QM/MM MD. B. PCA Analysis performed on the XYZ coordinates of all heavy atoms of the calixarene, on
all data points across simulations. Colouring performed according to the ensembles: light blue: educt; magenta: transition
state; dark blue: product. C. Pearson correlation matrix of the cartesian coordinates.

To improve performance, we resorted to a highly reduced representation of the system. Specifically,
we reduced each calixarene unit, the phenanthroline unit, and the phenyl and aniline moieties to
their respective centres of mass. Furthermore, we augmented the internal coordinates by
incorporating critical individual atoms. This included oxygen atoms associated with the calixarene, as
well as copper (Cu) and bromine (Br) atoms, along with carbon (C) and nitrogen (N) atoms
participating in the coupling bond. The reduction in dimensionality comes with little loss of
information, as the atoms in the highly rigid calixarene units always move together. All coordinate
systems were normalised, using min-max normalization, to improve the performance of the
classification models. No normalisation was used for the decision tree and decision rules approach,
as we aimed to quantify the features which distinguish the three ensembles.
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4. Feature elimination

Using the ensemble labels derived from the reaction energetics, we were able to utilize supervised
methods for feature reduction, in order to achieve a better separation of the reaction states. By
feature reduction, we refer to a systematic elimination of internal coordinates, also known as
features, which show no significant differences between the three ensembles. On the resulting
reduced feature sets, we performed PCA (unsupervised) and Linear Discriminant Analysis (LDA,
supervised) dimensionality reduction and evaluated the separation of the three ensembles, as well
as the feature contributions to each principal component.

The feature elimination was performed using a fully manual approach, based on the correlation
coefficient between the energy and features, a semi-automatic approach that involved training a
classifier and using a cutoff for feature importance based on the mean of all feature importances, as
well as a fully automated method. The latter involved automated recursive feature elimination with
cross validation (RFECV) technique, with the random forest (RF) and logistic regression (LR)
classifiers, and Lasso with cross validation (LassoCV). The feature importances for the models were
extracted from the weights (Logistic regression) or mean impurity decrease indices (random forest).
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Figure S4. PCA and LDA on the features selected by the various dimensionality methods.
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We performed a PCA and an LDA for each of the aforementioned dimensionality reduction and
observed greatly varying performance between the approaches in the PCA approach, while the LDA
was largely invariant (Figure S4).
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Figure S5. Feature contributions from the various methods. The contributions are derived as the mean contribution to the
principal components.

When examining the feature contributions of both PCA and LDA principal components (Figure S5),
the results differ slightly, depending on the classifier which was chosen.

The consensus model evaluation of the internal coordinates revealed a large overlap between the
PCA and LDA features (Figure S6). We decided to choose the final consensus model based on the
feature contributions from both LDA and PCA, in order to maximise the performance in
dimensionality reduction, using a best of both worlds type approach.
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Figure S6. High importance features from LDA and PCA consensus models.
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5. Decision Trees

This classifier separates the data based on precise cutoff values of the underlying features. The larger
the tree structure, the more prone to overfitting it is. At the same time, the larger tree offers more
detailed insight into what separates the structures. As we are not interested in performing
predictions, an over-fitted tree is not of concern, but it’s structure must be pruned, by limiting the
size of the tree, in order to keep it interpretable.
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Figure S7. Decision tree trained on the unbalanced dataset.

When training the decision tree, it’s important to ensure that the classes are balanced, as otherwise
the class with lower representations might be disfavoured compared to the others. This was the case
for our dataset, as the transition state ensemble contains only 426 structures, compared to the over
100000 for the other ensembles (Figure S6). To combat this, we used oversampling. By repeatedly
drawing from each ensemble, we were able to equalize the number of data points between all
ensembles. This way, each class used in the decision tree becomes equally important.
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Figure S8. Decision rules depicted in diagram form.

The decision approach provides a semantic output of the decision tree, which can be transposed in a
decision workflow as shown in Figure S8. The vast majority of structures can then be assigned to the
appropriate ensemble, with only a few (less than 0.001%) not finding an assignment.

6. Robustness and convergence of sampling

We can evaluate the robustness of the sampling by performing dimensionality reduction on the
consensus features using a reduced number of simulations and comparing it to the full dataset. Here
we can see (Figure S9) that taking 10 random simulations from the dataset results in a PCA which
resembles that of the full dataset, yet fails to distinguish between the product conformations.

PCA with Consensus 10 trajectories PCA with Consensus 76 trajectories split 1 PCA with Consensus 76 trajectories split 2
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Figure S9. PCA performed on the consensus features using 10 trajectories, 76 trajectories and the remaining 76 trajectories.

When we randomly split the trajectories into two datasets with 76 runs each and perform the PCA,
we see that they are very similar to each other in the separation of classes and product
conformations. They strongly resemble the results of the PCA performed on the complete dataset.
This indicates a convergence of the results and sufficient sampling of the reaction step.

7. Internal coordinates overview

In the histogram plots below (Figure $10), the distribution of all internal coordinates is shown, with
calculated mean and standard deviation values for each ensemble.
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Figure S10 Histogram plot of the distribution of internal coordinates for each ensemble with mean value and standard
deviation. Continues on next page.
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Figure S110 Histogram plot of the distribution of internal coordinates for each ensemble with mean value and standard
deviation. Continues on next page.
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Figure S120 Histogram plot of the distribution of internal coordinates for each ensemble with mean value and standard
deviation. Continues on next page.
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Figure S130 Histogram plot of the distribution of internal coordinates for each ensemble with mean value and standard
deviation. Continues on next page.
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Figure $140 Histogram plot of the distribution of internal coordinates for each ensemble with mean value and standard
deviation. Continues on next page.
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Figure S150 Histogram plot of the distribution of internal coordinates for each ensemble with mean value and standard
deviation. Continues on next page.
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Figure S16 Histogram plot of the distribution of internal coordinates for each ensemble with mean value and standard
deviation.
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