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Preface

The word catalyst is often associated to a laboratory or a chemical plant, and usually
only occurs in the vocabulary of scientists. We have other names for the catalysts
around us. We call them lactase, laundry detergent, or exhaust emission control
devices and they are part of our daily life. Even the functioning of our body depends
on approximately 75.000 naturally-occurring catalysts, called enzymes.

Scientifically speaking, a catalyst is defined as a substance that lowers the energy
penalty required by a chemical reaction to proceed without being consumed in the
process. Catalytic reactions play a major role in global industries such as chemical
synthesis, petroleum refining, polymers and petrochemical industries, and environ-
mental applications.

One of the oldest and most important catalytic transformations might be the brew-
ing of beer: In the fermentation process, enzymes present in yeast break down
the sugar molecules of the grains into ethanol. Before the discovery of this pro-
cess people used to track around in wandering tribes. Civilization only began when
fields of grains were planted and the wandering tribes settled down. According
to historians®, the sole purpose of growing these grains was to use them to brew
beer. One can therefore propose that the rise of modern static civilization was only
a side effect of the brewing of beer. A simple catalytic transformation that made
the world into what it is now.

While humanity had about 70 centuries to use trial and error to perfect the beer
brewing process, modern catalytic reactions will not enjoy the same amount of time
and attention to book the greatest possible improvement. One goal of the scientific
community is to develop methods that enable us to skip trial and error approaches
and directly predict which catalytic species and reaction conditions give us the de-
sired result.

In this thesis I focus on the application of computational tools to describe and under-
stand catalytic processes better. Analysing the mechanism of a catalytic reaction,
the influence of the reaction environment and trends in the stability of catalytic
species help us to identify factors that can contribute to rational catalyst design in
the future.

1B, Hayden, N. Canuel, and J. Shanse, What Was Brewing in the Natufian? An Archaeological Assessment
of Brewing Technology in the Epipaleolithic, . Archaeol. Method Theory 20, 102 (2013).
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Introduction

he application of manganese in homogeneous catalysts has gained vast popu-

larity in the last years.[1-4] Manganese is one of the most abundant transition
metals in the Earth’s crust and it is also highly biocompatible, facilitating its use in
the pharmaceutical industry. Therefore, itis an attractive candidate to replace noble
transition metals that are frequently employed in homogeneous catalysts, but which
are often toxic and much more expensive than manganese. While heterogeneous
catalysis is the overall market leader in today’s chemical industry, homogeneous
catalysts have critical niche applications as they can offer attractive reaction con-
ditions that are milder and can tune the chemo-, regio- and stereoselectivity.[5]
Homogeneous catalysts are consequently often applied in the fine chemical indus-
try that operates at small or medium scale, but requires high tunability and excellent
selectivity of the catalytic conversions. In particular pharmaceuticals, agrochemi-
cals, flavours and fragrances are synthesised with homogeneous catalytic transfor-
mations as their application results in higher selectivity and faster production.[6]
The most applied processes include oxidation, hydroformylation, carbonylation, og-
ligomerization, hydrocyanation and hydrogenation reactions that are carried out
with homogeneous transition metal catalysts.

The efficient hydrogenation of carbonyl compounds has historically relied on
stoichiometric reduction methods with alkali metal hydrides and borohydrides.[7, 8]
With an increased awareness of the environmental impact of these transformations,
catalytic reduction reactions have become an atom-efficient alternative. Especially
the application of transfer hydrogenation and hydrogenation with molecular hydro-
gen are among the most effective transformations available (Figure 1.1). In the
last decade the development of manganese-based system has accelerated, offer-
ing possibilities to reduce carbonyl compounds under mild conditions and at low
catalyst loadings. The employed ligand around the manganese centre is one of
the most relevant features that defines activity and selectivity of the catalytic sys-
tem. This chapter presents a concise introduction into the use of manganese in
catalytic systems aimed at the reduction of carbonyl groups (ketones and esters) in

3



4 1. Introduction

Figure 1.1: Illustration of advantages of catalytic hydrogenation reactions and disadvantages of stoi-
chiometric reductions, with schematic illustration of hydrogenation with molecular hydrogen (left top),
transfer hydrogenation (left bottom) and reduction with LiAlH4 (right)

organic substrates through the processes of transfer hydrogenation and hydrogena-
tion with molecular hydrogen. A timeline of the most noteworthy accomplishments
in the development of catalytic systems based on manganese pincer and bidentate
complexes is given, followed by a section dedicated to mechanistic studies.
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1.1. Transfer Hydrogenation and Molecular Hydro-

genation

omogeneous reduction of carbonyl substrates can be achieved by different cat-

alytic transformations. Hydrogenation catalysts focus on the use of gaseous
H, to reduce the organic substrate. The reaction is highly atom-efficient, however
high hydrogen pressure needs to be employed. In transfer hydrogenation reactions
a hydrogen donor substrate provides the H, equivalent in an activated form to be
transferred to the substrate with the use of a catalyst molecule (Figure 1.2).[9] In
the course of the reaction, a small molecule such as isopropanol present in excess
is oxidized by a catalyst to donate its hydrogen atoms and reduce the substrate.
The development of transfer hydrogenation reactions and reductions with molecu-
lar hydrogen have booked great achievements with second and third row transition
metals. With the award of the Nobel Prize for the development of asymmetric cat-
alysts in 2001[10], the developments of such catalytic systems came in a rapid
acceleration. In enantioselective catalysis, the formation of one chiral product is
selectively accelerated by the asymmetric catalyst. Therefore, an almost enantiop-
ure product can be formed. So far, great progress has been made towards enabling
reduction of a broad range of various functionalized substrates at high enantiose-
lectivities. A special emphasis of the research in enantioselective catalysis is on the
improvement of the asymmetric reduction of ketones.[11-17] Many computational
studies have focussed on the origin of stereoselectivity.[18—20] However, while
multiple studies explain the origin of the formation of chiral product, computations
still predominantly support the experimental studies and rationalize the behaviour
of the existing catalytic systems. An important persistent goal of the computational
catalysis community is to enable rational design to identify the most promising and
active catalysts prior to their synthesis to replace the conventional experimental
trial and error approaches.[21]

OH @) OH OH
— H
,J\ or Hz ¥ R'!.JILRZ R1/LR2 * R;ﬁRg

Figure 1.2: (Transfer) hydrogenation of pro-chiral ketones.

1.2. Manganese-based catalysts

he field of catalytic hydrogenation is an old one, with the Wilkinson catalyst

being known for decades.[22] Most of the conventional homogeneous transition
metal catalysts exhibit metal-centred reactivity, in which the role of the ligand is
limited to tuning the steric and electronic properties of the metal centre.[23, 24]
Conventional Rh and Ir-based hydrogenation catalysts featuring such a reactivity
were particularly active for hydrogenating apolar C=C bonds, while showing only
a limited reactivity towards more polar C=0 moieties.[25—-27] To reduce the latter,
polar activation of an H, molecule is necessary. The reduction can be achieved
by using the so-called metal-ligand cooperation concept, in which the metal centre




6 1. Introduction

and the ligand are both directly involved in the catalytic transformation. These
bifunctional catalysts allow for a controlled coordination of the substrate molecule
and a steered conversion into the desired product. While initially especially second
and third row transition metals have been incorporated (with a focus on Ru and Rh),
recently transition metals from the first row have gained popularity (mainly Mn,
Fe and Co).[28] Manganese has, despite its low toxicity, natural abundance and
bioavailability, only been implemented in C=0 reduction catalysts since 2016.[1,
3, 4] Next to its abilities in (de)hydrogenation catalysis, its characteristics for the
conversion of C-H bonds have been highlighted in multiple reviews.[29-33] Since
then, multiple ligand backbones have been explored and adapted from prominent
examples that were applied for earlier transition metal catalysts.

1.2.1. Pincer Complexes

The first example of a catalyst for the hydrogenation of C=0 bonds has been pub-
lished by Beller and co-workers.[34] A P,N,P-pincer type Mn(I) catalyst (A, Fig-
ure 1.3) was introduced with the ability to reduce ketones and aldehydes with
molecular hydrogen. A wide range of ketones and aldehydes were reduced with
1mol% Mn(I)-catalyst and a high concentration (3mol%) of strong base (t-BuONa).
For the reduction of ketones high conversions, in the upper 90%, were achieved un-
der a hydrogen pressure of 30bar and a temperature of 100°C after 24hrs reaction
time. Aldehydes were reduced under milder conditions with only 10bar hydrogen
pressure at a temperature of 60°C to achieve conversions between 78% and 99%.
In parallel, the group of Kempe investigated Mn(I)-PNP catalysts and reported an
example that reduces ketones and aldehydes under milder conditions.[35] With a
catalyst loading of only 0.1mol%, substrates were reduced with conversions above
97% at 80°C and 20bar hydrogen pressure in 4 hours. To reduce bulkier substrates,
higher catalyst concentrations of up to up to 1mol% were required. Base (KOtBu)
is added to the catalytic system to enable the activation of the catalyst.

Later in 2016, Beller and co-workers showed that the previously synthesized
Mn(I)-PNP catalyst (B, Figure 1.3) can also be used to effectively reduce more
challenging ester substrates.[36] Yields above 75% were achieved with catalyst
loadings of 2mol% and in the presence of 10mol% base (KOtBu) at 110°C and
30bar H,. Density functional theory (DFT) was used to support an outer-sphere
mechanistic proposal, in which the ester is hydrogenolyzed to form an alcohol and
aldehyde intermediate. The rapid hydrogenation of the latter produces a second
alcohol product. The first hydrogenation step showed the highest energy barrier.
The ligand scope was soon extended beyond the P,N,P-pincer by Milstein and co-
workers, who introduced a Mn(I)-PNN catalyst (D, Figure 1.3) for the reduction of
esters.[37] The group of Beller removed phosphine completely from the catalytic
system by presenting the first manganese pincer catalyst with a N,N,N-type back-
bone (C, Figure 1.3) that reduced ketone substrates via transfer hydrogenation.[38]
The reaction could be carried out under ambient pressure at catalyst loadings of 1
mol% and base concentrations (KOtBu) of 2 mol%. Reductions at 70°C gave yields
up to 99% for halogen containing ketones and up to 98% for aromatic ketones
after 24hrs. More catalysts for transfer hydrogenation reductions of ketones have
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Figure 1.3: Timeline of important findings in Mn-pincer based catalysts in the reduction of esters and
ketones.

been developed since, featuring P,N,P- and P,N,N-ligand backbones.[39, 40] These
catalysts have enabled the enantioselective reduction of ketones, producing chiral
alcohols.

In 2020, the first catalytic system capable of the reduction of esters by transfer
hydrogenation has been reported by Clarke and co-workers.[41] Mn(I)-catalysts
with P,N,N-ligands (F, Figure 1.3) have been applied at concentrations of 1mol%
using ethanol as the hydrogenation agent at 100°C. After 22hrs conversions up to
90% were achieved. Interestingly, the highest yields were obtained when using
very high concentrations of the base promotor (KOtBu) of 20mol%. Further in-
vestigation showed that whereas the concentration of the base critically affect the
conversion, this parameter does not significantly influence the overall enantioselec-

tivity.

1.2.2. Bidentate Complexes

Continuing the development of manganese-based catalytic systems pincer back-
bones were soon replaced by bidentate ligands following the trend set by Ruthenium-
based systems. In April 2017 Beller and Pidko presented the first P,N-type catalyst
(G, Figure 1.4) for the hydrogenation of esters.[42] The reaction proceeded with a
catalyst loading of 1mol% and high base concentrations between 10 and 75mol%.
Aliphatic and aromatic esters were reduced under a hydrogen pressure of 50bar
and at 100°C. In the study the effect of the base was examined showing that the
activity is inhibited if lower concentrations are applied.
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An effective catalyst for transfer hydrogenation reactions has been introduced by
Sortais and co-workers.[43] In June 2017, they reported an aminomethylpyridine(N,N)-
ligand (H, Figure 1.4) that reduced ketones completely after reactions of 20 minutes
at 80°C. Even at room temperature complete conversions were achieved with cat-
alyst concentrations of 0.5mol% and 1mol% base additive.

The first example of asymmetric transfer hydrogenation of ketones was also
reported by the group of Sortais.[44] The diamine-ligand (I, Figure 1.4) was intro-
duced in July 2017 for the selective reduction of ketones with up to 90% enantios-
elective excess (e.e.). Reaction conditions were optimized at catalyst loadings of
0.5mol% and 1mol% base. Good conversions were achieved at 80°C after 3hrs,
depending on the structural features of the ketone.

In November of the same year Sortais introduced another bidentate catalyst

Sorztais
1St Mn(l)-NN catalyst

for asymmetric ketone
transfer hydrogenation

1St Min(1)-NHC catalyst
for ketone transfer
hydrogenation hydrogenation

June 2017 May 2021

April 2017 Nov 2019

st -
1St Mn(l)-NN catalysts 15" Mn(l)-PP catalyst
for base-free ketone
for ketone transfer

hydrogenation hydrogenation

K Fi"Prz |)
E ol aCO
P’ LocO

iPr
Kircizmer

Figure 1.4: Timeline of important findings in Mn-bidentate based catalysts in the reduction of esters and
ketones.

that reduces ketones with molecular hydrogen.[45] The phosphino-pyridinyl(P,N)-
ligands achieved high yields (up to 96%) under temperatures of 50°C and a hy-
drogen pressure of 50bar. Pidko and co-workers continued the improvement of
the catalytic systems by introducing a complex with an N-heterocyclic carbene lig-
and (J, Figure 1.4) that works at very low catalytic concentrations, at 0.05mol%
loading.[46] These catalyst concentrations approach the ones usually applied in
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ruthenium and iron catalysts. The reaction proceeds to yields up to 94% and is
highly active at 80°C. Excellent enantioselectivities at room temperatures were ob-
tained by the Mn(I)-complex with bidentate aminophosphine ligands reported by
Bastin and Sortais in July 2020. At catalyst loadings of 0.5mol% and base concen-
trations of 1mol% enantioselective excesses up to 99% were achieved at temper-
atures of 30°C after 14hrs. In May 2021, the first bidentate catalyst that reduces
ketones under base-free conditions was presented by Kirchner and co-workers (K,
Figure 1.4).[47] Aromatic and aliphatic ketones were reduced at catalyst concen-
trations of 3mol% under hydrogen pressure of 10bar.

Manganese-based catalysts applying pincer and bidentate ligands are mainly in-
spired by previously developed successful catalyst systems. Often ligands that have
earlier been used to synthesize ruthenium or iron catalysts have been directly trans-
lated to the synthesis and catalytic applications of their manganese-based counter-
parts. Importantly, early on catalytic studies pointed to the critical role of the reac-
tion conditions, and, in particular, the presence of the alkoxide base in the catalytic
system for the efficiency of the Mn-based catalysts. So far, great progress has been
achieved in expanding the substrate scope, improving conversion and selectivity.
Also the reaction conditions have been tuned, enabling reductions to be carried out
at lower temperatures and pressures and with smaller amounts of additives. How-
ever, manganese based catalysts still often require higher catalyst concentrations
and more complex reaction environments than their more expensive and rare Ir-
and Ru-based counterparts.

1.3. Mechanistic Considerations

T he development of manganese-catalysed reduction reactions has followed that
of its neighbours in the periodic table including ruthenium, iridium and iron.[15,
23, 48, 49] Mechanistic knowledge of bifunctional catalysts has primarily been ob-
tained from these transition metals.[50-55] The most important considerations
leading the design of novel catalysts have been the cooperation of the nucleophilic
moiety and the Lewis acid/Brgnsted site of the complex: the ligand must be ca-
pable of proton transfer and hydrogen bonding to enable substrate activation and
transformation. Insights that were gained in earlier studies of catalysts with various
transition metals could therefore be translated to Mn(I)-complexes.

1.3.1. Hydrogenation Reactions with Molecular Hydrogen

The first experimental report by Beller and co-workers on the use of Mn(I)-pincer
catalysts for the hydrogenation of nitriles, ketones and aldehydes, was accompa-
nied with a computational study of the mechanism of Mn(I)-catalysed reductions of
a nitrile moiety and exploration of specific reaction steps for benzaldehyde.[34] Fol-
lowing the mechanistic investigation a step-wise mechanism for the amine-complex
was proposed. Elangovan et al. provided evidence that an endergonic Mn-H trans-
fer to the C=0 bond, forming C-H, was the first step in the reaction. This was
followed by a much more favourable exergonic proton transfer from the N-H group
of the ligand (Figure 1.6, top). In a later study, Beller extended the DFT stud-
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ies to methyl benzoate, for which an outer-sphere mechanism was proposed (Fig-
ure 1.7, top).[36] In the outer-sphere mechanism the hydride from the Mn-H moi-
ety and the proton of the ligand’s NH site of the reactive Mn(I)-amine complexes
are transferred simultaneously to the substrate. First the ester is hydrogenated
to form a metastable gem-diol intermediate that is rapidly converted to an alde-
hyde and alcohol. Concomitantly, the catalytic species is dehydrogenated to form
a Mn(I)-amido complex, which then reacts with H, to regenerate the reactive man-
ganese hydrido amine state capable of further reducing the aldehyde intermediate.
In their paper from 2016 Milstein and co-workers reported an NMR study on the

R1ER2

=L —L —L
K
amido- amine- alkoxide-
complex complex complex

Figure 1.5: Important intermediates in reduction reactions.

PNN-hydrogenation catalyst confirming the existence of the amido- and amine-
complexes during the reduction of ester substrates. Interestingly, it was observed
that the syn-orientation of the amine hydride, where the Mn-H and N-H are ori-
entated in a plane in close proximity isomerizes to an anti-orientation during the
reaction. The anti-orientation replaces the Mn-H with a CO-group, resulting in the
proton being directed opposite to the hydride.

Pidko and co-workers also provided computational evidence for an outer-sphere
mechanism for the first Mn(I)-bidentate complex capable of efficient reduction of
esters.[42] The DFT calculations were conducted on methyl acetate as a model sub-
strate and emphasized the role of the base-assisted hydrogenolysis in the activation
of the catalytic species. Furthermore, the importance of metal-ligand cooperation
in H, activation and substrate coordination has been highlighted. In a later study
on the same catalytic system, the effect of the base in the catalytic cycle has been
further analysed.[56] It was shown that the base additive assists the catalytic reac-
tion by pre-activating the substrate and facilitating the hydride transfer step. Also,
the alkoxide species that can form upon complexation of the manganese centre
with the aldehyde has been proposed as a resting state that can lead to catalyst
deactivation (Figure 1.7, bottom). The existence of the alkoxide species has earlier
been detected in a study by Kirchner and co-workers in 2018.[57] In a stoichio-
metric study in deuterated solvent, the reaction of 4-fluorobenzaldehyde with the
active Mn-amine complex was followed. The formation of the alkoxide species has
been detected using NMR- and IR-spectroscopy. The experimental studies were
supported by DFT calculations providing a molecular-level description of the forma-
tion of the alkoxide species and the regeneration of the Mn-amine species via the
inner-sphere reaction mechanism (Figure 1.6, middle).
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Figure 1.6: Proposed steps in the reduction mechanisms for the hydrogenation of ketones and aldehydes.
Top: outer-sphere concerted (grey) and step-wise (black) mechanism, middle: conventional inner-
sphere mechanism with alkoxide as intermediate species, bottom: inner-sphere mechanism at metal
centre without metal-ligand cooperation (MLC).

In 2021 Kirchner developed a P,P-bidentate catalyst, for which DFT calcula-
tions proposed an inner-sphere mechanism for the reduction of acetophenone (Fig-
ure 1.6, bottom).[47] In contrast to earlier studies, the calculated catalytic cycle
proposes a mechanism without ligand N-H bond participation where the ligand does
not play an active role in the catalytic reaction. Coordination and reduction of the
substrate solely take place at the metal centre.

1.3.2. Transfer Hydrogenation Reactions

The mechanism of transfer hydrogenation reactions has been mostly investigated
for ketone reduction with isopropanol (iPrOH) as a hydrogen source. In trans-
fer hydrogenation reactions by transition metal complexes, two possible modes of
hydrogen transfer are commonly considered, namely, the monohydride and dihy-
dride pathways. In a monohydride pathway the hydrogen is transferred to the
same group as it originally stems from, while in the dihydride pathway the loca-
tion of the substitution varies (Figure 1.8).[58] In the original study of the first
manganese N,N,N-pincer catalyst for transfer hydrogenation of different aromatic
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Figure 1.7: Proposed intermediates in the reduction mechanisms for the hydrogenation of esters with
the steps of the formation of alkoxide resting-state displayed below.
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Figure 1.8: Monohydride and dihydride pathway.

ketones with iPrOH, the origin of the H, equivalent was examined in deuterated
labelling experiments.[38] NMR analysis conclusively pointed to the monohydride
mechanism. Interestingly, in this study the importance of the N-H moiety of the
ligand, that is often attributed to the activity of the catalyst[59], was also exam-
ined. The use of a catalyst with the N-site on the ligand methylated, still provided
comparable activities to the pristine Mn-catalyst with the N-H moiety intact. These
results suggested that the acid-base cooperative mechanism in ketone reduction
may proceed without the involvement of the ligand as the solvent gives sufficiently
acidic protons, so there is no need to involve the NH moiety of the ligand.

The group of Kirchner also concluded on the preference for the monohydride
pathway in their study in 2017 on ketone reduction by a Mn(I)-PNP complex.[39]
DFT studies provided support to an outer-sphere mechanism (Figure 1.6, top) with
the C-H group participating in the metal-ligand cooperation (MLC). The calculations
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also showed that enantioselectivity was steered by steric hindrance. The asymmetry
of the catalyst steers the coordination of the substrate, and in turn the hydrogena-
tion of one enantiomer is energetically more favourable. The group of Leitner also
assumed an outer-sphere mechanism for their aminotriazole Mn(I)-complex.[60]
The MLC was attributed to the N-H moiety in the ligand after carrying out experi-
mental investigations on modified catalysts with the protected amino-moiety. Mor-
ris and co-workers also confirmed the outer-sphere mechanism with N-H MLC for
their PN,N-based manganese complex.[40] In their research, attention was drawn
to the deactivation pathway and investigated by NMR and DFT studies. In line
with earlier studies by Milstein, the metal hydride can deactivate when the syn-
orientation isomerizes to an anti-orientation blocking the MLC functionality. The
group of Kundu reported in 2018 their studies on the reactivity of ketone reduction
by an N,N-bidentate Mn(I)-catalyst.[61] Mechanistic insights were obtained through
DFT calculations, in which the concerted outer-sphere (Figure 1.6, top grey) and
inner-sphere mechanisms (Figure 1.6, middle) were directly compared. It was con-
cluded that the outer-sphere mechanism is more likely to take place because of the
lower barriers that it provides compared to the inner-sphere mechanism.

Later Khusnutdinova carried out an investigation of the mechanism of ketone
reduction by a bipyridine-based Mn(I) catalyst that featured OH-groups on the
pyridine moieties.[62] The deuterium labelling experiments provided evidence of a
monohydride pathway in the transfer hydrogenation of the ketone substrate. DFT
calculations indicated an outer-sphere mechanism with an O-H bond in the ligand
being reversible (de)protonated. The experimental and theoretical investigations
surrounding the mechanism have unanimously confirmed that ketone reduction by
transfer hydrogenation takes place via a monohydride pathway. The concept of
metal-ligand cooperation was confirmed in the reduction reactions, providing evi-
dence that the functionality of the ligand can be extended beyond the N-H moiety.
Most theoretical investigations succeed in giving an insight into a plausible mecha-
nism. However, the model accuracy is often limited as a majority of the computa-
tional studies were carried out with DFT in gas phase.

Knowledge from these studies is developed further and supplemented with sol-
vent description but only a small amount of studies are attributed to understanding
the influence of the composition of the solvent environment. Furthermore, kinetic
effects that have been observed in experimental settings are mostly explained with
calculations focused on the thermodynamics of the system. Theoreticians often
only study the catalyst while catalytic activity is attributed to the whole catalytic
system.

1.4. Scope of the thesis

T he aim of this thesis is to develop a deeper understanding of the important pa-
rameters that are provided by the complexity of the catalytic system. Particular
emphasis is placed on the effect of the solvent description on a molecular as well as
a kinetic level. Furthermore, I try to reduce the gap between experimental studies
and DFT calculations by applying multiscale modelling technics including molecular
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dynamics (MD) simulations and MKM (explained in the next chapter). The first part
of the thesis will focus on the computational methodologies that were used in this
work. The quantum mechanical modelling methods, DFT and density functional
tight-binding (DFTB), are discussed as they lay the basis for all calculations in this
thesis. Molecular dynamics (MD) simulations are described, which analyse physical
movements of the catalysts. Microkinetic modelling is introduced as a tool to anal-
yse the evolution of our catalytic reaction.

In Chapters 3 and 5 the role of solvent in the catalytic reaction is investigated.
Literature has previously described the role of solvent in determining the reaction
mechanism. The implementation of continuum or explicit solvent correction can
change energy barriers of certain reaction steps, making alternative reaction chan-
nels more feasible. Chapter 3 focusses on the kinetic effects of different solvent
descriptions, highlighting how the dynamic changing medium composition can af-
fect catalyst performance. In Chapter 5 an alternative reaction mechanism for the
reduction of ketones is proposed based on the implementation of explicit solvation.

Chapter 4 introduces a strategy to apply high-throughput computational inves-
tigations in assessing descriptors for Mn(I)-pincer catalysis. In the chapter the
thermodynamic stability of different adducts is determined by DFT and xTB and
used to build scaling relationships.

Chapter 6 focuses on the selectivity control of a catalyst. While computational
studies solely based on DFT often rationalize the enantiomeric excess of the reac-
tion by one reaction step, here a microkinetic modelling approach is introduced to
determine the origin of selectivity. The chapter shows that contrary to common
believe selectivity can depend on various reaction steps using ketone reduction as
an example.
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Computational Methods

I n this chapter, a brief overview of the computational approaches that have been
used throughout this thesis are explained. Section 2.1 serves as an introduction
to the methods used in energy calculations. Sections 2.2 to 2.4 describe methods
that build upon the geometric structures and energetics retrieved from the energy
calculations.
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2.1. Quantum chemical calculations

uantum chemistry provides a theoretical framework to compute the energetics

and all relevant properties of molecular systems. It is the basis for quantum
chemical calculations that are widely used to model various properties and reactive
events in molecular systems. The basis of these calculations lie in the Schrédinger
equation.[1] It outlines how a quantum state evolves by describing the system
in terms of wave functions. The Schrédinger equation is the quantum physical
equivalent to Newton'’s second law of motion, which describes the acceleration of a
system by considering its mass and force acting on it. Understanding the physical
properties of a molecule requires an investigation of the electron distribution and
interactions. These properties are defined by the electronic wavefunction defined
as:

AY = EY

where the wave function is denoted by W and E being the eigenvalue of the system.
H is the Hamiltonian operator and describes the total energy of the system. It is
split into kinetic energy terms and the potential energy terms.

ﬁzTN+Te+VN6+I7ee+VNN

In the system that is described, both electrons (e) and nuclei (N) are present.
Potential energy terms arise from interactions between nuclei and electrons. Since
the nuclei have a much larger mass than the electrons, they move at a slower
velocity. Therefore, the nuclei can be regarded as frozen and the Schrodinger
equation is solved for the electrons only. This is called the Born-Oppenheimer
approximation.[2]
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O N eI Wy

{ i i#j

The electronic Hamiltonian (Hejec) compromises two monoelectronic terms and
the last term that describes the electron-electron repulsion. In the above equation
the kinetic energy is denoted by A;, the protons in the nucleus by Z,, and the dis-
tances between the electrons and electron and nuclei by iy and r;;.

The electronic Schrodinger equation can be approximately solved using different
methods. One of them is Hartree-Fock (HF) theory, where the central field approxi-
mation is applied.[3] In the HF approximations a one electron equation is described
and therefore electron-electron correlation is neglected. Instead of defining the
potential of an electron by its distance to other electrons, it is placed in an average
electron field. The correlated motion is not accounted for. If one wants to include
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possible excitations of the system the wavefunction needs to be expanded, which
leads to substantial time-consuming calculations.

In modern computational chemistry, quantum chemical strategies based on the
Hohenberg-Kohn (HK) theorem have become the methods of choice as being more
efficient and accurate at the same time. It states that every observable in a station-
ary quantum mechanical system can be calculated from the ground-state density.
The electron density of the system, that can be described by 3N variables, the x-,
y- and z-position, is the only parameter that is needed, in principle, to compute all
its properties. Therefore, a functional of the electron density can describe the total
ground state energy of the electron system. This approximation is used in density
functional theory DFT calculations.

There are two basic approximations in practical DFT approaches, namely, the lo-
cal density approximation (LDA) and the generalized gradient approximation (GGA).[4]
In the LDA, the exchange-correlation energy for a slowly varying region of a mate-
rial is assumed to be equal to the density of a homogenous electron gas. This is a
very rough approximation to the actual electron density resulting in large deviations
of the computed parameters from the experiment. In GGA, gradients of the local
electron density are also taken into account by adding a non-uniform attribute to
the description of the energy.

While GGA is widely employed for periodic calculations[5], hybrid methods are
generally favoured for transition metal-ligand complexes[6—8]. The behaviour of
transition metal complexes is often difficult to describe with GGA and LDA meth-
ods. Due to varied occupations of valence orbitals, subtle differences in exchange
and correlation effects can occur. Hybrid methods can correct for these changes
because they are built from different energetic components. In hybrid methods a
linear combination of the HF exact exchange functional (Ey) is taken and combined
with explicit exchange (Ex) and correlation (Ec) functionals. The weighing of the
individual parts of the hybrid exchange-correlation (Eyc) functional are usually set
by fitting predictions to experimental or calculated thermochemical data. Through-
out this thesis the PBEO functional[9] was used which combines the HF exchange
energy with the Perdew—Burke-Ernzerhof (PBE) exchange energy. PBE is a GGA
functional which performs especially well for metal systems. The linear combina-
tion of the HF and PBE part is specified below:

1 3 1
EPBEC — ZE)IEIF + ZE)I;BE + ZEgBE

Since the transition metal complexes investigated in this thesis are moderate in
size, long range non-covalent interactions need to be described. In conventional
DFT approximations these London dispersion interactions, that are induced dipole
— induced dipole interactions resulting from the correlated motions of electrons in
the interacting fragments, cannot be described well. Such long range interactions
can play critical role in defining selectivity and binding patterns in various chemical
systems and therefore they need to be explicitly accounted for in quantum chemi-



24 2. Computational Methods

cal calculations.[10] This is usually achieved by adding a dispersion correction term
that is either an empirical or experimental parameterized term. Throughout this
thesis the DFT-D3 dispersion correction scheme introduced by Grimme was used,
which is available for the first 94 elements of the periodic table.[10]

The hybrid DFT calculations are used to locate intermediates and transition state
necessary to analyse the potential energy surfaces underlying the chemical trans-
formations investigated in Chapters 3, 5and 6. While hybrid DFT represents the
most widely used and accurate state-of-the-art electronic structure methodologies
for computing energetics and geometries of transition metal complexes, they are
quite demanding with regards to the computational time and cannot be routinely
employed for the analysis of extended volumes of the chemical space for, e.g.,
computational screening of large libraries of hypothetical TM complexes.

This can be achieved by using the recently developed Density Functional Tight
Binding (DFTB) method, which combine a reasonable accuracy with an increased
computational efficiency.[11] The acceleration of the electronic structure calcula-
tions in DFTB is achieved via the parameterization. The Hamiltonian, I:I, is replaced
with a parameterized matrix that is calculated from the DT-derived local orbitals
and the corresponding potentials. The elements of this matrix depend on the inter-
molecular distances and orbital symmetries. Due to this simplification calculations
can be carried out faster, however the resulting energies and structures become
less accurate. Most importantly, the limited scope of the parametrization involved
in the development of these methods results in the fact that one cannot a priori pre-
dict, when these methodologies will succeed and when they fail. In this thesis, we
investigated whether DFT-B can be useful for establishing functionality-structure re-
lationship in a high-throughput computational workflow employing Mn pincer com-
plexes. Specifically, the extended semiempirical tight-binding model GFN2-xTB [12]
is applied in Chapter 4 to test its applicability to the manganese metal complexes.

2.2. Solvent models

Homogenous catalysts operate in solvent. To account for the effect of this environ-
ment different strategies can be applied. Explicit solvent molecules can be placed
in proximity to the catalyst to mimic the direct interaction of the system.[13, 14]
This approach gives a physically realistic picture as the solvent can form chemical
bonds with the solute molecule. The disadvantage of incorporating explicit solvent
molecules is the high computational cost that arises when integrating multiple lay-
ers of solvent in quantum chemical calculations. Continuum solvent models, on the
other hand, offer a convenient method to incorporate solvent effects without hav-
ing to place explicit solvent molecules.[15—17] The goal of these solvent models
is to approximate the energy that it takes to move the solute molecule from the
gas phase to the solvent environment. The Hamiltonian of the system can be split
into two terms describing the solute molecule and the interaction (\7) between the
solute and the solvent:
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Ifltotal(r) — If]solute(r) + I}solute+solvent(r)

This is achieved by accounting for the electrostatic effects of the solvent environ-
ment. The solvent is described as a continuous isotropic field. Empirical parameters
are applied in the description, with the dielectric constant of the solvent being the
primary one. It defines how polarizable the medium is. A solvent cavity of a certain
size and shape is outlined and the solute molecule is placed in there. The charge
distribution of the solute polarizes the dielectric medium. From the change of po-
larization the interaction of the solute and the solvent is calculated.

The continuum solvent system used throughout this thesis is the Solvation Model
Based on Density (SMD).[18] It is a universal continuum solvation model that is ap-
plicable to charged and uncharged complexes in different solvents. The model
estimates the free energy of solvation within the approximation of an ideal solu-
tion.

A drawback of the use of continuum solvent models is that only one type of
solvent is considered while the catalytic system often consists of a mixture of dif-
ferent solvents and additives. Therefore, an ideal solution is assumed, where upon
mixing no change in enthalpy and volume will occur, while often the reality is that
of a non-ideal solution. The conductor-like screening model for realistic solutions
(COSMO-RS) gives a more suitable description.[19, 20] It is based on the conductor-
like screening model (COSMO), which is a model that determines the electrostatic
interactions of molecules with the solvent.[21] It differs from the continuum mod-
els by deriving polarization charges from a conductor approximation. The cavity
surface is split into different segments for the approximation. These polarization
charges are combined with a statistical thermodynamic treatment of the interacting
surfaces for COSMO-RS. Therefore, instead of a dielectric field the solute and sol-
vent are treated intrinsically. From this chemical potentials are derived, which can
be applied to calculate consistent mixture thermodynamics at various temperatures.
The choice of the solvent model often depends on the available resources. Con-
tinuum solvent models are the most efficient while the inclusion of explicit solvent
molecules requires more resources. Therefore, the choice of a certain description
does not only depend on the research question to be answered but the available
resources. In Chapter 3 we investigate how microscopic- and macroscopic char-
acterizes of the catalytic changes from using different solvent models, specifically
comparing SMD with COSMO-RS solvation.

2.3. Molecular dynamics

Another option to account for the interactions that arise from explicit solvation are
molecular dynamics (MD) simulations.[22—24] In such MD simulations the catalyst
is placed in a box of solvent molecules and the movement of this ensemble is gen-
erated based on Newton'’s equation of motion:
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dv
F=m*a=mx*—
at

F denotes the force, m corresponds to the mass and a signifies the acceleration.
The MD trajectory is calculated with force fields, which analytical solve the function
of the positions of the particles. This can be achieved by integrating the equations
or motion by a Verlet algrorithm:

F(t)

mAt?

r(t + At) = 2r(t) — r(t — At) + aAt? = 2r(t) —r(t — At) +

The time step in the MD simulation is denoted by At. To investigate the reactive
events, the electronic structure of the complete chemical system has to be consid-
ered in the framework of quantum mechanics. Quantum chemical DFT calculations
are used to compute the forces acting on the nuclei at each simulation step, which
are then used to propagate the dynamic evolution of the system following the classi-
cal Newton'’s equation of motion. Such an integration of the two theories is enabled
by the Born-Oppenheimer approximation and the resulting MD simulation are com-
monly referred to as the ab initio molecular dynamics (aiMD).[25-27] Ab initio MD
was applied in chapter 6 in this thesis to derive the energy barrier of a transition
process for a fully solvated system.

While this type of MD simulations are generally applied to retrieve thermody-
namic data, variations can be introduced that enable conformational analysis. Low
mode MD is a conformational search method that is based on following the low-
frequencies of the system.[28] In each step of the MD trajectory the catalytic system
is perturbed along a low-frequency vibration mode. These modes often corresponds
to rotatable bond confirmations that are sterically hindered. Therefore, the confor-
mations are not attainable in DFT or ab initio MD simulations. When the low mode
MD simulation is applied the system can move from one low-energy state to the
next. In catalysis, MD simulations can be applied for versatile objectives from gen-
erating new catalytic conformations to obtaining energy barriers.

2.4. Microkinetic modeling

The tools described in the previous sections enable us to retain structural and en-
ergetic data on specific catalytic intermediates. The complex network of structures
and energies gives information on the stability of different intermediates and de-
scribes the barrier to achieve a transformation of geometry. However, a large
amount of laboratory-based investigations feature kinetic studies. To link the data
from the potential energy surfaces to these kinetic experiments microkinetic mod-
elling can be applied.[29-31] The elementary steps of the reaction are coupled with
concentration effects to calculate reaction rates. The evolution of this reaction can
then be simulated by solving the differential equations. Assuming have the follow-
ing reaction step:
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ngA +ny,Bsn.C+nygD

Here, n, denote the stoichiometric coefficient of element X. The reaction rate of
this step can be obtained by determining the change in concentration in a set time
frame:

fo = 19[C] 10[D] -10[A] -10[B] _
rae—nc gt ng 0t n, 0t n, ot

= kpw[A]"[B]™ = —kpy[C]"[D]™

The reaction rate constant is given by kg, for the forward reaction and k,, for the
backward reaction. The rate constant is directly related to the change in Gibbs free
energy (AG) of a reaction step, which can be written as:

k —AGH
_ Yw _
Keq—m—exp RT

From transition state theory the reaction rate constant can then be defined by the
Eyring-Polanyi equation:

kkgT —AG*

~Th PTRr

The Boltzman constant is given by kg, h is the Planck’s constant, k is the transmis-
sion factor, which is usually set to unity, and AG* is the activation energy that is
required to go form an intermediate state to the transition state. By applying these
equations and combining them in a model for a whole reaction network enables
us to analyse the kinetic parameters of a system. Except the reaction rate, it is
possible to evaluate which steps in the network are rate-determining and how the
selectivity of the process can be affected.

Microkinetic modelling has been applied in this thesis to study the effect of dif-
ferent solvent models on the degree of rate control, rate-determining steps and
resting states in Chapter 3. In Chapter 5, MKM was applied as a tool to highlight
the uncertainty in enantiomeric excess predictions.
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The reaction medium and conditions are the key parameters defining the effi-
ciency and performance of a homogeneous catalyst. In the state of the art
molecular descriptions of catalytic systems by density functional theory (DFT) cal-
culations, the reaction medium is commonly reduced to an infinitely diluted ideal
solution model. In this work we carry out a detailed operando computational mod-
elling analysis of the condition-dependencies and non-ideal solution effects on the
mechanism and kinetics of a model ester hydrogenation reactions by a homoge-
neous Mn(I)-P,N catalyst. An operando model aims to reflect realistic conditions
and catalytic structures during the reaction that are accompanied by an established
(complex) reaction network. By combining DFT calculations, COSMO-RS solvent
model and the microkinetic modelling approach, the kinetic behaviour of the mul-
ticomponent homogeneous catalyst system under the realistic reaction conditions
was investigated in detail. The effects of the reaction medium and its dynamic
evolution in the course of the reaction were analysed by comparing the results ob-
tained for the model methyl acetate hydrogenation reaction in a THF solution and
under solvent-free neat reaction conditions. The dynamic representations of the
reaction medium gives rise to strongly non-linear effects in the kinetic models. The
non-ideal representation of the reaction medium results in pronounced condition-
dependencies of the computed energetics of elementary reaction steps and the
computed kinetic profiles, but affect only slightly such experimentally accessible
kinetic descriptors as the apparent activation energy and degree of rate control.
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3.1. Introduction

omogeneous catalysis by transition metal complexes is an important strategy

for the efficient and sustainable production of chemical products and interme-
diates used for pharmaceuticals, fragrances and fine chemicals.[2] Catalytic hydro-
genation of unsaturated organic molecules with H, provides a highly atom efficient
and green alternative to the conventional stoichiometric synthetic routes utilizing
inorganic hydrides as the reducing agents.[3] The development of new efficient hy-
drogenation catalyst systems based on earth-abundant, inexpensive and biocom-
patible 3d metals is an important and active area of research.[4—-8] Computations
play an important role in modern catalysis and chemistry research by providing an
atomistic framework to rationalize and support the experimental spectroscopic and
reactivity studies[9, 10] and, increasingly in the recent years, to guide and sup-
port the experimental development and optimization of new and improved catalyst
systems.[11-13]

Modern quantum chemistry and, in particular, density functional theory (DFT)
methods provide with the practical and efficient computational tools to obtain a
detailed insights into mechanisms of catalytic reactions, nature of key catalytic in-
termediates and transition states, and the associated energetics of the elementary
steps.[14, 15] The prediction of geometries and properties of reaction interme-
diates is usually accurate and consistent among different functionals.[16] DFT is
very powerful and efforts are continuously being made to develop more accurate
computational methods based on new exchange-correlation functionals[17-19] and
wave-function-based methods.[20]

When applied to practical problems of chemistry and catalysis, the computa-
tional accuracy is contributed by both the accuracy of the quantum chemical method
and the accuracy/completeness of the chemical model used to represent the cat-
alytic system in question.[21] The latter represents a particular challenge when
simulating chemical processes in multicomponent concentrated reactive solutions
commonly encountered in the practice of homogeneous catalysis. There is a sub-
stantial condition gap between the experiments with their highly complex multi-
component reaction systems and highly reduced computational models. Operando
modelling approaches are being developed to close this gap and enable the detailed
in silico analysis of the condition-dependencies in practical catalytic systems.

In applied computational catalysis, the reaction environment is commonly re-
duced to an oversimplified implicit ideal solvent models that does not account for all
the solvation and complex medium effects.[22-24] Bridging the conditions gap be-
tween the experiment and the model is an important challenge on the way towards
predictive catalysis modelling.[25] Development of computational approaches to
analyse the effect of the multicomponent reaction environment that includes sol-
vent, reactants as well as various promotors and additives is key to understand-
ing the factors that define the catalytic performance. The choice of the reaction
medium and conditions can determine whether the catalytic conversion takes place
or not.[26, 27] It is therefore important to investigate how the variations in the
representation of the reaction environment and its composition affect the macro-
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and microscopic characteristics of a multicomponent catalytic reaction system.

Ester hydrogenation by homogeneous transition metal catalysts is an example
of a highly complex multicomponent and multiphase catalyst system.[28-31] In
the past catalytic systems based on ruthenium, iron, osmium and manganese have
been investigated thoroughly.[28, 32—40] However, a vast majority of publications
have been devoted to ester hydrogenation by Ru- or Fe-based catalysts.[37, 41-43]
Following the first report by Beller and co-workers on a Mn-catalyst for the ester hy-
drogenation processes,[40] manganese has been in the focal area of homogeneous
hydrogenation catalysis research in view of its abundance and biocompatibility.[44—
47] For these systems, different mechanisms have been proposed and the presence
of the solvent, additives and base seems to be crucial for the catalytic reaction.[6,
48] Because of the diversity in conditions and substrate scope it remains challenging
to analyse their specific contributions to the reactivity of the catalyst. This high-
lights the need to switch to a more complex system description and analysis. One
widely employed method to analyse catalytic systems under the reaction conditions
(operando) is microkinetic modelling.[25] However, its application to homogeneous
catalysis is still relatively scarce.[49] Our group has reported an ester hydrogena-

1 H2 H2 H
C. —> C,HsOH + CH;0H | ~N{ I _co
HsC” ~OCHj; [ A
Mn-P,N 3 L
kotgy / THF/additives Ph;
Mn-P,N
catalyst system catalyst

AG = f(pyp, ¢, solvent, T)

Figure 3.1: The definition of the condition space and the associated condition-dependent free energy
surfaces for the catalytic ester hydrogenation reaction.

tion catalytic system based on a non-pincer Mn-P,N catalyst, whose performance
is defined by the multicomponent reaction environment (Figure 3.1).[45] Mecha-
nistic studies combining DFT calculations and ab initio thermodynamic analysis of
multicomponent reactive solutions[26] highlighted the role of the complexity of the
reaction environment in such systems and put forward a hypothesis on the mech-
anistic role of the base promotors and the concentrated reaction medium in this
system.[6] The base additive plays a role in both the catalyst activation and the
catalytic ester conversion itself.[50, 51] Excess base helps removing trace amounts
of water, aids substrate prearrangement and supplements to the entropic effects in
base-assisted ester activation by Mn-P,N. Moreover, it has been proposed[6] that
the inorganic base promotes the hydrogenolysis paths to reactivate the alkoxide
resting state.

Previously, the operando modelling of the multicomponent solution has been
used to analyse condition dependencies of the thermodynamics of competing re-
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action paths to identify potential deactivating channels and resting states.[6] The
properties of the reaction environment dynamically changes in the course of the
catalytic reaction from an ester (apolar, (CH3COOCH;3),9g¢ = 6.7)[52] to alcohol
(polar, (CH30H),95x = 33.6, €(CoH50H) 08¢ = 24.3).[53, 54] We anticipate that
such an evolution of the medium and the associated condition-dependencies will
affect the reaction kinetics as well. Therefore, in this study we examine the influ-
ence of different solvent descriptions on the computed reactivity of Mn-P,N-based
ester hydrogenation system. This work reports the development of an operando
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Figure 3.2: Models and approaches to concentration-dependent free energy surfaces.

DFT-based kinetic model accounting for the multicomponent and dynamic nature
of the Mn-P,N homogeneous ester hydrogenation catalyst system. Four different
approaches of varying complexity were considered to account for the solvation en-
vironment, as illustrated in Figure 3.2. The basic gas-phase model (GP) completely
neglects the solvent environment.[55] The reaction components in this model are
considered as separate non-interacting species, while the reaction conditions are
accounted for here via the entropic and finite temperature corrections computed
from statistical thermodynamics in the ideal gas approximation.[23] The IS model
stands for ideal solution, in which bulk solvent effects are accounted for via the
COSMO-RS implicit solvent model[56] but the components are considered as non-
interacting. Here a mixed solvent model of THF and KOtBu base promotor was used
to mimic the experimental conditions. However, in the experiments the substrates
and the products account for a substantial fraction of the reaction mixture. Dur-
ing the catalytic reaction the ester substrate converts gradually to alcohol product.
Together with the reaction environment, dielectric constants, hydrogen bonding
patterns and the mode of solvation changes. The most important characteristic en-
tails that as concentrations change, the change of properties are accounted for. To
account for these effects, we introduced the concentration gradient corrections in
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the dynamic RS models for the reaction in THF solvent (RS-THF) and under solvent-
free neat conditions (RS-pure). The starting solvent is a reactant that is being fully
converted to another solvent that is the product, therefore changing the proper-
ties of the solution completely. In the fourth model we consider a complex model
closest to the lab conditions under which the reactions are carried out (RS-THF).
Mixed solvent model is considered with realistic concentrations of the reagents, and
products as the reaction proceeds in THF as the basic solvent.

The chapter is organized in three sections. After describing the details of com-
putational methodologies in section 2, results and discussion section 3 begins with
the introduction of the two competitive mechanisms and the presentation of the
standard DFT results for the respective reaction paths. This is followed by the
discussion of the effect of the solvent model on the computed free energy pro-
files, which are further utilized to construct full condition-dependent microkinetic
description of the system. The main findings and observations are summarized in
the conclusion section 4.

3.2. Computational Details

G eometry optimization and frequency analysis for inter-mediates and transition
states were carried out in the framework of the density functional theory (DFT)
using the Gaussian16 CO0.1 program.[57] The hybrid exchange-correlation func-
tional PBEO[58] was used in combination with the 6-311+G(d,p) basis set on all
atoms for geometry optimization and vibrational analysis. Van der Waals interac-
tions are accounted for by the dispersion-corrected DFT-D3 (BJ) method.[59] The
ultrafine grid was uniformly used. The nature of each stationary point was con-
firmed by frequency analysis, in which zero imaginary frequencies for minima and
one for transition states. The single imaginary frequency has an eigenmode in the
direction of the reaction coordinate. Reaction (AE) and activation energies (AE¥)
were corrected for zero-point energy (ZPE) from the normal-mode frequency anal-
ysis. Electronic energies (AEprr) and entropies (AS) were used for the calculations
of the standard gas phase Gibbs free energies (AG°gp) at a temperature (T) of
373.15K. All vibrational modes were taken into account.

The solvation free energy contributions for the ideal solution approximation in
THF (AGys) and the Gibbs free energies for the two real solution approximations
(AGgs) were computed with the COSMO-RS method.[60] The respective correc-
tions were calculated using the COSMOthermX version C3.0 program[56] at the
recommended BP86 level of theory. H, pressure was set in the calculations to the
50 bar that is the value used in the original experimental study.[45] The chemical
composition of the ideal solution (IS) is composed of 0.75 mol KOtBu, 24.6 mol THF
and 0.3 mol dodecane. For the real solution of the solvent free approximation (RS-
pure), the starting reaction medium is composed of 0.1 mol KOtBu, 1 mol methyl
acetate and 0.3 mol dodecane. The real solvent model including the THF solvent
(RS-THF) is made up of 0.75 mol KOtBU, 24.6 mol THF, 1 mol methyl acetate and
0.3 mol dodecane.
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For the microkinetic model an in-house python script was used and the reaction
kinetics was derived for a batch-type reactor. Reaction rate constants were calcu-
lated using the Eyring equation. The differential equations were solved with the
real-valued variable-coefficient ordinary differential equation solver (vode) embed-
ded in the python SciPy package, with the backward differentiation formulas (BDF)
implementation for stiff problems. The relative and absolute tolerances were set at
1e-8. Time integration until reaching steady state was applied. The initial conditions
of the MKM were based on the experimental conditions with 1:0.05 ratio of methyl
acetate to catalyst. The Gibbs free energy in gas or solvent were computed as out-
lined in Figure 3.1. Each solvent model and pathway were examined separately. To
compute the kinetic profile of the dynamic reactions, the energy contributions were
implemented as a function of alcohol product concentration. Standard conditions in
the free energy analysis were defined as the conditions at the start of each catalytic
cycle and they were kept unchanged during the microkinetic cycle. Apparent acti-
vation energies were calculated in a temperature range of 36K in five steps (345.5K;
363.8K; 373.15K; 382.5K; 392K). The reaction rates were determined in the initial
phase of the reaction. To determine the degree of rate control, we examined the
coefficient (x;) of every single elementary step in the reaction, defined by:

B dinr
Xi = (m)kﬂtkil{i

where r denotes the overall reaction rate, k; the reaction rate constant of step i
and K; the equilibrium constant [61]. The rate constants were varied with factors
between 0.996 and 1.004 (0.996; 0.998; 1; 1.002; 1.004).

3.3. Results and Discussion

3.3.1. Reaction mechanism

In line with the earlier mechanistic study, here we considered two competing re-
action pathways for ester hydrogenation with the Mn-P,N catalyst denoted in Fig-
ure 3.3 as the hydrogen shuttle (HS) and the alkoxide (AX) mechanisms.[6, 45]
Figure 3.4 presents the corresponding standard Gibbs free energy diagrams cal-
culated in the GP approximation (AG°gp). Both paths start with the coordination
of the ester substrate to the Mn-H complex (I) forming a weak hydrogen-bonded
complex II. The first step The subsequent hydride transfer to the carbonyl carbon
is the most activated and endergonic step along the reaction path. It proceeds with
a standard Gibbs free energy barrier of 102 kJ/mol and result in the intermediate
III, which is 78 kJ/mol higher in energy than the starting configuration. Next,
complex III coordinates molecular H, to form the o-complex IV. The endergonic
nature of this step (III + H, — IV, AG°zp = 62 kJ/mol) is due the translational
entropy loss and the change of Mn coordination from the trigonal pyramidal to the
octahedral one upon the H, complexation. Subsequent heterolytic H, dissociation
over Mn***gem-acetal acid-base pair yields state V featuring molecular acetalde-
hyde (AcH), methanol (MeOH) and the catalytic Mn-H species. Next, methanol is
released from the reactive ensemble (V-VI) followed by a hydride transfer to AcH
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Figure 3.3: Mechanisms of the hydrogen-shuttle (HS) and alkoxide (AX) paths for a model methyl acetate
ester hydrogenation with Mn-P,N catalyst I.

(VI-VII) that proceeds with a free energy barrier of only 13 kJ/mol. Both steps
are exergonic and they decrease the standard Gibbs free energy of the system by
19 kJ/mol. The catalytic cycle is closed via an endergonic coordination of H, to
the 5-coordinated Mn-center followed by a barrierless heterolytic H2 cleavage upon
which the methoxide moiety is protonated and the initial complex I is regenerated.
The entire transformation proceeds with a change of free energy of -6 kJ mol?,
which is in good agreement with the experimental thermochemistry data (-14 kJ
mol1).[62]

The alternative AX path diverges from the HS channel after the formation of the
gemacetal intermediate. In this path, the intermediate III undergoes a barrier-
less retroaldol transformation to form state IX. Release of AcH from IX produces
an Mn-methoxide complex MeOH/IX that has previously been proposed as the
resting state for the catalytic reaction.[45] Further transformation of this complex
requires the replacement of the —OCH3 ligand with an H, molecule that is ender-
gonic by 100 kJ/mol. However, as soon as the 0-H2 complex is formed, it dissociate
barrierless to produce MeOH/I, which after the MeOH release promotes the re-
duction of AcH following the HS mechanism.

The direct comparison of these two different pathways and their computed en-
ergetics reveals that the HS pathway proceeds through fewer but more endergonic
steps, while the AX pathway includes more elementary steps with relatively lower
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Figure 3.4: Standard Gibbs free energy diagrams for the HS (black) and AX (grey) pathways at 373 K
computed using the GP model.

barriers. This suggests that the AX path should in principle be favoured. However,
the current diagram were constructed using the gas-phase approximation, in which
the solvation effects were not accounted for. Furthermore, the coordination and
decoordination steps were assumed to be elementary within the diagrams. How-
ever, the closer look at the computed data reveals that the barrier heights for the
elementary steps that do not account for the ligand exchange are comparable. Un-
der the catalytic conditions the reaction rate will be defined by the whole reaction
network and by the composition of the reaction medium.[63] In the next sections,
we will separately address the effects of the reactive environment on the reaction
energetics and the overall kinetics of the catalytic process.

3.3.2. Condition-dependent free energy surfaces

Three distinct solvation models, namely, the IS, RS-THF, and RS-pure, introduced
in section 2 were considered here. The corresponding results for the HS and AX
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pathways are summarized in Figures 3.5a and b, respectively. The in vacuo results
obtained with the GP model are also presented as a reference with grey dashed
lines. In the ideal THF solution (IS) model, the solvent-corrected standard free
energies (AGig) are obtained by correcting the GP results with the a estimated free
energy of solvation (AGg,,) of each species in an infinitely diluted pure THF solu-
tion. The real solution (RS) model allows to account for the multicomponent nature
of the solution and for the evolution of its composition in the course of the reaction.
For the latter, denoted as the gradient correction, the RS solvent correction terms
are computed at varied concentrations of the ester substrate and alcohol products.
As a result, the computed energetics become a function of the conversion. The
energies of the individual states along the reaction coordinates are now presented
in the diagram as a range with a colour gradient showing the evolution of the re-
action medium from low (light colour) to high (dark colour) conversion levels. We
considered two situations, namely, when the reaction is carried out in a realistic
THF solution (RS-THF) and solvent-free in neat ester (RS-pure). The medium com-
position and the reactions conditions do not change within each cycle to maintain
the quasi-equilibrium that is required to obey the transition state theory.

The IS model shift the energetics of individual states by AAG ranging from —
20 to +20 kJ/mol compared to the levels predicted within the GP approximation.
The AAG sign indicates relative stabilization and destabilization of the state in so-
lution. The corrections are not uniform along the reaction coordinate. The IS
correction affects only slightly (AAG = 0 - +7 kJ/mol, Figure 3.5) the initial steps of
ester coordination and activation (steps I-III). In the AX cycle (Figure 3.5b), also
the subsequent conversion of ITI-IX and the formation of Mn-alkoxide complex
(MeOH/IX) become less favourable within the IS model (Figure 4 3.5b). However,
for the subsequent steps of the catalytic cycle a pronounced stabilizing effect of the
solvent is observed (steps IV-I*, Figure 3.5a; steps b2-I, Figure 3.5b). The IS-
model consistently stabilizes the respective states by AAG ranging from -25 to -75
kJ/mol. The overall hydrogenation reaction of ester to alcohol (I-I*) is also more
exergonic in the IS model compared to the GP model.

Next, we consider the effect of the dynamic reaction environment during the cat-
alytic process using the gradient RS-models. The fundamental difference between
the IS and the RS-models is that in the latter, the presence of all components of
the reaction medium is explicitly taken into account when computing the solvent
corrections. This results in @ more pronounced destabilization of the initial ester
activation steps within the RS-models. The results of the RS-THF model at low
conversion levels resemble those obtained with the IS pure THF model. However,
they deviate strongly for the intermediates with increasing ester conversion and, ac-
cordingly, the concentration for the alcohol product in the reaction medium. When
the hydrogenation is carried out in neat ester substrate (RS-pure), the reaction
proceeds over a wide range of compositions of the reaction medium, however the
range of conditions is narrower. Similar to the IS model, the corrections as well as
the energy ranges that they cover are not uniform along the reaction coordination.
Both RS-models predict the that the favourability of the overall reaction decreases



3.3. Results and Discussion 41

with the increasing ester conversion.

The RS-THF model also predicts a notable destabilization of the initial ester co-
ordination steps (I-III) with AAG = +6 — +31 due to solvation. Unlike the IS case
considered above, the destabilization effect of RS-THF solvation is also observed
the subsequent ester hydrogenolysis steps ITI-IV in the HS path (AAG = +1 —
+22, Figure 3.5), whereas it exerts a pronounced stabilization on the intermediates
in the AX path (MeOH/IX—MeOH/I, AAG = -26 — -1, Figure 3.5b). The effect of
solvation on the subsequent aldehyde reduction (VI-VIII) varies with the conver-
sion levels. Whereas the respective states are stabilized at low conversion levels,
their energies gradually increase as the reaction progresses.

The RS-pure model represents the neat catalytic reaction. The reaction envi-
ronment therefore drastically change in the course of the reaction from an ester
to ethanol solution. Note, that the catalytic environment at all conversion levels is
modelled as mixed solvent containing besides the substrate and the product also
10 mol.% KOtBu base promotor. The general trends observed with the RS-pure
model resemble those established with the RS-THF, albeit with a more pronounced
composition-dependency observed at each step. Here, the initial ester coordination
(I-III) are destabilized by AAG = +1 — +19). Here, the destabilizing effect is less
pronounced than for the RS-THF model. A more pronounced effect of the RS-pure
model is observed in the alkoxide formation and activation, where the species are
significantly stabilized (MeOH/IX—MeOH/I, AAG = -9 - -35, Figure 3.5b). During
the aldehyde reduction the intermediates (VI-VIII) are, like in the RS-THF model,
initially stabilized at lower ester conversion levels but destabilizes when the ester
concentration increases in the mixture (AAG = -19 — +10). The destabilizing effects
are pronounced above 90% conversion in intermediates V and VIII, and between
50% and 70% conversion for intermediates VI and VII. The driving force of the
RS-pure model is less pronounced than in the RS-THF model. In the RS-THF model
the chemical potential along of the catalytic cycle is changed by AAG = -60 to -16,
while for RS-pure the ranges lies between AAG = -44 to -10.

3.3.3. Microkinetic modelling

In the previous section, we demonstrate a profound impact of the composition of
the reaction mixture on the relative stability of intermediates and transition states,
and, accordingly on the heights of the free energy barriers and thermo-dynamics
of the elementary steps as well as the overall ester hydrogenation process. In this
section, the molecular in-sights of the different solvation models are converted into
macroscopic observable reactivity parameters by a microkinetic model of the dy-
namic solution (MKM-DS) that explicitly accounts for the dynamic evolution of the
reaction phase composition. Concentration-dependencies that have been identified
in the RS-models are examined to investigate how these effects manifests them-
selves in the kinetic profiles. The reaction rates for the GP, IS and RS-models are
presented as a function of ester conversion in Figures 3.6. The GP-model and the
IS-model do not account for the changes in medium composition during the reac-
tion and therefore predict a linear decrease of the reaction rate with the conversion.
The IS-model yields a factor of 102-103 higher conversion rate via the HS path than
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Figure 3.5: Standard GP and IS- as well as condition-dependent RS computed free energy diagrams of
the (a) hydrogen-shuttle (HS) and (b) alkoxide reaction pathways. All four methods for calculating the
energy contributions are displayed in the diagram.
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the GP-model (Figure 3.6a). This is the direct consequence of the pronounced sol-
vation of the key intermediates and transition states along the catalytic path. The
stabilization by the solvent is particularly prominent for the highest-energy inter-
mediate, IV, and the respective transition state, TSyy.y, along the HS pathway.

In the RS-THF model, at low and intermediate conversions, the rate linearly
decreases with substrate depletion. However, at high conversion (X = 0.8-1) the
changes in the composition and the polarity of the medium result in the substantial
deviations from this trend in the AX pathway. The MKM-RS reveals a non-uniform
effect of solvation on the relative preference of the two competing reaction paths.
Although the RS-THF model yields a higher rate for the HS pathway than in the GP-
model, for the AX pathway the RS-THF rate is 5-times slower than GP (Figure 3.6b).
The RS-pure model yields a very different behaviour of the reaction rate with con-
version than observed in the previous models. In the HS pathway (Figure 3.6a)
the reaction rate starts to increase initially until it peaks at 50% conversion (X =
0.5). Then the rate declines rapidly. The kinetic profile mimics the evolution of the
reaction barrier for the forward reaction of intermediate VI transforming to inter-
mediate VII, which decreased rapidly after a conversion level of 50%. The effect
observed at higher conversions is in line with that predicted in the RS-THF model.
In the AX pathway (Figure 3.6b), the RS-THF model yields a similar shape reaction
rate profile. The rate increases until ca. 50% conversion followed by a decline. This
behaviour is not directly related to the evolution of any particular reaction energy
barrier.

The comparison of the kinetic profiles for the GP model produced by the differ-
ent solvation models points to a strong and non-linear effect of the composition of
the reaction medium on the catalytic reaction. In line with the formal first order
ester reduction, the idealized GP and IS-model show a beneficial effect of solvation
on the reaction rate that decreases linearly with ester conversion. For all models,
the catalytic reaction proceeds predominantly via the AX path with the competitive
HS path showing much lower rates. For all models, the catalytic reaction proceeds
predominantly via the AX path with the competitive HS path showing much lower
rates. This can also be observed in the microkinetic model when both the AX and
HS pathway are combined in a single MKM model. The AX models prevails for each
solvent model by more than 99%. The RS-THF model exhibits minor deviations
from the idealized linear behaviour that is most pronounced in the high conversion
regime. For the RS-pure model, the abrupt changes in the solvation environment
during the reaction manifests themselves in extreme kinetic effects. The reaction
rate deviates strongly from the linear behaviour, which can be repatriated to swift
changes in reaction barriers, especially at the low conversions. Importantly, these
drastically different kinetic behaviours are not affecting one of the key experimental
observable for the catalytic reaction, that is the apparent activation energy (E +%PP).
Table 3.1 summarizes the MKM-derived E,+°PP for the different models, reaction
paths and at different conversion levels. The change in the reaction medium com-
position and the reaction path have a negligible effect on E;+?"P. The GP-model
yields an E,+?PP of 55 kJ/mol, which is considerable smaller than that for the IS and
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Figure 3.7: Bar diagram of degree of rate control in the AX pathway (left) and pathway proceeding
through HS pathway (right). The steps contributing the most are shown for the four different methods
at different points of conversions indicated by the colour scheme shown at the top. Note: The sum of
the degree of rate control coefficients close to zero conversion is unity for both displayed pathways.

RS-models (65 kJ/mol and 68 kJ/mol, respectively). The large difference between
the GP and solvation model results point to the importance of the initial ester co-
ordination step for the overall reaction. Despite the less favourable ester activation
in the RS models, the high reactivity in this case is probably due to more efficient
promotion of the subsequent steps along the reaction path. It is also important to
note that the apparent activation energy does not strictly correspond to the highest
energy barrier but is a function of the free energy surface for the overall multistep
mechanism. In the next sections a detailed analysis of the effects of the individual
elementary steps on the overall kinetics is presented.

Next, we carried out a degree of rate control analysis to the influence of indi-
vidual reaction steps on the overall reaction for the different models in the AX and
HS pathway (Figure 3.7). The results of this analysis at different conversion levels
are summarized in Figure 3.7. For the GP and IS model, in the HS path the initial
ester hydrogenation (II-III) controls the rate at all conversions. For the RS solva-
tion modes, the initial reduction of the ester by the absorbed hydrogen (IV-V) is
the rate-determining steps. A more complex situation is revealed for the AX path.
Whereas the alkoxide hydrogenolysis step (IX—MeOH/I) controls the rate in the
GP model, for the reaction in THF solution (IS, RS-THF), the initial ester hydrogena-
tion steps has the main contribution to the observed rate with a minor contribution
of the alkoxide hydrogenolysis (IX—MeOH/I) and final ethanol production steps
of the catalytic cycle (VII-VIII, VIII-I*). For the pure solution (RS-pure), the
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methanol production step (b2—MeOH/I) has the greatest contribution. At higher
conversions, the contribution of the latter steps increases for the RS models. This
analysis further confirms that the initial ester activation is the key step in overall
reaction with the alkoxide hydrogenolysis additionally contributing to the reaction
especially for the idealized GP and IS-model.

Table 3.1: Apparent activation energies of the two pathways. Energies are given in kJ mol L.

HS pathway AX pathway
Conversion GP IS RS-pure RS-THF GP IS RS-pure RS-THF
1% 55 66 66 68 57 66 66 68
20% 55 66 65 68 55 66 65 68
50% 55 66 65 68 55 66 65 67
80% 55 66 65 68 55 66 65 67
99% 55 66 65 68 55 66 65 67

3.4. Conclusion

n conclusion, we have investigated the effect of the dynamic evolution of the

medium composition on the kinetics of homogeneous ester hydrogenation with
Mn-P,N catalyst. Four different systems were analysed taking into account different
descriptions of the solvent environment and the specific composition of the reaction
medium. The effect of four different models on the reaction energies in different
states of solvation was analysed. In the idealized GP and IS model the energies
are stationary representing the gas phase corrections and corrections in a pure THF
environment, respectively. The operando RS-pure and RS-THF models are used to
include dynamic corrections and account for the changes of the reaction medium in
the course of the reaction. The RS-pure model serves as an illustration of a reac-
tion medium with reactants, products, additives and base present, while the RS-THF
model portrays the reaction medium with THF present. In the models with station-
ary energies, reaction kinetics are linear, while the dynamic model display kinetics
that depend on the change of the Gibbs free energy along the reaction coordinate.
In the degree of rate control the GP model and RS-pure model stand out from the
other three models as the recovery of the alkoxide is the rate-controlling step. This
coincides with being the most energy-demanding step in these models. The appar-
ent activation energies on the other hand have been found to be unaffected by the
different corrections because of the assumption that the reaction conditions do not
affect substantially the fundamental potential energy surface, while determining the
free energy surfaces. From our investigation, we can conclude that while observ-
ing strong non-linear effects in the kinetic models of the dynamic representations,
these effects may not manifest themselves within the macroscopic experimentally
accessible kinetic descriptors. The RS-type descriptions of the solvent environment
that explicitly accounts for the solvent composition are most representative to prac-
tical homogeneous catalyst systems used in the experimental studies.

Thus, our results demonstrate that the model accuracy of the computed param-
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eters of homogeneous Mn-catalysed ester hydrogenation reaction depends on the
choice of the system description. For predicting the macroscopic average reaction
characteristics such as the apparent activation energy, all considered solvent de-
scriptions give similar outcome. The kinetic behaviour of the catalyst systems and
their microscopic characteristics, however, depend strongly on the chemical com-
position of the catalytic system and conditions, and should thus best be described
with a realistic solvent model allowing for simulating dynamic mixed-solvent envi-
ronments.

Elementary Reactions Steps
Below, the elementary reactions for the HS- and AX-pathway are summarized.

HS-pathway
d[i]
i —1 % (ky—yp * [I] * [ester] — kyy—p * [II]) + 1 % (kyppp—p * [VII] = kjyyp * [I] * [EOH])
d[II]
T +1 % (kp—pp = [I] = [ester] — Ky = [IT]) — 1% (kypoypp * [1] = kypp—pp * [111])
d[lIl]
dt =+1« (kyp—py * U] = kypp—gg * 1)) — 1% (kpppy * [1T] — kpy—ppp * [IV])
d[IV]
T =+ (kyp—py * [IH] = Ky * [IV]) = 1 x (kpy—y * [IV] = ky_y = [V])
a[v]
dr =+1* (kyy—y * [IV] —ky_y; * [V]) = 1% (ky_y; * [V] x [MeOH] — ky;_y * [VI])
d[VI]
dr =+1x* (ky_y; * [V] * [MeOH] — ky;_y * [VI]) = 1% (ky —y * [VI] — ky—y; * [VII])
d[VII]
dt = +1* (kyj—yi * [VI] = kyp—y; = [VII]) = 1 % (kyp—yp * [VII] = kyp—yg * [VIIT])
d[VIII]
T +1 « (kyp—vin * [VI] = ky—yyp * [VII])

=1 % (kyyyp—g * [VIII] — kj_yyq * [1] * [EtOH])

d[ester]

= L Gy * 1] = lester] = kyyy * [11])
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d[EtOH]
T =41 (kVIII—I * [VIII] - kI—VIII * [1] * [EtOH])
d[MeOH]
——— = ~1x (ky_y; * [V] * [MeOH] = ky;_y * [VI])
AX-pathway

d
a = =1 (kj—py * [I] * [ester] — ky—y * [II]) + 1 % (kyypp—y * [VII] = kj—yypp * [1] * [EtOH])

d[II]
ar +1 % (ky—yp * [I] * [ester] — kyp—p * [II]) = 1% (kyp—pgp * [H] = kypp—gp * [111])
d[I1I]
dt = +1 « (kypoppp * UI] = kypp—pg * [IH]) — 1% (kypp—yx * (1] — kyx—ppp = [1X])
d[IX]
T +1 % (kypp—gx * (] = kyx—pr * [1X])
—1* (kjx—meon * UX] — kmeon-1x * [MeOH] * [aldehyde])
d[MeOH]
—ar +1 % (kix—meon * [IX] — kmeon-1x * [MeOH] = [aldehyde])
—1* (kymeon-p2 * [MeOH] — Kpa_pmeon * [b2])
d[b2]
T +1* (kyeon-p2 * [MeOH] — kpa_meon * [b2])
=1 * (kpa—meon * [b2] — Kpmeon—p2 * [MeOH])
d[MeOH]
—dr = —1* (kpz—meon * [b2] — Kmeon-p2 * [MeOH])
+1 % (kmeon-v * [MeOH] * [aldehyde] — ky_yeon * [V])
d[VI]
dr =+1x (ky_y; * [V] * [MeOH] — ky;_y * [VI]) = 1 % (ky —y * [VI] — ky -y * [VII])
d[VII]
=41 (ky—yi * [VI] = kypy-yg * [VI]) = 1 % (kyyp—yin * VI = kyppp—yi * [VI])

dt
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d[VIII]
dt = +1* (kyy—vin * [VH] = kyp—y = [VIIT])
=1 % (kyypp—g * [VII] — ki_ygqp = [I] * [EtOH])
d[ester]
——— = =L (kg * [1] * [ester] — ky_y * [I1])
d[EtOH]))
- +1 % (kyppp—p * [VII] — ki_yp * [I] * [EtOH])
+1 % (kyppp—g * [VII] = kj—ypp + [1] % [EtOH])
d[aldehyde]
— dar +1 % (Rix-meon * [IX] = kmeon-1x * [MeOH] * [aldehyde])
—1* (kyeon-v * [MeOH] x [aldehyde] — ky_peon * [V])
d[MeOH]
T = =1 (ky_y; * [V] * [MeOH] — ky;_y * [VI])
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Reversible dissociation of the H-X bond (M-L + H-X -> M(X)-L(H); AGpy) is an
important step during preactivation, catalysis and possible deactivation of acid-
base cooperative pincer based transition metal catalysts (M-L). Herein we carried
out a high-throughput computational investigation of the thermodynamic stability of
different adducts in various functionalized Mn(I) based pincer complexes. We used
a combination of density functional theory (DFT) and density functional tight bind-
ing (DFTB) calculations to analyse AGhyx of more than 700 M(X)-L(H) intermediates
based on functionalized variants of four pincer type ligand scaffolds derived from
PCP, CNC, PNP and SNS ligands. We discovered linear scaling relations between
AGpy of various species. Strongest correlations were found between species of sim-
ilar size and chemical nature e.g. AGig,onq correlated best with AGjp,oq and worst
with AGhg,. Such scaling relations can be useful for property based screening of cat-
alysts and selection of (co)solvent/substrate/base for optimized reaction conditions.
We also investigated the influence of the ligand backbone and the functionalization
of donor and backbone sites in the ligand. Our analysis reveals the crucial role of
the second coordination sphere functionalization for the reactivity of the complexes
with impact in some cases exceeding that of the variation of the functional groups
directly attached to the donor atoms.
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4.1. Introduction

P incer complexes are important catalysts in organometallic chemistry for multiple
applications such as transformation and synthesis of imines, amines, peptides,
pyridines, pyrroles, acetals, and carboxylic acid derivatives, such as esters, ketones
and amides.[2—4] Owing to their success with (de)hydrogenation of a wide scope
of substrates, pincer complexes have been adopted favourably by the pharmaceu-
tical, fine chemicals and the energy industry[5] (representative examples shown in
Figure 4.1a and b). The well-defined geometry and tridentate coordination mode
of this class of complexes offers a stable catalytic structure. Most highly active pin-
cers such as Ru-MACHO complex[6, 7] and Nozaki’s Ir-PNP complex[8] are based on
expensive Ru and Ir metals. Catalytic systems based on such metals are not desir-
able for large scale ubiquitous applications due to high cost and limited availability.
Several successful examples of pincer catalysts based on earth abundant 3d transi-
tion metals (TMs) such as Fe and Mn have been realized in the last decade.[9, 10]
However, the activity and stability of such catalysts based on first row TMs remains
a challenge. Therefore, the development and optimization of catalysts based on
3d transition metals is an active and highly sought after area of research.[11-13]
Manganese is particularly attractive as the active metal in such catalysts in view of
its high biocompatibility, which is of interest for industries in the food or pharma-
ceutical sector.

Functionalization of the ligand scaffold can be used to explore the chemical
space of TM pincers in the pursuit of highly active and stable catalysts based on
first row TMs. In such an approach one can start with a "skeleton” complex bearing
a TM centre coordinated to a pincer scaffold. Selected sites on the scaffold or metal
centre can be functionalized generating an ensemble of new TM complexes using
various combinations of functional groups.[14—17] Experimentally only a handful
of functionalized variants of pincer ligand scaffolds have been reported. Moreover,
synthesis and subsequent testing of the catalytic activity of functionalized TM com-
plexes quickly becomes intractable. Theoretical consideration of the functionalized
variants that are synthetically not accessible can provide an insight into rational de-
sign principles. In this regard, computational methods are relevant and can be ap-
plied to screen through a large ensembles of functionalized TM complexes.[18, 19]
Recently such approaches have been applied to screen TM complex including pincer
complexes for activity, regioselectivity and ligand effects.[20-22]

Herein we screened the effect of functionalization of the ligand backbone on the
stability of potential catalytic intermediates on Mn(I)-pincer complexes. The focus
was on the determination the effect of the type of functionalization and the function-
alization site (backbone/donor site). By choosing functionalization sites directly co-
ordinated to the Mn(I)-centre, the effect of the first coordination sphere can be anal-
ysed. The effect of the second coordination sphere is rationalized by investigating
functionalization on a site not directly coordinated to the metal. We chose five repre-
sentative pincer ligand scaffolds, namely, PNP-(bis(3-phosphaneylpropyl)amine)-,
SNS-(azanediylbis(ethane-1-thiol))-, CNC-(bis(2-(1H-3A*-imidazol-3-yl)ethyl)amine)-
, PNN-(N1-(2-phosphaneylethyl)ethane-1,2-diamine)-, and PCP-(N!,N3 - bis(phos-
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phaneyl)benzene-1,3-diamine)- backbones coordinated to a Mn(I) centre stabilized
by CO ligands as illustrated in Figure 4.1c. Our analysis included the pristine com-
plexes as well as their catalytically relevant intermediates resulting in over 1200
structures based on the five selected pincer ligand scaffolds (Figure 4.1c). Pincer
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Figure 4.1: Representative transition metal pincer complexes of (a) 4d, 5d and (b) 3d metals, followed
by (c) the catalyst scope of this work.

complexes based on these ligands have been reported for various transition met-
als, including manganese (Figure 4.1b).[9, 14, 23-32] SNS-,[33-38] CNC-,[39-44]
PNP,[45] and PCP-ligands[46—-50] are primarily known for their use in 4d- and 5d-
transition metal catalysis (Figure 4.1a). Especially in 4d- and 5d-transition metal
catalysis high turnover frequencies and turnover numbers are reported for the
complexes.[32, 41, 43, 51]

Literature on 3d-transition metals generally reports lower catalytic efficiencies,[31,
50] which indicates that there is opportunity to maximize their potential towards
sustainable catalyst systems. Catalysts based on 3d metals are known to be more
prone to deactivation and formation of resting states, limiting their reactivity.[5, 49]

Herein, we investigated Mn(I) -pincers as potential (de)hydrogenation catalysts.
Possible applications are the storage of H, in unsaturated moieties such as CO,,
the reduction of organic substrates with H, gas or with hydrogen donors such as
iPrOH.[52-54] Figure 4.2 illustrates representative catalytic cycles of dehydrogena-
tion of methanol to acetone and hydrogenation of acetone to isopropanol. The Br
adduct M(Br)-L(H) is a common precursor to the active form of Mn-pincers.[12]
The activation of the catalyst is commonly carried out by the reaction with a strong
base (e.g. KOH or KOtBu). This yields a 5-coordinated complex (M-L), regarded
as a pristine activated catalyst and which features a Lewis acid site on the metal
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and the ligand can act as a Brgnsted base i.e. the metal can coordinate with an
electron donating species while the ligand can accept a H*. The activated catalyst
is susceptible for potential deactivation/inhibition through the metal-ligand cooper-
ative addition of alcohol/water/base resulting in the formation of -OR adducts.[55]
Alkoxide adduct of hydrogen donating alcohols such iPrOH, MeOH and EtOH are of-
ten formed as intermediates in the course of catalytic hydrogenation reactions, and
can even act as the resting states limiting the catalytic performance depending on
their stability.[49, 56—61] Competitive bonding of other species such as the solvent
or the nucleophile base to the metal can slow down or even deactivate the catalyst.

For example, water can compete with methanol for the catalytically active site
via the formation of a stable hydroxide adduct upon reaction with the catalyst or via
ligand exchange with the methoxide adduct (Figure 4.2). To continue the catalytic
cycle, the alkoxide adduct must convert to the hydride adduct M(H)-L(H), which
in turn regenerates the catalyst by hydrogen evolution/transfer. Catalytic turnover
is inhibited if the alkoxide adducts is very stable compared to the hydride adduct.
Similarly, an excessively stable hydride adduct would render it inactive towards hy-
drogen liberation resulting in an adverse effect on the catalysis.

When employed as a hydrogenation catalysis, the hydride adduct is formed as
the first step via heterolytic H, dissociation. A less stable hydride would be prone
to H, recombination instead of catalytic turnover. On the other hand, excessive hy-
dride stability would make it less reactive towards the hydride transfer steps of the
catalytic cycle. The alkoxide adduct formed upon the hydride transfer to C=0 must
dissociate to regenerate the catalyst. Transfer hydrogenation reactions with e.g.
isopropanol often proceeds via the formation of an intermediate alkoxide species.
Excessive stability of this alkoxide adduct would have a deactivating effect and ad-
versely affect the catalytic turnover. From a mechanistic perspective the relative
stability of hydride, hydroxide and alkoxides intermediates are important for the
catalytic turnover. Their relative stability, in accordance with the Sabatier’s princi-
ple should be balanced and any excessive stabilization/destabilization would have
an inhibiting effect on the catalyst.

In the present work we investigate functional strategies to tune the stability
of aforementioned intermediates. Our results allow comparison of different ligand
scaffolds and functionalization strategies in a common framework. We have identi-
fied linear free energy scaling relations between various intermediates. By analyz-
ing relative stabilities of various adducts we analyse their competitive binding at the
metal centre. We describe the impact of functionalization of the complexes near the
metal centre and on the ligand backbone. Finally, we draw conclusions about cat-
alyst behaviour and formulate perspectives on catalyst activation strategies, choice
of solvent environment and possible deactivation species. The paper is organized
as follows: in the computational methods section we describe the functionalization
approach, computational model to investigate the thermodynamic parameters, and
details of the quantum chemical calculations applied. Next we describe and discuss
the results from our calculations. Finally we summarize the results and present our
conclusions.
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Figure 4.2: Representative catalytic cycles for dehydrogenation and hydrogenation reaction with possible
competing and deactivation pathways. Dehydrogenation of methanol in aqueous phase and hydrogena-
tion of acetone to iPrOH have been used as representative examples. Possible alkoxides and hydroxide
based competing and resting states have been highlighted in yellow and red respectively.

4.2. Computational Details

E lectronic structure calculations on the transition metal complexes were carried
out either by using the extended density functional tight-binding (DFTB) or the
density functional theory (DFT) methods. For a large number of calculations, a
full DFT based approach is computationally expensive. Extended DFTB calculations
via the xTB code from Grimme’s group has recently emerged as a rapid tool with
reasonable accuracy to predict geometry and thermochemistry of various chemical
systems including TM complexes.[62] We therefore performed xTB calculations on
all the complexes in our paper. On a selected number of TM complexes (432)
based on CNC, PCP and PNN ligands, we also performed DFT calculations. xTB
calculations on the same 432 complexes were compared with DFT based predictions
to determine the accuracy of xXTB.

4.2.1. Extended density functional tight-binding calculations
Extended DFTB calculations were performed using the xTB software suite (version
6.3.3).[63, 64] The GFN2-xTB method was applied for geometry optimization, using
the verytight criteria. Hessian matrix calculations were performed for all optimized
geometries to verify the absence of imaginary frequencies and that each geometry
corresponds to a local minimum on its respective potential energy surface (PES).
The GBSA solvation model parametrized for THF as implemented in XTB was used
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to account for solvent effects.

4.2.2. Density functional theory calculations

Density functional theory (DFT) calculations were performed using the Gaussian 16
C.01 suite of software.[65] All geometries were optimized using the BP86 functional
with a def2-SVP basis set in the gas phase.[66] The combination of functional and
basis set have shown reliable geometry predictions accompanied with low com-
putational costs.[67, 68] Hessian calculations were performed to ensure that all
optimized geometries were a minima on the PES (no imaginary mode). Zero-point
energy and Gibbs free energy corrections to electronic energy were obtained from
hessian calculations within the harmonic approximation under standard conditions
(298.15K, 1bar). Single point (SP) energy calculations with the SMD[69] solva-
tion (THF) model were carried out using the PBEO hybrid functionals[70] with a
triple zeta basis set (def2-TZVP) to further refine the electronic energies. SPs were
also carried out using the BP86 functional.[71] We denote such composite methods
BP86/def2-SVP//XC/def2-TZVP (THF), as BP86(THF) or PBEO(THF) depending on
the exchange-correlation (XC) functional used for the SP single-point calculations.
This allowed to investigate the impact of solvation (BP86(gas) vs BP86(THF)) and
the functional (BP86(THF) vs PBEO(THF)) on the computed free energies. All DFT
calculations were performed with dispersion correction (D3).[72] DFT calculations
were performed for a selected number of complexes bearing CNC, PNN and PCP
ligands. We focused our investigation on the addition of H-X species (X=H, OH,
MeO, EtO, iPrO, tBuO, Br) across the catalyst which is represented as M—-L, where
M represents the metal centre and L represents the ligand. Addition of H-X across
M-L leads to formation of M(X)-L(H) species, where metal forms an adduct with
X and the ligand gets protonated. We estimated the thermodynamic stability of
M(X)-L(H) by computing the Gibbs free energy change under standard conditions
upon addition of H-X moiety across M-L bond (see equation below).

H—X+M—L - MX) - L(H)

AGyy = G(M(X) — L(H)) —G(M — L) — G(H — X)

4.3. Results and Discussion

4.3.1. Functionalization strategy

All functionalized geometries were obtained via an in-house developed automated
python based workflow. We chose two different functionalization sites: four Ry
sites which are located near the metal centre, and two R, sites (only one in case of
PCP) which functionalize the ligand backbone as shown in Figure 4.1. We chose to
perform symmetric functionalizations meaning all four R, sites were kept the same,
and both R, sites were also functionalized with the same ligand. R; and R, were
however not constrained to be the same. In addition to functionalization sites on the
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Figure 4.3: Correlation between Gibbs free energies (in kcal mol™) for addition of HBr computed using
XTB (x-axis) and DFT (y-axis).

ligand, seven Mn-adducts were also considered which included vacant site (pristine
complex), H, Br, MeO, iPrO, EtO and tBuO adducts. This functionalization scheme
generated 1200 geometries of metal complexes. Out of these 1225 geometries,
we filtered geometries where the pristine complex had a hemi-labile ligand resulting
in a total of 732 geometries which are discussed in this work. We found that most
PNN based complexes resulted in hemilabile ligand. Hemilability can arise as an
artefact of XTB based geometry optimization or it can be genuinely present in the
system. Since this would require further investigation we excluded all XTB based
results for the PNN catalyst.

4.3.2. Comparison of xTB with DFT

Low computational cost and wide applicability of xTB calculations make them suit-
able for high throughput screening of TM complexes. The accuracy of xTB cal-
culations has not been tested for Mn complexes. To investigate the accuracy of
XTB calculations with respect to DFT based results, we computed CO stretching
frequencies and AGpy for selected complexes. Figure 4.3 compares xTB and DFT
results for addition of HBr to Mn-PCP, Mn-PNN and Mn-CNC complexes. DFT and
XTB computed AGyg, agree well with R,=0.82 and a RMSE (based on the linear fit)
of 7.19 kcal moll. The coefficient of correlation between xTB and DFT computed
AGipron is relatively poor (R,=0.28; RMSE=10.48kcal mol'!) and the two methods
reach only qualitative agreement for the addition of iPrOH.
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Figure 4.4: Vibrational frequencies in cm™ per donor site and functional group.

To further compare the performance of XTB and DFT, we analysed the computed
CO stretching frequencies, v(CO), for the carbonyl moieties in the Mn pincers. A
comparison of the results obtained with the DFT and xTB methods for a representa-
tive case of Mn-PCP complex is presented in Figure 4.4. Both methodologies reveal
a similar trend in computed v(CO). For a given Ry, electron donating R, groups
give rise to lower v(CO). The plots also show that the electron donating effect of
R; functionalization in this case is more important that that of the R,, because
of the major role of the electronic effects at the metal centre on the coordinated
CO ligands. Furthermore, we observed a good agreement between xTB and DFT
results when all systems with CF5 functionalization are excluded from the dataset
(R,=0.85). XTB calculations seem to overestimate the CO stretching for CF5 func-
tionalized ligands for all pincer complexes considered in this study. Nevertheless,
the comparison of AGyy and v(CO) parameters point to a qualitative agreement
between the results obtained with the xTB and DFT methods.
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Figure 4.5: Comparison of DFT computed Gibbs free energy of formation (in kcal mol™!) of bromide and
hydride adducts in Mn-PCP, Mn-PNN and Mn-CNC complexes.

4.3.3. Scaling Relations and competitive adduct formation

The activation of H-X bonds is assumed to proceed via a metal-ligand cooperative
heterolytic cleavage over the M—L site in all of the pincer complexes discussed here.
We therefore, expect similar trends in Gibbs free energy for addition of H-X species,
with differences arising from the nature of M-X bonding. Such similarities practi-
cally manifests themselves in scaling or linear free energy relationships between
different substrates. Such relationships imply that having computed the AGyy, for
a substrate HX;, one can estimate the AGyy. for all other species that follow a linear
scaling relation with HX;. Figure 4.5 shows a significant correlation between the
DFT-computed AGng; and AGy, using DFT (R,=0.91), especially for PCP and CNC
complexes. Therefore, the Gibbs free energy of the bromide adduct formation can
be used to estimate the relative energy of formation of the hydride species. In our
experience metal hydrides complexes are not described well using xTB.[73] Often
the M-H bond was found to be very elongated (>2.8A) in the structures obtained by
the xTB-based geometry optimizations. However, Br complexes are described well
and reasonable geometries were obtained with both xTB and DFT optimizations.
Therefore, the scaling relationship that we observed between the bromide and hy-
dride adduct becomes particularly practical because the AGyg, computed using xTB
can be directly used to estimate the stability of the active hydride intermediates in
screening studies.

Figure 4.5 also shows that while both PCP and PNN complexes react with H,
in an exergonic manner, the reaction is endergonic with Mn-CNC complexes. DFT
calculations also revealed linear scaling relations among hydride, isopropoxide, bro-
mide and hydroxide adducts. The correlation of AGy, with OH and iPrO adduct was
found to be rather weak (R,=0.53 and 0.55). We attribute this weaker correlation
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Figure 4.6: Correlation matrix of Gibbs free energy of formation in all ligand backbones investigated by
XTB of the different metal adducts.

to differences in M-X bonds formed upon addition of H-X (M-OR vs. M—H) (vide
infra). AGy,o and AGjpon Were found to have a moderate correlation with R,=0.71.
We also investigated the coefficient of determination between the xTB-computed
AGpy values. The resulting correlation matrix is shown in Figure 4.6. We observe
that Gibbs free energies for addition of chemically similar species have higher co-
efficient of determination. For example, all alkoxides correlate well among each
other but have relatively poor correlation with hydrides and bromides. Therefore,
isopropoxide and ethoxide have the strongest correlation followed by the corre-
lation between methoxide and ethoxide. The weakest correlation is between the
Mn-alkoxides and the catalyst precursor (Mn-Br).

4.3.4. Adduct stability modulations via ligand modifications

Next we investigated the impact of the functionalization of donor site vs backbone
on AGpy. For this purpose we examined AGpg, in two scenarios:

1) R,=H with R varied to investigate the impact of functionalization at the donor
site

2) Ry= H with R, varied to investigate the impact of functionalization on the ligand
backbone (Figure 4.4).

Functionalizations on the ligand either on donor or acceptor site can have a stabi-
lizing or a destabilizing effect in two ways:

1) via (de)stabilization of the pristine catalyst
2) Electronic and/or steric (de)stabilization of the adduct moieties/.

The pristine complex can be (de)stabilized via geometric distortions and the result-
ing strain in the ligand scaffold introduced by functionalization. The adduct moiety
such as an alkoxides can be destabilized by increased electronic density at the metal
centre. On the other hand, the L-H bond in the adducts can be favourably stabilized
by an increased electronic density at the ligand. Larger alkyl groups such as tBu/cy
can also destabilize bulky alkoxides by steric repulsion. An accurate consideration of
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electronic effects is necessary to examine the impact of functionalization. Therefore
we examined the impact of functionalization of AGhyx using DFT calculations.

4.3.5. Functionalization on donor site

R,=H resulted in five PCP (R;=H, Ph, iPr, cy, tBu), four CNC (R;=CF3, Ph, iPr and
cy) and three PNN (R;=Ph, iPr and tBu) ligand complexes. For both PCP and PNN
complexes, electron donating groups at R; destabilize the adduct leading to higher
(more positive) AGpy. In contrast to PCP and PNN complexes, the CNC complexes
exhibit a different trend. The electron withdrawing CFs groups also destabilize Br
and OH adducts. A detailed analysis of this divergent trend is beyond the scope of
this paper. We speculate that these differences are related to the nature of Mn-C
coordination in the CNC complexes. Furthermore, the R; functionalizations in this
case are not performed on the C moiety coordinating the Mn centre unlike for the
other complexes where the functionalized P/N/S are directly bound with the metal
site.

4.3.6. Functionalization on ligand backbone
Primarily two factors control the impact of functionalization on the ligand backbone:

1) electronic effect which influences the basicity of the acceptor site and
2) strain in the geometry upon functionalization.

Electron releasing groups should increase the basicity of the acceptor site and,
therefore, are expected to have a stabilizing effect. At the same, since electron
releasing groups such as a tBu are bulkier they are also expected to introduce a
high amount of strain in the coordinated ligand geometry. R;=iPr resulted in 6 CPC
and PNN, and 5 PCP complexes with Br coordinated to the Mn.

Variation of R, seems to have minimal impact on the PCP scaffold where AGHg,
shows little variation with the R,=H being the most stable complex, and R,=CF;
being the least stable. This behaviour is expected since the R, site is located fur-
ther away from the proton acceptor site on the ligand. For both Mn-PNN and
Mn-CNC complexes, Ry=cy results in most favourable adduct formation. R,=CF3
leads to most destabilized adduct for the Mn-CNC, whereas R,=tBu is most desta-
bilizing functionalization for Mn-PNN. The additional stabilization of cy substitution
is in contrast with the destabilization introduced by other electron donating groups
namely Ph, iPr and tBu. The Hamett constants of cy and iPr are -0.05 and -0.04, re-
spectively, indicating similar electron releasing behaviour via inductive effect.[74]
We attribute the observed destabilizing effect of Ph, iPr and tBu groups, despite
their electron donating nature, to the geometric strain. Analysis of geometric strain
showed that R,=cy scaffold had an effective stabilization of 4.15 kcal mol? rela-
tive to R,=H. In contrast while R,=iPr suffered a destabilization of 1.37 kcal mol L.
Therefore both steric and inductive effects play an important role in stabilization
of the Br adducts. Heatmap plots for the functionalization on donor and ligand
backbone sites respectively represent the average impact of the choice of the func-
tionalization groups. Both donor and backbone site functionalization leads to a
great spread in average Gibbs free energy of formation, which can vary by up to
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Figure 4.7: Comparison of isopropoxide stabilities with hydroxide per catalytic ligand group (in kcal
mol!). Swarmplots are added to indicate the functionalization on a) catalyst donor site R; and b)
catalyst backbone site R;.

20 kcal mol! between different functionalizations. This reflects the degree of tun-
ability of the catalytic properties that these ligand scaffolds can offer. Especially
interesting are the qualitative changes in the average stability, where for example
the substitution of CF3 on the backbone site can turn the adduct formation from ex-
ergonic to endergonic. The relative range and standard deviation does not change
significantly within the data sets.

4.3.7. Catalytic adduct species

With regards to the catalytic cycle, different adduct stabilities that play a significant
role in activity and efficiency are examined. The heatmaps of the average formation
Gibbs free energies shows the difference between the investigated adducts. The
results indicate that the bromide adduct sustains substantial stability upon function-
alization, especially for CNC complexes. The stabilities of the other adducts with
similar structure such as MeO and EtO, or tBuO and iPrO are quite similar.

Boxplots comparing the difference formation Gibbs free energies for the cata-
lysts with different ligands are shown in Figure 4.7 and 4.8 allow to analyse the
trends in more detail. One interesting aspect in (de)hydrogenation chemistry is
the choice of the base activator / promotor for the catalytic reaction. An enhanced
stability of a complex formed with the base can result in inhibition and the catalyst
can remain in a resting state. Here, we considered a model (de)hydrogenation of
iPrOH reaction as an example.
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In Figure 4.7 and 4.8, the stability of isopropoxide to the adduct of two po-
tential bases (KOH and KOtBu, respectively) is compared. The results show that
a competition between the base (KOtBu) and iPrOH for complexation with the Mn
centre is highly likely. However, the iPrO adduct was generally found to be more
stable than the OH adduct for all Mn-pincers studied here. This concludes that
KOH may represent a better choice for the systems where IPA dehydrogenation is
important. Consistent with our observation, Beller and co-workers observed that
switching from KOH to KOtBu lead to catalyst deactivation in dehydrogenation of
methanol catalysed by a Mn-PNP pincer complex.[55]

4.4. Conclusions

n this investigation, we carried out a computational analysis of the effect of

functionalization on different Mn-adducts of five types of pincer catalysts. Here,
a data augmented approach was employed using fast XTB optimizations to anal-
yse stabilities of metal adducts that can play a significant role in the catalytic cy-
cle. The xTB results were compared to DFT calculations, which showed qualitative
agreement and helped identifying the accuracy boundary of the accelerated xTB
methodologies for studying Mn(I)-pincer complexes We identified linear scaling re-
lation between Gibbs free energy for formation of different adducts, which can be
used for rapid screening purposes.

Functionalization of the donor site directly affects the metal centre activation,
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as illustrated by the changes in the computed CO stretching frequencies. Increased
electronic density at the metal centre and geometric strain both have destabilizing
effects on the formation of alkoxides, hydroxide, bromides and hydride adducts.
Comparison of relative stabilities of the isopropoxide adduct with hydroxide and
tert-butoxide adducts showed that KOtBu can have a poisoning effect during iPrOH
dehydrogenation, and that KOH would be a more suitable base.

In the outlook, this work is a first step in mechanism based high throughput
screening of pincer ligand based catalysts. Development of data-augmented ap-
proaches to screen and design highly active homogeneous catalysts is an ongoing
effort in our laboratory.
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electivity control is one of the most important functions of a catalyst. In asym-

metric catalysis the enantiomeric excess (e.e.) is a property of major interest,
with a lot of effort dedicated to developing the most enantioselective catalyst, un-
derstanding the origin of selectivity and predicting stereo selectivity. Herein, we
investigate the relationship between predicted selectivity and the uncertainties in
the computed energetics of the catalytic reaction mechanism obtained by DFT cal-
culations in a case study of catalytic asymmetric transfer hydrogenation (ATH) of
ketones with an Mn-diamine catalyst. Data obtained from our analysis of DFT data
by microkinetic modelling is compared to results from experiment. We discuss the
limitations of the conventional reductionist approach of e.e. estimation from assess-
ing the enantiodeterminative steps only. Our analysis shows that the energetics of
other reaction steps in the reaction mechanism have a substantial impact on the
predicted reaction selectivity. The uncertainty of DFT calculations within the com-
monly accepted energy ranges of chemical accuracy may reverse the predicted e.e.
with the non-enenatiodeterminitive steps contributing to e.e. deviations of up to
25%.
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5.1. Introduction

Asymmetric reduction catalysis is a powerful tool for the production of chiral
compounds. Enantiomeric purity is desirable in the production of fine chemicals
such as in the pharmaceutical and crop-protection industry.[2] Discovery of efficient
enantioselective catalysts involves tedious works largely based on the trial and er-
ror approach. There is a long-standing dream of rational design based on ab initio
calculations.[3] Substantial progress has been made in this direction in the recent
years with the introduction of novel data-rich computational screening approaches
allowing for rapid evaluation of diverse reactivity descriptors for transition metal
catalysts and correlating them with defined reactivity metrics.[4—-6] Despite great
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Figure 5.1: Mn-diamine catalyst with reaction site NH; and NH, and the model reaction of acetophenone
to phenylethanol.

progress witnessed in the last decade[ 7, 8], computational elucidation of enantiose-
lectivity still mostly follows synthesis instead of leading it, possibly introducing a bias
towards the experimental outcome.[9-13] Density functional theory (DFT) is cur-
rently the method of choice for computing mechanisms and energetics of competing
reaction paths in homogeneous catalysis by transition metals.[14—16] Although the
accuracy of modern computational methods is being constantly improved through
the efforts of a large community of researchers, reaching the chemical accuracy of 5
kJ mol ! is still a great challenge for practical electronic structure methods.[17-19]

Besides the accuracy of the computational method, the uncertainty regarding
the reaction mechanism and the nature of the catalytic species can also affect the
predictive power. Multi-step mechanisms with relatively short-lived intermediates
are common in homogenous catalysis resulting in highly complex kinetic behaviour.
The enantioselectivity is determined by the relative rates of the two competing
enantioselective paths. Given the high complexity of most catalytic mechanisms, in
practice e.e. are commonly estimated by comparing only the computed barriers of
the two enantiodetermining steps, while assuming that the other reaction steps in
the reaction mechanism have only minor impact on the overall kinetics and the e.e.
of the reaction.

One way to tackle the mechanistic complexity of catalysis are ab initio kinetic
models. Microkinetic models offer the possibility to investigate complete reaction
pathways by calculating rate constants and modelling concentration profiles.[20]
More complex reaction processes can hence be considered and enantioselective
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excess can be determined while accounting for the whole reaction network. In
this paper we investigate how minor variations in the energetics of the reaction
pathway affect the selectivity of the catalyst using Mn(I)-catalysed transfer hydro-
genation of acetophenone as a model reaction (Figure 5.1). Selective reduction
of organic oxygenates and their derivatives such as ketones, carboxylic acid esters
and nitriles is fundamental to the production of fragrances, pharmaceuticals and
fine-chemicals.[21, 22] In this context, asymmetric catalysis has led to exceptional
advances in chemical synthesis.[23, 24] Besides, catalyst use is one of the most
cost-effective and environmentally responsible method to circumvent the need for
stoichiometric reductants.[25, 26]

In recent years, significant progress has been made in the enantioselective
(transfer) hydrogenation of polar C=0 and C=N functionalities.[27-33] All these
advances are aimed to achieve the highest possible yield and enantioselectivity un-
der mild conditions. The asymmetric transfer hydrogenation of ketones by transition
metal catalysts has been studied and the catalytic mechanism has been addressed
by numerous computational and experimental works.[30, 34, 35] In the last decade
substantial efforts were put in the development of new catalysts based on earth-
abundant elements. Several efficient enantioselective Mn(I)-based reduction cata-
lysts have been reported.[9, 10, 36] Transfer hydrogenation by acid-base coopera-
tive catalysts has been investigated both computationally and experimentally.[37-
46] Evidence has been presented for both an inner- and outer-sphere pathway have
been provided.[47, 48]

Mn(I)-based enantioselective catalysts are rare and usually underperform com-
pared to the efficiency of their Ru or Rh-based counterparts. Computational screen-
ing is an attractive approach to accelerate the development of such biocompatible
and cheaper Mn-based enantioselective catalysts. Herein, we employ a DFT-based
microkinetic modelling to explore how accurate e.e. predictions can be assuming
the chemical accuracy of DFT calculations and taking a kinetic model of the com-
plete catalytic cycle into account for a simple chiral Mn—diamine catalysts. We apply
a multidimensional analysis to identify the factors contributing towards selectivity
aside from the energy difference between the enantiodetermining steps.

5.2. The Enantiomeric Excess

E nantiomeric excess is defined as the excess of the major enantiomer over the
other:[49, 50]

|cF = ¢
e.e. = W

The ratio of the R- to S-enantiomer is directly linked to the ratio of the rate con-
stants for the two competing reaction channels for the conversion of the prochiral
substance to the particular enantiomers, which is in turn is linked to the difference
in apparent Gibbs free energies of activation of the two competing reaction paths
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of the diastereomeric transition state. Conventionally the intrinsic free energy of
the enantiodetermining step is employed to reduce the kinetic complexity. Instead
of the ratios of the overall rates, difference of activation free energies of the rate-
determining steps are considered:

Cr kCR Xeii

= =e RT
Cs kCS

Combing the two equations enables us to determine the e.e. from the difference
in the transition state energy of the two enantiomers in the stereo selective step.
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Therefore, the apparent barrier that is observed in experimental and theoretical
investigation directly determines the value of our mathematical determined e.e. as
shown in Figure 5.2.
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Figure 5.2: Relationship of the difference in the enantiodetermining transition state barrier and the
enantiomeric excess assumed for the catalytic reaction.

5.3. Results and Discussion

n this work we considered the asymmetric Mn-diamine catalyst for the reduc-
tion of ketones. The hydrogenation of acetophenone to R- and S-phenylethanol
was investigated as a model reaction. Figure 5.2 presents the postulated reaction
mechanism along with the DFT-computed free energy diagram. The reaction can go
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along two channels distinguished as NH; and NH, here. Previous studies identified
Mn(I)-alkoxide species as the key reaction intermediates. The catalytic cycle starts
with a Mn-isopropoxide complex 1 that undergoes the B-H elimination to produce 2
that the Mn-hydrido complex with a weakly bound acetone molecule. Acetone is in
the next step replaced by acetophenone substrate, which aligns its carbonyl group
with the Mn-H and N-H moieties of the catalyst (3). The hydride from the metal
centre is transferred to the ketone to form a stable alkoxide species 4. This reaction
step is also the enantiodetermining step, which dictates the chirality of the produced
alcohol. In the most endergonic reaction step, 1-phenylethanol (PhCH(OH)CH3) is
liberated, leading to the formation of the dehydrogenated Mn-amido species 5. In
the final step of the catalytic cycle, isopropanol reacts with the dehydrogenated
catalyst to regenerate the initial Mn(I)-isopropoxide state 1.

The enantiodetermining step in the lowest energy reaction pathways of the for-
mation of R- to S-phenylethanol shows a difference in Gibbs free energy of 6 kJ
mol. This difference translates with the equation 3 to an e.e. of 79%. The MKM
model including all the reaction steps of the catalyti<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>