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Abstract

Various industries rely upon transition metal complexes to efficiently catalyze chemical reactions.
These transition metal complexes often consist of precious metals, which are scarce and expensive.
Therefore, a shift towards catalysts containing earth abundant metals is necessary. Computational
catalyst screening has the potential to accelerate this shift by reducing catalyst discovery time. The
first step of computational catalyst screening consists of obtaining a digital representation of the
catalyst. Usually, a fixed a priori ligand configuration of TM-complexes is assumed to represent
the catalyst. However, this approach of catalyst representation might not capture the influence of
alternative ligand configurations on the observed catalytic behavior.

In the context of high-throughput in-silico catalyst screening, this study aims to evaluate the
influence of ligand configurations on the stability and physical-chemical properties of transition
metal complexes. An automated workflow for the generation of complexes, complex sorting based
on ligand configuration, DFT geometry optimization and descriptor extraction is employed. En-
sembles of ligand configurations are generated for iridium(Ill), ruthenium(Il) and manganese(I)
complexes featuring 88 bisphosphine bidentate ligands. Based on DFT optimized geometries,
analysis reveals a preference for a specific ligand configuration for iridium(III) complexes. How-
ever, this preference is not observed for ruthenium(ll) and manganese(I) complexes. Furthermore,
for the majority of ruthenium(Il) and manganese(I) complexes multiple ligand configurations are
found within a 10 kJ/mol range from the most favorable one. The analysis of physical-chemical
of thermodynamic, electronic, geometric and steric descriptors reveals that none of the descriptors
consistently correlates to the preferred ligand configuration. These findings indicate that a pri-
ori selection of ligand configuration may result in insufficient coverage and representation of key
catalyst features for predictive in-silico chemical space exploration.
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Introduction

The chemical industry is responsible for providing the world with many necessities of modern so-
ciety, including medicine, food and materials. In these industries, catalysis plays a fundamental
role, with estimates indicating that over 90% of chemical products are produced utilizing catalysts
[1]. A catalyst is a chemical substance increasing the reaction rate, without being consumed. Fur-
thermore, catalysts may allow reactions to proceed through new reaction pathways with lower
energy barriers. These advantage are especially important for sustainable chemistry, which focuses
on minimizing energy expenditure and waste generation [2]. In general, catalysts can be divided
into three categories, each presenting their own advantages and disadvantages. These categories
are heterogeneous, homogeneous and biocatalysis.

Heterogeneous catalysis stands out as the most applied type of catalysis. In heterogeneous
catalysis, the catalyst exists in a different phase from the reactants. This type of catalyst has the
principal advantage of easy separation and recovery of the catalyst [3]. However, heterogeneous
catalysis generally suffers from mass transfer limitations. Furthermore, reaction conditions may
reach extreme levels of temperature and pressure. In contrast to heterogeneous catalysis, homoge-
neous catalysts exist in the same phase as the reactants, which has the general benefit of achieving
high selectivity and activity under mild reaction conditions [4]. These advantages are important
for reactions, typically difficult to perform, such as cross-coupling and hydrogenation [5, 6]. Simi-
lar to homogeneous catalysts, biocatalysts, which primarily consists of enzymes, also coexist in the
same phase as the reactants [7]. Nonetheless, due to large differences in the nature of the catalysts,
biocatalysis is recognized as a separate class of catalysis.

A versatile class of homogeneous catalysts consists of organometallic complexes, which are
characterized by a transition metal center (TM) alongside coordinated ligands. These ligands pro-
vide stability and reactivity to the metal [8]. Phosphine ligands are often used due to their ability
to provide flexibility in modification of steric and electronic properties of the complex [9]. Bispho-
sphine bidentate ligands (PP) in particular, excel at influencing the substrate coordination sites by
effectively blocking off parts of the metal center. In addition to ligands, metals are also crucial in
influencing TM-complex properties, as metals in different rows and groups of the periodic table
display differences in properties. Metals in different rows exhibit differences in atomic orbital ener-
gies [10]. Additionally, metals in different groups differ in electron configuration of the d electrons,
leading to variation in energy reduction due to complex formation[10, 11].

TM-complexes play an important role as catalysts in hydrogenation reactions. These hydro-
genation reactions are employed to synthesise various chemicals, ranging from pharmaceuticals to
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Figure 1.1: General scheme of main components of computational workflows for HT catalyst
discovery and screening

fuels. [12, 13]. As an example, the asymmetric hydrogenation of nitriles provides an efficient path-
way to produce amines, integral compounds for the pharmaceutical and agrochemical industries
[14]. Catalysts for nitrile hydrogenation need the right combination of metal and ligands to achieve
high selectivity and minimum waste product generation [15]. Therefore, precious metals (Pd, Pt,
Rh, Ru, Ir) are frequently employed as the metal center in these hydrogenation catalysts [16, 17].
However, the scarceness and high cost of precious metals makes a shift towards earth-abundant
metals, such as manganese and cobalt, necessary [18, 19].

The substitution of precious metals with earth-abundant alternatives poses a significant
challenge, due to differences in metal properties. Therefore, novel catalysts have to be discovered,
using ligands as a bridge to address variations in properties of different metals [20]. However, the
available metal-ligand combinations are nearly endless. Various methods are employed to explore
the chemical space, such as the popular high throughput experimentation (HTE) approach. During
these HTE approaches, a large number of reactions are performed in parallel, each performed by
different catalysts. This approach allows many catalysts to be effectively analyzed on a specific tar-
get, such as selectivity. [21]. Despite the effectiveness of HTE, this method is still time consuming
due to the dependency on trial and error. A potential approach to reduce catalyst discovery time is
the implementation of HT computational chemical space exploration.

Different methods are employed for HT computational exploration of the chemical space
[22-24]. In general, the computational workflows contain four main components, namely: struc-
ture generation, structure optimization, descriptor extraction, and finally statistical modeling re-
lating descriptors with catalytic behavior [25]. Figure 1.1 visualizes the main components of com-
putational workflows for digital catalyst discovery and screening. First, an initial digital represen-
tation of the catalyst is generated. Subsequently, geometry of the generated catalyst is optimized
by searching for a minimum on the potential energy surface (PES). This optimization can be per-
formed using various methods, such as density functional theory (DFT). The descriptors of the op-
timized geometries are obtained and used to build statistical models relating catalyst properties to
catalytic performance through quantitative structure-activity /selectivity relations (QSAR/QSSR)
[22-24, 26].

The digital catalysts representation may be the most crucial part of any HT computational
workflow for chemical space exploration, as the selected structure greatly influences subsequent
workflow outcomes. In octahedral TM-complexes, ligands can be coordinated to the metal center
in various arrangements, as shown in Figure 1.2. This ligand arrangement influences the inter-
action between metal center and substrate, for example, through the trans-effect. The trans-effect
describes the influence of a ligand on the rate of substitution of the ligand trans to itself [27]. The
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strength of the trans-effect depends primarily on electronic factors of the ligands, such as the type
of metal-ligand bonding [28]. Generally, computational workflows a priori assume a specific ligand
arrangement based on an energy ranking or intuition, thus neglecting parts of the chemical space.
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Figure 1.2: Set of possible ligand configurations for an octahedral TM-complex featuring a
bidentate ligand (PP), other ligands (L) and a substrate (5)

Different ligand configurations of TM-complexes may be similar in stability. Following a
Boltzmann distribution, these metastable ligand configurations may coexist under reaction con-
ditions. The ligand configurations present in low concentrations may provide favorable reaction
pathways, leading to a major influence on the observed catalytic behavior [29-35]. Therefore, the
question arises whether virtual catalyst screening methods can correctly consider catalytic systems
when part of the chemical space is neglected due to the initial human choices and intuition.

In the context of high-throughput in silico hydrogenation catalyst screening, this study aims
to evaluate the influence of ligand configurations on the stability and physical-chemical properties
of transition metal complexes. An automated workflow for for the generation of complexes, com-
plex sorting based on ligand configuration, DFT geometry optimization and descriptor extraction
is employed. Using this workflow, ensembles of ligand configurations for iridium, ruthenium and
manganese complexes featuring 88 bisphosphine bidentate ligands are created. DFT-optimized ge-
ometries and relevant descriptors of the different generated complex ensembles are compared and
analyzed to explain differences between different ligand configurations. The thesis starts by pro-
viding a theoretical background for applied computational methods. Afterwards, the main findings
are discussed in the form of a paper. This paper also discusses applied methods and models. At
last, a summary of the project is provided and the future outlook is discussed.



Theoretical background

In this chapter, theory behind applied geometry optimization methods is introduced. The applied
methods were based on DFT and force fields. Afterwards, a discussion of investigated physical-
chemical properties, also known as “descriptors’, is included.

2.1 Density Functional Theory

Density Functional Theory (DFT) is a cornerstlone in modern quantum-mechanical calculations.
DFT separates itself from other quantum-mechanical methods by the reliance on electron density,
instead of wavefunctions [36]. This reliance on electron density results in a method for quantum-
mechanical calculations that can excellently balance efficiency and accuracy. Therefore, DFT is
widely applied in the field of homogeneous catalysis [37-39]. Tasks for which DFT is often em-
ployed include geometry optimization, energy calculations and transition state searching [40]. In
this study, DFT is the primary method for geometry optimization. The fundamental equation of
DFT is the non-relativistic, time-independent Schrodinger equation, shown in Equation 2.1.

Hy = Ey (2.1)

In this equation, H and 1) represent the Hamiltonian operator and wavefunction, respectively. To
obtain solutions for the Schrédinger equation, the Hamiltonian operator has to be described. How-
ever, depending on the system, the Hamiltonian operator takes different forms. For a molecular
system, consisting of N electrons and M nuclei, the Hamiltonian operator is expressed by the fol-
lowing equation [41, 42]:

1 1M MMy, N M MMy,
_ _ = 2 _ = i “A -1 !
H=—5) Vi=gd a5, 22 T2 v 2 Hos @)
i=1 i=1 i=1 A=1 i=1 A=1 A=1A'>A
In this equation, Z,4 represents the nucleus charge, r;; is the distance between electrons, r;4 is
the distance between electron and nucleus and R 44+ represents the distance between nuclei. The
Hamiltonian operator, as shown in Equation 2.2 consists of kinetic and potential energy terms. The
first two terms are operators for the kinetic energy of electrons and nuclei, respectively. The last
three terms are potential energy operators, representing coulomb attraction and repulsion terms
between electrons and between nuclei.
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The Hamiltonian, as depicted in Equation 2.2, enables the Schrddinger equation to be solved. How-
ever, analytical solutions can only be obtained for a one electron system [36]. Due to pairwise elec-
tron interactions, approximations are required to obtain solutions for the Schrédinger equation for
larger systems. The Hamiltonian can be simplified through the Born-Oppenheimer (BO) approxi-
mation. The BO approximation states that nuclear and electronic motions can be decoupled, due
to a significant weight difference between electrons and nuclei. Consequently, nuclei move much
slower than electrons, leading to nuclei being much less reactive to changes in the system. As a
result, the kinetic energy associated with the nuclei can be neglected from the Hamiltonian [43].
Applying these assumptions to Equation 2.2, results in the following simplified Hamiltonian.

M

H :—EZN:V?—Z ZA+ZN:ZN 2.3)
el 9 i 7'1' : ij .

i=1 i=1 A=1 i=1 A=1

bS

Different approaches, each with different assumptions, are employed to solver the simplified Hamil-
tonian depicted in Equation 2.3. The Hartree-Fock method for example, solves the optimized sin-
gle electron wavefunctions by applying a single Slater determinant [44]. However, this method
neglects electron correlations. In contrast, DFT does consider electron correlations by describing
the electronic wavefunction in terms of electron density. This reliance on electron density reduces
complexity, due to the dependency on only 3 variables, instead of 3N, for an N-electron system
[45]. Hohenberg and Kohn first described two theorems to solve the many-electron wavefunction,
known as the Hohenberg-Kohn theorems [46]. The first theorem states that all electronic properties
are determined by the electron density of the ground state, while the second theorem establishes
that the electronic energy of the system is inherently a functional of the density. This results in
a minimum electronic energy for the ground state electron density. Together, these two theorems
state that solely obtaining the density is sufficient to describe the molecular system. The energy
functional can now be expressed in terms of density, by the Kohn-Sham equation [47]:

Elp(r)] = Vaa + Vealp(r)] + Jlp(r)] + Tp(r)] + Exclp(r)] (24)

In this equation, The repulsion between nuclei is denoted by V.4 4, Ve 4 is the attraction term between
electrons and nuclei, ] represents the mean field electron-electron interaction, T is the kinetic energy
functional and Ex¢ is the exchange-correlation functional.

2.1.1 Exchange-Correlation functionals

The exchange-correlation functional consists of all electron-electron interactions, outside of the
Hartree-Fock mean field interactions. However, the exact form of the exchange-correlation func-
tional is unknown, and only approximations can be used. Describing accurate exchange-correlation
functionals is a challenge due to difficult-to-predict dependencies required for improved estima-
tions. Generally, exchange-correlation functionals can be placed on the so-called Jacob’s ladder,
based on the dependencies of the functionals [48].

Figure 2.1 shows the levels of theory for the exchange-correlation functionals. Each increase in
level of theory adds new dependencies, improving the accuracy of the exchange-correlation func-
tional. However, computational cost also drastically increases with added dependencies. In lit-
erature, hybrid functionals are most often used, as the balance between chemical accuracy and
computational cost is favorable [37]. In this research specifically, the PBEO functional has been used
[49]. PBEO applies the Hartree-Fock and Perdew-Burke-Emzerhof (PBE) exchange energy in a 1:3
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Figure 2.1: Jacob’s ladder of DFT exchange-correlation functionals. Starting from the bottom,
Hartree-Fock, dependencies are added along the ladder, increasing chemical accuracy and
computational cost.

ratio, alongside full PBE correlation energy [50].

2.1.2 Basis sets

The atomic wave functions consist of a set of functions called the basis set. Similarly to the exchange-
correlation functionals, basis sets apply approximations balancing accuracy and computational
cost. The basis set transforms the mathematical form of molecular orbital (MO), resulting in equa-
tions which are efficiently solvable by computers. To determine MOs in the first place, the Linear
Combination of Atomic Orbitals (LCAO) method can be applied. As the name implies, this method
states that MOs can be expressed as a linear combination of atomic orbitals (AO). Most accurate
basis sets are formed by applying Slater-type orbitals. These orbitals resemble hydrogen atomic
orbitals, which are excellent for expanding MOs due to their correct shape both near and far from
the nucleus. However, Slater functions are computationally expensive. For that reason, Gaussian
type orbitals are preferred in practice. Multiple Gaussian type orbitals can be used to represent
a single AO to improve accuracy. A valence double zeta basis set obtains two coefficients for an
AO, describing both charge distribution near and far from the nucleus. By using a valence double
zeta basis set, AOs of the same type are not identical and therefore distinguishable. The number
of functions can be increased to triple or even quadruple zeta to improve accuracy and computa-
tional cost [51]. However, to obtain an accurate basis set, other types of functions also have to be
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considered. Polarization functions account for polarization of electron density of the atom in the
molecule. Diffuse functions are important for improving accuracy far away from the nucleus.

In this study, the double zeta def2-SVPP basis set and triple zeta def2-TZVPP basis set were used
[52]. These basis sets contain extra polarization functions compared to the def2-SVP basis set. The
triple zeta def2-TZVPP basis set contains three algebraically solvable orbital functions for each
atomic orbital, resulting in higher accuracy. For that reason, the def2-SVPP basis set is used for
geometry optimization. Afterwards, energies of optimized geometry are refined with the higher
order def2-TZVPP basis set.

2.1.3 Dispersion correction

For large molecules, like transition metal complexes, London dispersion forces are essential to con-
sider to improve the chemical accuracy of Kohn-Sham DFT [53]. Without correcting for the disper-
sion forces, most common hybrid functionals are not able to provide correct —Cs R~% dependence
of the dispersion interaction energy on the molecular distance. Different methods have been made
to take dispersion forces into account, with most methods being modifications of the so-called DFT-
D method (DFT + dispersion). For this research, the DFT-D3 [54] is used, due to its high accuracy
and broad range of application.

214 Geometry optimization

In this study, DFT is applied to perform geometry optimization of TM-complexes. The goal of
geometry optimizations is to characterize the molecule configurations, for which a minimum total
energy on the potential energy surface (PES) is found. Geometry optimizations are performed by
providing a molecule structure, believed to be close to the minimum energy structure. This initial
molecular geometry will in be changed until the potential energy gradient with respect to position
equals zero, corresponding to a minimum on the PES. Moreover, the second derivatives of the total
energy with respect to the configuration is determined in a hessian matrix. The Hessian matrix is
examined to check whether negative (imaginary) frequencies are present in this matrix. If so, the
found geometry is not actually a minimum on the PES.

2.2 Force Field methods

In order to create initial geometries for DFT geometry optimization, force field (FF) methods are
applied. These FF methods employ simple empirical energy functions and parameterization, en-
abling molecular structure optimization at relatively low computational costs [55]. The parameters
of FF methods are specifically optimized using experimental or quantum mechanical data of spe-
cific systems to accurately model those specific systems. For this research, the Universal Force Field
(UFF) method is applied, due to the broad range of applicability and proven use for TM-complexes
[56]. The UFF provides FF parameters for a large part of the periodic table, using the element,
hybridization and connectivity [57].
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2.3 Descriptors

In order to evaluate properties of DFT geometry optimized TM-complexes, mathematical repre-
sentations of physical-chemical properties, called descriptors, can be obtained [58]. Each different
complex and ligand configuration consists of a unique set of descriptors. These descriptors are
regularly used to relate catalyst properties to catalyst characteristics through QSAR models [25].
For this study, descriptors are applied to study differences in material properties between different
complex ligand configurations. Therefore, a selection of electronic, steric and geometric descriptors
is obtained. A list of all studied descriptors, including their category and a description is available
in the appendix.

2.3.1 Electronic descriptors

Electronic descriptors aim to describe the electronic structure properties of TM-complexes, provid-
ing insight into the reactivity and stability of TM-complexes. Examples of electronic descriptors
are: dipole, dispersion, nucleophilicity, natural bonding orbital (NBO) charge and more. Explicitly
studied electronic descriptors are the energy of the highest occupied molecular orbital (HOMO),
energy of the lowest unoccupied molecular orbital (LUMO) and the energy gap (HOMO-LUMO
gap) between them. These orbitals are prime reactivity and stability indicators, as they describe
the electron accepting and donating capabilities of a molecule [59]. An illustration of the HOMO-
LUMO orbitals and gap is shown in Figure 2.2.

N\

LUMO
HOMO-LUMO gap

W

Figure 2.2: Illustration of the highest occupied molecular orbital (HOMO), lowest unoccupied
molecular orbital (LUMO) and HOMO-LUMO gap

Energy

2.3.2 Steric descriptors

Steric effects describe non-bonding interactions between atoms in a molecule. Each atom in a
molecule occupies a specific amount of space, leading to overlap in electron clouds of different
atoms. In turn, this overlap results in repulsive inter-atomic interactions, influencing reactivity of
the TM-complex [60]. Bisphosphine bidentate ligands may consist of many atoms, defining the
direction of substrate-metal reactions through steric effects [9]. A key descriptor describing steric
hindrance is the buried volume (BV), which describes the fraction of a sphere occupied by a spe-
cific ligand, using the metal center as a core [61]. An illustration of the buried volume is shown in
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Figure 2.3.

Figure 2.3: Illustration of the buried volume of a bidentate ligand for a sphere with radius R

2.3.3 Geometric descriptors

Geometric descriptors focus on describing the shape and size of molecular structures. This de-
scriptor class entails (bond) angles and lengths. Two important angles for bisphosphine bidentate
ligands are the bite and cone angles, of which illustrations are shown in Figure 2.4 The bite angle
(Figure 2.4a) describes the angle between the central metal and the two donor atoms of a bidentate
ligand. Correlations between the bite angle and catalyst selectivity have been found for various
reactions [62]. The Tolman cone angle (Figure 2.4b) is one of the most common used measures of
phosphine ligand size [63]. This cone angle covers the angle of a cylindrical cone, using the metal
center as its core and spanning the edges of the van der Waals spheres of the outer ligand atoms
[64].

(a) Biteangle (b) Cone angle

Figure 2.4: Illustrations of the bite angle (a) and cone angle (b) geometric descriptors



Results

In this chapter the obtained results will be discussed. The main findings are presented in the form
of a paper. This paper includes applied methods and models, analysis and discussion of the main
findings and research conclusions. The corresponding supporting information of the paper is found
in the appendix.
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Computational chemical space exploration is becoming increasingly important for the
design of organometallic homogeneous catalysts. Catalytic properties of metal-ligand
complexes are not only influenced by the nature of ligands coordinated to the metal
center, but also by their spatial arrangement around the metal center. However, com-
putational catalyst screening workflows usually operate under the assumption of a
particularly fixed ligand arrangement for broad classes of compounds, thus neglect-

ing part of the chemical space. In the context of high-throughput in silico catalyst
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screening, this study aims to evaluate the influence of ligand configurations on the
stability and physical-chemical properties of transition metal complexes. We employed
an automated workflow for the generation of complexes, sorting based on bite angles of
ligands, DFT optimization and descriptor extraction. Ensembles of possible ligand con-
figurations are generated for 88 bisphosphine bidentate ligands, alongside iridium(IIT),
ruthenium(II) and manganese(I) metal centers. Based on DFT optimized geometries,
analysis reveals a preference for a specific ligand configuration for iridium(III) com-
plexes. However, this preference is not observed for ruthenium(II) and manganese(I)
complexes. Furthermore, for the majority of ruthenium(II) and manganese(I) com-
plexes multiple ligand configurations are found within a 10 kJ/mol range from the
most favorable configuration. The analysis of thermodynamic, electronic, geometric
and steric descriptors reveal that none of the descriptors consistently correlates to the
preferred ligand configuration. These findings indicate that a priori selection of ligand
configuration may result in insufficient coverage of the chemical space and insufficient
representations of the key catalyst features for predictive in-silico catalyst screening

campaigns.
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Introduction

Homogeneous catalysis serves as the enabling technology for numerous organic chemical
transformations. '™ An important and versatile class of homogeneous catalysts consists of
organometallic complexes with tunable ligands.*® Considering the nearly endless possible
metal-ligand combinations, exploration of the chemical space is a challenge. Therefore,
many methods for that help navigating this multidimensional space have been developed.
Relevant examples are the approaches involving virtual high-throughput (HT) screening®1°
and combinatorial chemistry.®11? Virtual screening of the metal-ligand space has been
enabled by several (semi-)automated workflows utilizing data-driven quantitative structure
activity /selectivity relationships (QSAR/QSSR).'¥ 17 These methods often consist of four
fundamental components: structure generation, electronic structure calculation, descriptor
extraction, and finally statistical modeling to relate descriptors to catalyst behavior. 1819
Common structure generation methods typically select only a single ligand arrangement
based on either an energy ranking or heuristics for a selected chemical system. Considering
the flexibility of these ligands, one thus assumes that the preferred ligand arrangement
is retained for all members of a given ligand family and/or metal centers. Conformational
search aiming at identifying low-energy rotamers and isomeric structures is commonly carried
out for this selected coordination polyhedron with the pre-defined ligand configuration, which

is preserved at this stage. 202!
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Figure 1: Potential reaction energy diagram of two different ligand configurations (a) and
(b) of a TM-complex

However, different ligand configurations of TM-complexes vary in both stability and reac-
tivity.?? The relationship between the stability and observed catalytic properties of a complex
is not known a priori. Consider a scenario where a meta-stable configuration of a TM com-
plex, existing at a low concentration in the reactive system, establishes a favorable reaction
channel. This minor catalytic component would provide a major impact on the reaction
rate and even determines the nature and characteristics of the primary reaction product
(Figure 1).2% As an example, two possible ligand arrangements are depicted in Figure 1a
and b. Although the complexes with a different ligand arrangement are in equilibrium, one
configuration may provide a reaction path with a significantly higher energy barrier than the
other configuration. The overall ensemble of ligand configurations ultimately contribute to
the observed catalytic properties. In the context of the virtual HT screening, the conforma-
tional isomery of the organic ligand backbone has been recognized by the community. 19:30-32

However,the influence and contribution of the metastable configurations featuring varied
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coordination environments and ligand arrangements is often overlooked due to the initial
configuration choice. Furthermore, this choice assumes that the preferred configuration does
not change with relatively minor variations in the ligand structure and, often, even the na-
ture of the metal center. Consequently, the question arises whether catalytic systems can be
fully accounted for when part of the chemical space is neglected due to initial human choices
and intuition?

In this work, we investigated TM-complexes that are relevant to homogeneous hydrogena-
tion catalysis, where bidentate ligands provide high enantioselectivity.3? 3% These complexes
employed various bidentate ligands with iridium, ruthenium and manganese metal centers.
Model auxiliary ligands were hydrides and CO (to yield neutral TM-complexes), while ace-
tonitrile served as a model substrate, to ensure their minor impact on the overall confor-
mational freedom of the complexes. We employed an automated workflow for construction,
sorting and descriptor calculation of ensembles of ligand configurations for TM-complexes.
The primary questions we would like to answer are whether a specific ligand configuration
is abundantly more favorable, whether ligand configurations display notable differences in
descriptors, and whether different ligand configurations are significantly different in terms
of stability and chemical properties. To answer these questions, we constructed ensembles
containing different ligand configurations for 88 bidentate ligands connected to 3 different
metal centers, namely iridium(III), ruthenium(II) and manganese(I), giving us a total of 919
octahedral TM-complexes. Afterwards, DFT-optimized geometries and relevant descriptors
of the different complex ensembles are compared and analyzed to explain differences between

different ligand configurations.
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Methods

Ligands and transition metal complexes

Herein, we have explored the configurational freedom and physical-chemical properties of
an extended catalyst dataset featuring neutral PPIrH3(CH3CN), PPRuH,(CO)CH3CN and
PPMnH(CO),CH3CN complexes. The dataset was constructed using 88 chiral bisphosphine
(PP) ligands and without any a priory assumption of the preferred ligand arrangement or
TM stereochemistry using a fully automated TM complex generation workflow.3¢ Figure 2
a illustrates the studied ligand configurations for the iridium, ruthenium and manganese
complexes. The 88 selected bidentate PP ligands belong to different ligand families, a subset
of which is shown in Figure 2b. The complete set of bidentate ligands is available in the

Supporting Information section A.

Complex generation and sorting workflow

The general workflow for complex structure generation employed in this study is visual-
ized in Figure 3. Structures for TM-complexes were generated using the in-house built
OBeLiX (Open Bidentate Ligand Explorer) workflow, available at https://github.com/
EPiCs-group/obelix. This workflow aims to aid computational exploration of organometal-
lic chemistry space through the automated generation, featurization and descriptor calcu-
lation. OBeLiX utilized the MACE python package for the automated generation of 3D
structures and stereochemistry assessment of TM-complexes.?6*” MACE is an open source
python package, which allows bias-free generation of 3D TM-complexes starting from molec-
ular SMILES strings>® for ligands and metal centers. Furhthermore, MACE generates all
possible stereoisomers, explores conformations and filters out identical and ”impossible” con-

figurations for the given metal-ligand combination.
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Figure 2: List of possible ligand configurations for each metal center (a) and a selection of
representative selected biphosphine bidentate ligand families (b)

Figure 3: Workflow for generating & sorting TM-complex geometries from specified user
input

After complex generation via MACE, the complexes were sorted according to their axial

7
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ligand configuration, which were identified using bite angles. The coordinate system of TM-
complexes are defined with respect to the bidentate ligand. For that reason, the bidentate
ligand is always present in the equatorial position. Therefore, the ligands in the axial po-
sition are the only non-bidentate ligand containing pair forming a bite angle of 180°. After
generating and sorting the TM-complexes, geometries were optimized at the level of Density

Functional Theory (DFT).

Density Functional Theory Calculations

The geometries and energies of the generated geometries were further refined by DFT cal-

239 software. For geometry optimizations, the PBEQ4°

culations using the Gaussian 16 C.0
exchange-correlation functional was used with Grimme’s DFT-D3(BJ) dispersion correc-
tions*! and the def2-SVPP basis set.*? The selected combination of basis set and exchange
correlation function are provide a good balance between computational cost and chemical
accuracy.*>** Normal mode analysis was carried out to confirm that the optimized geome-
tries correspond to local minima on the potential energy surface. For structures with present

imaginary frequencies, the PyQRC python package*3:46

was used to remove these imaginary
frequencies and restart geometry optimizations. After geometry optimization, energies were

refined with single point (SP) calculations at the PBE0-D3 level using the def2-TZVPP basis

set.42’47

Investigation of activity

To screen catalyst activity, one needs to define a measure of this emerging property. In this
study, the substrate binding energy of acetonitrile (Equation 1) was used as the simplified
metric for catalyst reactivity,?® In 1, a substrate (S) binds to a metal complex containing a

vacant coordination site, resulting in the substrate coordinated complex (L-M-S).

L-M-+S=L-M-S (1)
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To obtain substrate binding energies, an additional step to the workflow, outlined in Figure 3,
was introduced. Following complex sorting, automated removal of the acetonitrile substrate
from the complex structures was performed. Additional information about the substrate
removal script is available in SI section B. The substrate binding energy is defined by the

following formulae:

Ebind = EDFT,opt,comple:v - (EDFT,opt,complez—nosubs + EDFT,opt,subs) (2)

In this equation, substrate binding energy is described by the DFT optimized energy differ-
ences between the complex, (Eprr opt compiex) Minus the sum of substrate-removed complex

(EDFT.opt.complez—nosubs) and the energy of non-bonded substrate (Eprr opt subs)-

Descriptor calculation

The OBeLiX descriptor calculator!® was employed to automate the extraction of chemical-
physical properties and descriptors of DFT-optimized complexes. This tool determines elec-
tronic, steric and geometric descriptors using Morfeus?® and cclib.?® A graph based method
is employed to locate and label the bidentate donor atoms based on charges calculated by
a xTB single-point calculation. Based on these charges, the bidentate donor atoms are la-
beled as either 'min’ or 'max’. Additionally, the descriptor calculator enables descriptors to
be obtained on different levels of geometry optimization. In this study, descriptors based
on DFT optimized structures were considered. In total, a selection of 28 commonly used
DFT-based descriptors were analyzed. A full list of descriptors, alongside their category and

a description is available in SI section C.
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Results and discussion

The results section is divided into three parts: preferences in ligand configurations, the influ-
ence of these configurations on physical-chemical properties and lastly the thermodynamic

accessibility of metastable configurations.

Preferences in ligand configuration

To investigate whether a specific configuration is generally more favorable over others, the
relative stability and substrate binding energy differences of possible complex configurations
are analyzed. We studied whether a minimum on the potential energy surface corresponds
to the same ligand configuration across a wide set of bisphosphine bidentate (PP) ligands.

The relative stability of alternative configurations with respect to the pre-assumed ref-
erence structure per metal center is presented in Figure 4. At the top of each figure, the
reference structure is depicted, with the alternative configurations shown at the bottom. The
H-N axial ligand pair structure is used as the reference, being the only common configura-
tion present for all metals. The difference in stability between the reference and alternative
configurations is denoted as AE,.;.

Figure 4a illustrates the AE,.; data for iridium(III) complexes. The general reference
structure of the H-N axial ligand configuration is shown on top, while the structure of the
alternative H-H axial ligand pair configuration is depicted at the bottom of the graph. A
positive AF,.; is observed for the majority of bidentate ligands, indicating lower stability of
the H-H axial ligand pair structure compared to the reference H-N axial arrangement.

Relative stability data for ruthenium complexes is presented in Figure 4b. The alternative
configurations in this case include octahedral complexes featuring C-N, C-H and H-H atoms
in the axial position. Compared to iridium, more alternative configurations are observed
due to the different auxiliary ligand set. Assuming that hydrides are indistinguishable,

iridium(III) complexes can only form two distinctive configurations, whereas four different

10
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configurations of the ruthenium complex can be formed. A significant variety in the data set
is observed, as the complex configuration lowest in energy often varies among the different
bidentate ligands.

Similar to iridium(III), the H-H axial ligand configuration exhibits a positive AE, s for
the majority of bidentate ligands, signifying a lower stability compared to the reference H-N
configuration. However, a notable difference from iridium(III) complexes is the common
observation of a more stable alternative configuration for a many systems. For instance,
the C-N axial configuration commonly exhibits a negative AFE,.y, indicating their higher
stability than the the H-N reference. Furthermore, our workflow identifies multiple Ru
complexes with alternative configurations varying more than 50 kJ/mol compared to the
reference case. These 'outliers’ are the result of unfavorable conformations imposed by the
specific ligand arrangement on the metal center.

Figure 4c visualizes AE,.; among generated manganese(I) complexes. Stability of the
complexes featuring C-H, C-C and C-N axial ligand pair configurations are plotted relative
to the stability of the H-N reference. Similar to ruthenium(II) complexes, 4 different ligand
configurations are possible in this case. The most stable preferred configuration varies among
different bidentate ligands, and no clear preference any of them could be identified for Mn
complexes. Distinctive to manganese(I) complexes is the C-C configuration, for which a
positive AE,.; is observed for the majority of the cases, indicating its overall lower stability.
Nevertheless, a negative AFE,.; is more frequently observed across all bidentate ligands as
opposed to ruthenium(II) and iridium(III) complexes. This implies that the reference H-N
axial ligand configuration does not show a thermodynamic preference among the considered

manganese(l) complexes.

11
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Figure 5: Distribution of most stable ligand configuration over all possible ligand configura-
tions for manganese(I), ruthenium(II) and iridium(III) complexes, alongside 88 bisphosphine
(PP) bidentate ligands

The statistical preference for a given ligand configuration in the analyzed dataset is pre-
sented in Figure 5. This figure illustrates the possible axial ligand configurations alongside
the percentage of bidentate ligands for which those specific configurations are found to be
most stable. The iridium(III) complexes clearly favor the H-N arrangement, which is the case
for 92% of bidentate ligands. The remaining 8% favor the single alternative H-H configura-
tion. For ruthenium(II) complexes, the H-N axial configuration is also frequently identified
as the most stable one, but it now only accounts for 50% of the bidentate ligands. Both the
C-N and C-H axial ligand arrangement emerge as the most stable ones for a notable number
of bidentate ligands (31% and 18%, respectively). The H-H axial ligand configuration is the
most stable one for only a single bidentate ligand. Unlike ruthenium(II) and iridium(III),
related manganese(I) complexes do not display a pronounced preference for the H-N con-

figuration. This geometry is preferred for only 26% of manganese(I) complexes, while the

12
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alternative C-H configuration accounts for 45% of the bidentate ligands in this case. The C-N

and C-C axial arrangement are preferred by 24% and 5% of the manganese(I) complexes.

Influence of configuration preferences on physical-chemical proper-
ties

The previously presented findings imply that ligand configurations are not equally favorable
across the set of bidentate ligands and metals. This suggests that ligand configurations pos-
sess distinct properties resulting in stability differences. To quantify the physical-chemical
differences between the possible complex ligand configurations, a selection of thermody-
namic, electronic, steric and geometric descriptors were analyzed. A full list of calculated
descriptors, corresponding category and definition are provided in SI section C. In total, 1
thermodynamic, 17 electronic, 7 geometric and 4 steric descriptors are considered in this
study.

The analysis similar to that presented in Figure 4 and Figure 5 for stability, have been
conducted for the thermodynamic descriptor, that is the acetonitrile substrate binding en-
ergy. Details and figures for this analysis are available in the SI, section D. In summary,
similar trends are observed for the binding energy as those previously identified for sta-
bility. iridium(III) complexes display a clear preference in ligand configuration, whereas
manganese(I) and ruthenium(II) complexes lack such a preference. However, our analysis
shows that the configurations providing the highest binding energies, that may reflect their
ability to activate the substrate, are not the same that show the highest stability. This
implies that, in the context of HT virtual screening, the structure selection based on either
highest relative stability or lowest substrate binding energy would yield different TM ligand
configurations, leading to differences in predictions of catalytic behavior.

The HOMO, LUMO and HOMO-LUMO gap energies are widely used electronic descrip-
tors, as they can be related to the complex reactivity and stability. Firstly, the highest

occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) of
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the different complex configurations are visualized to illustrate the differences in the elec-
tronic structure. The visualized orbitals can be found in the supporting information (see
SI sectionE). Analysis reveals a similar LUMO shape among the different ligand configura-
tions, primarily localized on the bidentate ligand backbone. However, substantial variations
in the nature of HOMO could be observed for different ligand configurations. These elec-
tronic differences are further quantified in Figure 6, depicting the variations in energies of the
HOMO, LUMO and HOMO-LUMO gap for different ligand configurations of ruthenium (II)-
PP complexes. A color map is supplied signifying the relative stability of diverse ligand
configurations compared to the most stable one, denoted as AFEj est. Furthermore, the
most stable ligand configuration is depicted in dark blue. The color of metastable ligand
configurations progressively transitions to red the more positive A Ej,,.¢ becomes, indicating
lower stability.

The HOMO energies of ligand configurations are presented in Figure 6a. The HOMO
energy for a majority of bidentate ligands falls within a similar energy range, spanning from
-5.0 to -5.8 eV. Notably, bidentate ligands 46 to 51 systematically display HOMO energies
below -6.0 eV, signifying the influence of the specific bidentate ligand on the HOMO energy.
Furthermore, The figure shows significant variance between different ligand configurations,
as many of the bidentate ligands display differences of HOMO energies of at least 0.3 eV.

Nonetheless, no distinctive pattern is observed for the most stable ligand configuration.

14
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Figure 6: Energies for the HOMO (a), LUMO (b) and HOMO-LUMO gap (c) for ruthe-
nium(IT) complexes featuring different bidentate ligands. The color map represents the
relative stability of different ligand configurations in comparison to the configuration most
stable in energy (AEjpwest)-

The LUMO energies are visualized in Figure 6b. Similar to HOMO energies, no distinctive
pattern for the most stable ligand configuration is observed. Moreover, a comparable variance
between ligand configurations, as found for HOMO energies, is evident in the LUMO energies.
This suggests that both HOMO and LUMO orbitals may display differences in shape and
size between ligand configurations. Furthermore, the variations in HOMO energies (Figure
6a) are not correlated with the changes in LUMO energies (Figure 6b) for different ligand
configurations. As a result, no trend in HOMO-LUMO gap could be identified for the
current dataset (Figure 6¢). The majority of bidentate ligands display HOMO-LUMO gaps
ranging between 4.0 and 5.0 eV. However, a small part of bidentate ligands shows notably
higher or lower HOMO-LUMO gaps, caused by the nature of the specific bidentate ligands.
The ligand configuration most favorable in energy displays no distinctive pattern, indicating

that the HOMO, LUMO and HOMO-LUMO gap supply no significant insight into stability
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preferences for a specific ligand configuration.

For iridium(III) and manganese(I) complexes, similar conclusion are drawn as for the
previously shown ruthenium(II) complexes. Visualization of the HOMO, LUMO and the
gap are provided in the supporting information (see section E), but they do not provide in-
sight into stability differences among ligand configurations. Furthermore, all other electronic
descriptors also show no convincing ability to differentiate between ligand configurations.

Nevertheless, one particular electronic descriptor does exhibit some ability to separate
different ligand configurations, namely the NBO charge on the maximum bidentate ligand
donor atom. The data of the NBO charge on the maximum bidentate ligand descriptor is
depicted in Figure 7. In this figures, values for the NBO charge for the different ligand
configurations are visualized, utilizing a similar color map as used in Figure 6. Figure 7a
displays NBO charge values for manganese(I) complexes. In this graph, the NBO charge is
generally similar among ligand configurations, whereas NBO charge for ruthenium(II) ligand
configurations, displayed in Figure 7b, display a broader separation among configurations.
No complete separation of ligand configurations is obtained. For iridium(III) complexes, dis-
played in Figure 7c, however, a significant separation of the most stable ligand configuration
is observed. Generally, the NBO charge on the maximum bidentate ligand of the most stable
configuration is 0.15 eV lower than the NBO charge of other configurations. Nevertheless,
for a small part of bidentate ligands this relation does not hold true, resulting in no absolute

separation of ligand configurations.
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Figure 7: NBO charge of the maximum bidentate donor atoms for manganese(I) (a) ruthe-
nium(II) (b) and iridium(III) (c¢) complexes for the set of bidentate ligands, alongside a color
map indicating the relative stability of ligand configurations compared to the most stable
ligand configuration, denoted as A Ej yest

Apart from electronic descriptors, steric and geometric descriptors are also considered
(see SI section F). However, similar to most electronic descriptors, no distinctive differ-
ences between most stable complex ligand configuration and metastable configurations are

observed.

Thermodynamic accessibility of metastable configurations

The distribution of stability among ligand configuration, depicted in Figure 4, further re-
veals that multiple isomers can exhibit similar stability. This finding suggests that under
reaction conditions, multiple ligand configurations may contribute to the population of the
coordination complex, thereby impacting the overall observed catalytic behavior. To assess

this factor quantitatively, we have analyzed the proportion of systems for which multiple
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ligand configuration were obtained within an energy threshold of 10 kJ/mol from the global
minimum state. The choice of the 10 kJ/mol threshold is based on the assumption that a
catalyst population follows a Boltzmann average, resulting in at least 5%, and up to 50% of
the total population to be in a metastable state. For each complex ensemble, the number
of isomers within a 10 kJ/mol range of the lowest energy isomer is obtained. The figures
presenting the number of ligand configurations found within the energy threshold for each

individual bidentate ligand are available in SI section G.
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Figure 8: Number of ligand configurations within 10 kJ/mol of the most stable ligand config-
uration for the researched bidentate ligands (a), and the percentage of bidentate ligands for
which multiple ligand configurations are found within the specified 10 kJ/mol energy range

(b)

Figure 8a illustrates the number of ligand configurations within the 10 kJ/mol energy
range from the most stable configuration for manganese(I), ruthenium(II) and iridium(IIT)
complexes. The percentage of bidentate ligands containing multiple ligand configurations
within the energy range, is shown in Figure 8b. The distribution of number of ligand con-
figurations within 10 kJ/mol energy range over the bidentate ligands and metal centers can
be found in the supporting information. For the majority of iridium(III) complexes, only
a single configuration is observed within the specified energy range. This suggests signifi-

cant differences in stability between ligand configurations. For 24% of the bidentate ligands,
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multiple ligand configurations may coexist under reaction conditions, as energy differences
are smaller than 10 kJ/mol. For a notable percentage of manganese(I) and ruthenium(II)
complexes, multiple ligand configurations are found within the energy range, 72% and 68%
respectively. This implies that the majority of ruthenium(II) and manganese(I) complexes

contain multiple ligand configurations similar in stability.
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Conclusion

The aim of this study was to investigate differences in stability and physical chemical proper-
ties of possible TM-complex ligand configurations. This investigation was performed in three
parts. Firstly, the preferences for certain ligand configurations in terms of stability was inves-
tigated. Secondly, we focused on explaining the effect of ligand configurations on descriptors
of the metal-ligand complex. Finally, we quantified energy differences between ligand con-
figurations, exploring the influence of metastable configurations. To do so, we developed an
automated workflow for TM-complex structure generation and descriptor extraction.

For the study of stability based preferences in ligand configuration, our DFT-based find-
ings revealed a clear preference in ligand configuration for iridium complexes, whereas man-
ganese and ruthenium complexes lacked this preference. Nevertheless, the most frequently
observed preference in ligand configurations differs between stability and substrate binding
energies. This result implies that the most stable ligand configuration may not necessarily
provide optimal catalytic performance. Quantifying the stability differences between ligand
configurations proved challenging, as analysis of 28 descriptors revealed no descriptor con-
sistently correlated with the most stable ligand configuration. Moreover, for a majority of
manganese and ruthenium complexes multiple ligand configurations were found within a 10
kJ/mol energy range from the most favorable one, indicating that multiple ligand config-
urations may coexist under reaction conditions, both influencing catalyst properties. Our
workflows and these findings bear significance in virtual high-throughput screening of cat-
alysts, since a priori selection of a specific ligand configuration can result in insufficient

coverage of the chemical space.
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Supporting Information Available

All code, data and additional analysis are available in the supporting information. The

OBeLiX workflow and the used implementation of MACE can be found on our Github page

(https://github.com/EPiCs-group)
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Summary & Outlook

4.1 Summary

HT Workflows for computational catalyst screening have the potential to discover novel earth
abundant TM-metal complexes. However, these workflows commonly work with an a priori as-
sumed ligand configuration. Doing so, the potential influence of metastable ligand configurations
is neglected for chemical space exploration. The aim of this project was to investigate differences
and influence of ligand configurations of TM-complexes on catalyst systems. This was done in 3
parts. First, the preference for a certain ligand configuration in terms of stability was investigated.
Secondly, differences in physical-chemical properties between ligand configurations were studied.
At last, the effect of metastable configurations on the was investigated.

In terms of stability, iridium complexes displayed a clear preference for the H-N axial lig-
and configuration. For ruthenium, this was also the most preferred ligand configuration, although
only for half of the bidentate ligands. This ligand configuration was not favored for manganese
complexes and no other ligand configuration was preferred for majority of manganese complexes.
For each metal center, another ligand configuration was preferred in terms of activity compared
to stability, indicating that geometry selection based on stability or activity would yield different
complex structures.

Explaining the preference for certain ligand configurations proved challenging. Analysis of
the HOMO, LUMO and HOMO-LUMO gap revealed no trend to consistently identify the most sta-
ble ligand configuration. Expanding descriptor analysis to 25 other electronic, steric and geometric
descriptors revealed that none of the descriptors exhibit a trend for identifying the most stable lig-
and configuration.

To study the influence of metastable ligand configurations on the catalytic systems, the num-
ber of ligand configurations within a 10 kJ/mol range from the most stable configuration were
obtained. This analysis revealed that for most iridium complexes, the stability of ligand config-
urations are significantly different. However, for ruthenium and manganese complexes, multiple
ligand configurations are observed within the specified 10 kJ/mol threshold for a majority of com-
plexes. This implies that various ligand configurations of TM-complexes may coexist under reac-
tion conditions.

These findings indicate that a priori selection of ligand configuration may result in insuffi-
cient coverage of the chemical space and insufficient representations of the key catalyst features for
predictive in-silico catalyst screening campaigns.
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4.2 Outlook

The conclusion of this research states that metastable ligand configurations should be considered in
chemical space exploration, as these configurations could have major impact on catalyst behavior.
Recent research in the field shows that computational predictions do not correlate well with exper-
imental results. The neglect of metastable ligand configurations during chemical space exploration
may contribute to these inaccuracies. In order to improve catalyst predictions. an additional step is
added in the typical workflow, shown in Figure 1.1, resulting in the proposed workflow depicted
in Figure 4.1. In this proposed workflow, the additional step is added after geometry optimization.
During this step, relative stability data of ligand configurations is evaluated, and a distribution of
ligand configurations in the catalyst system is estimated based on a Boltzmann distribution. In
this approach, the influence of metastable ligand configurations is considered in descriptor calcu-
lations, which could potentially result in improved accuracy of predictions of catalytic behavior.

Digital structure Geometry Descriptor Statistical
generation optimization calculation models
| -
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> | A Q? > £
| 2 N '-"3 :é-
1 / \ = i
reaction coord/ \ N 6\0 Prediction
// b

Evaluate ligand configurations

85%
38
> . >
]
T23
% 15%

Figure 4.1: Proposed workflow, considering ligand configurations. Descriptors are determined
based on the Boltzmann average ligand configuration distribution.

Throughout this study, geometries of all ligand configurations are DFT optimized, resulting
in a large number of performed DFT calculations. In order to perform to the proposed workflow
depicted in Figure 4.1, computational resources have to be efficiently utilized, by optimizing DFT
efficiency. By employing a lower order exchange correlation functional, such as PBE, for initial ge-
ometry optimization, coupled with a PBEO single-point calculation may result in a more resource
efficient approach, while retaining similar accuracy to full PBEO optimization.
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A Biphosphine bidentate ligands

Table 1: Studied biphosphine bidentate ligands

Ligand number Ligand alias CAS Formula
1 BINAM-P 74974-14-4 C44H34N2P2
2 BINAP 76189-55-4 C44H32P2
3 BTFM-GarPhos 1365531-84-5 C48H28F2404P2
4 Tol-BINAP 99646-28-3 C48H40P2
5 Xyl-BINAP 137219-86-4 C52H48P2
6 H8-BINAP 139139-86-9 C44H40P2
7 SegPhos 210169-54-3 C38H2804P2
8 Xyl-SegPhos 210169-57-6 C46H4404P2
9 DTBM-SegPhos 210169-40-7 C74H10008P2
10 Cl-MeO-BIPHEP 185913-97-7 C38H30C1202P2
11 SL-A109-1 352655-61-9 C74H10406P2
12 SL-A120-1 394248-45-4 C46H4802P2
13 SL-A107-1 352655-40-4 C70H100N402P2
14 SL-A108-2 145214-59-1 C30H2406P2
15 SL-A102-2 133545-25-2 C42H4002P2
16 SL-A121-1 192138-05-9 C70H9602P2
17 SL-A104-1 256390-47-3 C50H56014P2
18 GarPhos 1365531-75-4 C40H3604P2
19 Xyl-GarPhos 1365531-89-0 C48H5204P2
20 DTBM-GarPhos 1365531-98-1 C76H10808P2
21 iPr-BIPHEP 150971-43-0 C26H4002P2
22 C3-TunePhos 301847-89-2 C39H3202P2
23 iPr-BPE 528854-34-4 C22H44P2
24 SPIRAP NA C43H3802P2
25 DuanPhos 528814-26-8 C24H32P2
26 DiPamp 55739-58-7 C28H2802P2
27 Xyl-SDP 917377-75-4 C49H50P2
28 Xyl-SKP 1429939-35-4 C52H5402P2
29 Ph-BPE 528565-79-9 C34H36P2
30 ChiraPhos 64896-28-2 C28H28P2
31 Et-BPE 136705-62-9 C18H36P2
32 QuinoxP 866081-62-1 C18H28N2P2
33 Et-DuPhos 136705-64-1 C22H36P2
34 Me-DuPhos 147253-67-6 C18H28P2
35 PhanePhos 192463-40-4 C40H34P2
36 Xyl-PhanePhos 325168-89-6 C48H50P2
37 BDPP 96183-46-9 C29H30P2
38 NorPhos 71042-55-2 C31H28P2
39 DIOP 32305-98-9 C31H3202P2
40 DPE-Phos 2119686-55-2 C38H3203P2
41 BABIBOP 2207601-04-3 C22H2802P2
42 Me-BABIBOP 2207601-10-1 C24H3202P2
43 iPr-BABIBOP 2207601-12-3 C28H4002P2
44 Me-BIBOP 1884680-48-1 C38H4406P2
45 PPM 77450-05-6 C29H29NP2
46 SL-A101-2 133545-16-1 C38H3202P2
47 MeO-F12-BIPHEP 116008-37-6 C38H20F1202P2
48 MeO-F16-BIPHEP NA C42H24F1602P2
49 MeO-py-F12-BIPHEP NA C38H24F12N402P2
50 MeO-F20-BIPHEP NA C42H20F2002P2
51 MeO-BFPy-BIPHEP NA C42H20F24N402P2
52 XylSKEWPhos 551950-92-6 C37H46P2
53 DIPSKEWPhos NA C53H78P2
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o4
55
56
57

58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
7
78
79
80
81
82
83
84
85
86
87

88

catASium D(R)
Xyl-P-Phos
ProPhos

[Bis(1,1-dimethylethyl)phosphinol-3-(1,1-

dimethylethyl)

-2,3-dihydro-4-methoxy-1,3-

benzoxaphosphole
BenzP*
1-Naphthyl-DiPamp
Tol-SKP

BCPM
DiFluorPhos
Me-BPE
SynPhos

SDP

Ph-BIBOP
Tol-SDP
DMM-GarPhos
An-PhanePhos
BINAPINE
MeO-BIBOP
CTH-BINAM
BPPM

Ph-SKP
CTH-P-Phos
Tol-GarPhos
BIBOP
Cy-GarPhos
tBuPh-SKEWPhos
BINAPhane
iPr-DuPhos
Et-BABIBOP
WingPhos
C2-TunePhos
CyPP

SunPhos
1,4-dimethyl-1,4-

butanediylbis(diphenylphosphine)

XantPhos

99135-95-2
442905-33-1
67884-32-6

1215081-28-9

919778-41-9
256469-70-2
1429939-32-1
114751-47-2
903538-69-0
129648-07-3
445467-61-8
917377-74-3
2301856-53-9
528521-87-1
1365531-93-6
364732-86-5
528854-26-4
1202033-19-9
208248-67-3
72598-03-9
1360823-43-3
221012-82-4
1365531-81-2
1202033-17-7
2829282-18-8
911415-22-0
253311-88-5
136705-65-2
2415751-83-4
1884680-45-8
301847-88-1
70774-28-6
765312-54-7
142494-67-5

2119686-35-8

C35H33NP2
C46HH50N204P2
C27TH26P2

C20H3402P2

C16H28P2
C34H28P2
C48H4602P2
C34H49NO2P2
C38H24F404P2
C14H28P2
C40H3204P2
C41H34P2
C34H3602P2
C45H42P2
C52H6008P2
C44H4204P2
CH2H48P2
C24H3204P2
C44H42N2P2
C34H37NO2P2
C44H3802P2
C38H34N204P2
C44H4404P2
C22H2802P2
C40H6004P2
C45H62P2
CH0H36P2
C26H44P2
C26H3602P2
C50H4402P2
C38H3002P2
C32H34P2
C42H3604P2
C30H32P2

C41H3603P2
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B Automated substrate removal

Structures of TM-complexes without the substrate are essential for determining substrate binding energy.
The automation of substrate removal has the potential to save time and reduce errors in structures. The
general workflow of the substrate remover is shown in Figure 1

The substrate is consistently found at a fixed location for MACE generated xyz files. A MACE

Figure 1: Automated substrate removal workflow, showing inputes (1) and (2), substrate transformation
(3) and workflow output (4)

generated .xyz file consists of individual rows for each atom present in the TM-complex. All hydrogen
atoms present are located at the bottom rows of the file. Substrate hydrogen atoms are consistently
found at the initial hydrogen rows, while all non-hydrogen substrate atoms are found at the foremost
rows. This arrangement of atoms makes substrate removal straightforward if the number of hydrogen
and non-hydrogen atoms of the substrate is known.

The following input has to be provided to the substrate remover: TM-complex directory, bidentate
ligand number and substrate information. Substrate SMILES have already been supplied for structure
generation input. For easy and integrated use of the substrate remover, these SMILES should also be
used as input for the substrate remover. However, SMILES only represent the non-hydrogen atoms of
the substrate. Fortunately, SMILES can be converted into chemical formulas through RDKit tools, as
shown in Figure 1-3. With the chemical formula known, it becomes feasible to iterate over this formula
to obtain the specific types and quantities of atoms present in the substrate. From this information, the
number of hydrogen and non-hydrogen atoms can be determined.

Once substrate information is known, the substrate is removed from the MACE generated TM-
complex. A new directory called substrate_removed is created to save the newly created complexes
without substrate. The suffix no_substrate is added to the end of each individual file to denote the
difference from the original file.

The substrate of interest for this research is acetonitrile, known as the simplest organic nitrile molecule.
To evaluate the flexibility of the substrate removal script, complexes containing three larger organic
substrates are generated and the performance of the substrate remover is evaluated. Structures of the
three organic substrates are shown in Figure 2. In addition to the size of the molecules, these substrates
contain ester and amide groups, sml and sm 3 also contain a phenyl ring. To assess the accuracy of
the automated substrate removal script, a comparison is made between manually removed substrate and
automatically removed substrate data. The results confirm that both files contain the exact same 3D
structure of the substrate removed TM-complexes, indicating that the automated substrate removal script
functions as intended.
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C Descriptor list

The following table lists all studied descriptors to identify differences between ligand configurations.
These descriptors are categorized and a definition is provided.

Table 2: List of analysed descriptors

Descriptor Category Definition
Hardness electronic Measure of convexity of the energy function,
quantifies stability
Softness electronic Measure of convexity of the energy function,
quantifies stability
HOMO energy electronic Energy of the highest occupied molecular orbital
LUMO energy electronic  Energy of the lowest unoccupied molecular orbital
HOMO-LUMO gap electronic Difference between HOMO and LUMO energy
mulliken charge max donor electronic Highest mulliken charge of the 2 bidentate ligand
donor atoms
mulliken charge min donor electronic Lowest mulliken charge of the 2 bidentate ligand
donor atoms
mulliken charge metal center electronic Mulliken charge on the metal center
nbo charge max donor electronic Highest NBO charge of the 2 bidentate ligand
donor atoms
nbo charge min donor electronic Lowest NBO charge of the 2 bidentate ligand
donor atoms
nbo charge metal center electronic NBO charge on the metal center
Dispersion energy electronic Dispersion energy of atomic vibrations
Lone pair occupancy max donor  electronic Measure of lone pair filling maximum
bidentate donor
Lone pair occupancy min donor  electronic Measure of lone pair filling minimum
bidentate donor
dipole moment electronic Debye dipole moment
electrophilicity electronic Measure of ability to take up electrons
electronegativity electronic Measure to attract bonding electrons
Buried volume 7A steric Percentage of a TA sphere around metal occupied
by ligands
Buried volume 6A steric Percentage of a 6A sphere around metal occupied
by ligands
Buried volume 5A steric Percentage of a 5A sphere around metal occupied
by ligands
Buried volume 4A steric Percentage of a 4A sphere around metal occupied
by ligands
buried volume donor min steric Percentage of a TA sphere around metal occupied
by ligands
buried volume donor max steric Percentage of a TA sphere around metal occupied
by ligands
buried volume 3.5A steric Percentage of a 7TA sphere around metal occupied
by ligands
distance metal center min donor  geometric Distance between metal center and minimum
bidentate ligand donor
distance metal center max donor  geometric Distance between metal center and maximum
bidentate ligand donor
cone angle geometric Measure of ligand bulk,
angle between metal and ligand corners
bite angle geometric  Angle between metal and 2 bidentate ligand donors
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D Substrate binding energy results

Performed analysis for substrate binding energy is the same as for stability. First, energies between ligand
configurations are compared to investigate trends in configuration most favorable in energy.

D.1 Energy differences between ligand configurations

Binding energy results are visualised in Figure 3a, On the left side, interaction AFEy;,q between ligand
configurations are plotted for each metal center. Binding energy differences are depicted in the right
graphs. Figure 3a illustrates the interaction AFE4;,q among iridium ligand configurations. At the top
of this figure, the general reference structures of the ligand configurations are displayed, whereas the
structures for the other ligand configurations are depicted at the bottom of the graph. In this figure,
energy of the H-N axial ligand pair complexes are compared with with H-H axial ligand pair complexes
for the tested bidentate ligands. A negative AFEy;,q is observed for the majority of bidentate ligands.
This indicates that energy of the H-H axial ligand pair configuration is more favorable in energy over the
H-N axial ligand pair ligand configurations for most bidentate ligands.

Figure 4b shows the binding energy differences between ligand configurations of ruthenium complexes.
In this figure, the energy of complexes with axial ligands C-H, C-N and H-H are compared with that of
complexes featuring the H-N axial ligand pair. General structure for the reference H-N axial ligand pair
is shown at the top of the figure, and compared structures are shown at the bottom. The lowest energy
configurational configuration often varies among the different bidentate ligands. However, a positive
AFEying is observed for a majority of ligand configurations, indicating that the H-N axial configuration is
clearly not favorable in terms of substrate binding energy in comparison to the other ligand configurations.

AFEy;nq data for manganese ligand configurations is shown in Figure 3c. In this figure, substrate
binding energies of the C-N, C-H and C-C ligand configurations are compared to the substrate binding
energy of the H-N isomer. A significant number of ligand configurations show a positive A Ey;,,q. However,
no clear majority of most energy favorable configuration is observed.

Figure 4 illustrates the distribution of lowest binding energy ligand configurations among the axial
ligand pairs. However, the preference of iridium complexes is less overwhelming for binding energy as
opposed to interaction energy. For binding energies, the H-H axial ligand pair is lowest in energy for
64.7% of bidentate ligands, which is significantly lower than the 92% observed for interaction energies.
For ruthenium and manganese complexes, most observed lowest energy configuration also changed for
binding energies compared to interaction energies. Nevertheless, the determination of the lowest energy
configurational configuration varies among the tested bidentate ligands. In most cases, no specific axial
ligand pair is significantly more abundantly favorable over the other ligand configurations.

D.2 Effect of metstable ligand configurations

Figure 5 visualizes configuration statistics for binding energy data of the generated ligand configurations.
Figure 5a shows the number of ligand configurations present within 10 kJ/mol range from lowest binding
energy for each bidentate ligand. In Figure 5b, the percentage of bidentate ligands for which multiple
ligand configurations have binding energies within 10 kJ/mol from the minimum is visualised. Similarly to
interaction energy, 18.2% of iridium complexes contain multiple ligand configurations present within the
energy range. Moreover, a slight increase in the percentage of bidentate ligands containing multiple ligand
configurations within the 10 kJ/mol energy range is observed. Namely, 78.4% of ruthenium complexes
and 72.7% of manganese complexes.
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Figure 3: Substrate binding energy differences between a reference configurational isomer, shown at the
top of the graphs, and other configurational ligand configurations, shown in the bottom of the graphs,
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Figure 4: Distribution of the lowest binding energy configuration among axial ligand pairs for the 88
bidentate ligands in combination with 3 metal centers

Figure 5: Number of ligand configurations present within a 10 kJ/mol energy range from the lowest
binding energy configuration for the researched bidentate ligands (a) and the percentage of bidentate
ligands for which multiple ligand configurations are found within the 10 kJ/mol energy range (b)
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E Orbital visualization
In this section, visualized orbitals for two bisphosphine bidentate ligands are shown. Figure 6 shows the

HOMO and LUMO orbitals for iridium complexes, Figure 7 shows the HOMO and LUMO orbitals for
ruthenium complexes, and Figure 8 shows the HOMO and LUMO orbitals for manganese complexes.

Figure 6: HOMO and LUMO orbital visualizations for different ligand configurations for iridium com-
plexes
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Figure 7: HOMO and LUMO orbital visualizations for different ligand configurations for ruthenium
complexes
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Figure 8: HOMO and LUMO orbital visualizations for different ligand configurations for manganese
complexes
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F Descriptor plots
F.1 IrH3(CH3CN) plots

13



60

14



61

15



62

16



63

F.2 RuH2(CO)CH3CN plots
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F.3 MnH(CO)2CH3CN plots
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G Multiple ligand configurations

The following figures display the number of ligand configurations identified within a 10 kJ/mol range from
the most stable ligand configuration. A value of 1 indicates that only the lowest energy configuration is

identified within the specified energy range.

Figure 21: Ir(IIT) complexes

Figure 22: Ru(II) complexes

Figure 23: Mn(I) complexes
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