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Abstract

Palladium-catalyzed cross-coupling reactions, for instance Suzuki-Miyaura (SM), Heck and
Sonogashira reactions, are essential in synthetic organic chemistry for forming carbon-carbon
bonds. These reactions play a critical role in pharmaceutical development, enabling the synthesis
of complex molecules used to treat medical conditions.

This thesis focuses on the oxidative addition (OA) step, one of the pivotal stages in the catalytic
cycle of cross-coupling reactions, where palladium coordinates with aryl halides to initiate bond
formation. Using density functional theory (DFT) calculations, the study investigates the steric
effects of various monodentate phosphine ligands and aryl halide substrates on the reactivity and
selectivity of oxidative addition. Transition state modelling was employed to determine energy
barriers and mechanistic pathways, providing insights into ligand and substrate reactivity.

Key findings reveal that while the steric effects of the ligand were shown to affect the reactivity of
OA by increasing the energy barrier, it was not conclusive that the change in reactivity is due to
steric effects alone, suggesting other factors in play. Meanwhile, the substrate’s steric effects
were shown to decrease energy barrier, which increases the reactivity of OA reaction.
Additionally, it was shown that substrates with steric bulk capable of interfering with coordination
sites also enhanced reactivity. As it seems, the steric effect was not enough to explain the results,
requiring further inspection into the other properties of the substrates and ligand, for instance the
electronic properties, multiple coordinated ligands and the effects of substituents of aryl halides.
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Populirvetenskaplig sammanfattning

I dagens forskning om katalytiska reaktioner spelar forstdelsen for hur
molekyler interagerar och reagerar en central roll. Denna studie anvander avancerade
datorsimuleringar for att undersoka de grundlaggande mekanismerna bakom oxidativ
addition, en nyckelreaktion i palladiumkatalyserade korskopplingsreaktioner.
Korskopplingsreaktioner = ar oumbarliga inom likemedelsforskning och
materialvetenskap, da de mojliggor bildandet av kol-kol-bindningar, en viktig
byggsten for manga kemiska foreningar. Manga av kommerciella likemedel ute pa
marknarden ar beroende av korskoppling reaktioner, som exempelvis
bromsmedicinet mot HIV atazanavir, brostcancerbehandling lapatinib och
blodtryckssankande irbesartan, som visas nedan, diar rodmarkerade fragment ar
produkten av korskopplingsreaktion.

/OT= N NH“/’\NHO /\ Fp

Lapatinib

Irbesartan

Genom att simulera reaktionsforloppet kan vi forstd hur olika faktorer, sdsom
liganders och substratets strukturer, paverkar reaktiviteten och selektiviteten i dessa
reaktioner. Speciellt fokuserar studien pa hur steriska hinder hos fosfinligander och
arylhalider styr reaktionsforloppet. Genom att undersoka dessa aspekter kan vi inte
bara forutse reaktionens hastighet utan dven prediktera produkten, vilket 6ppnar
mojligheter for att utveckla reaktioner for specifika behov.

Beriakningsstudier erbjuder flera fordelar jamfort med experimentella metoder. De gor
det mojligt att analysera reaktioner som kan vara svara eller dyra att utfora i
laboratoriet. Med hjalp av simuleringar kan olika hypoteser testas och en syntesplan
kan optimeras utan att anvanda stora mangder material eller kemikalier. Dessutom
ger de detaljerad information om 6vergangstillstaind och energibarriarer, vilket ger
insikter som inte alltid ar tillgangliga genom experimentella tekniker. Denna
kombination av precision och kostnadseffektivitet gor datorsimuleringar till ett
kraftfullt verktyg for modern katalysforskning.



Abbreviations

B3LYP
BJ

D3

DFT

et al.
HOMO
LACV3P*
LUMO
OA

PBEoO

SM

Sn2

THF

TS

Becke, 3-parameter, Lee-Yang-Parr functional
Becke-Johnson damping

Grimme’s dispersion correction

Density functional theory

et alia

Highest Occupied Molecular Orbital

Los Alamos double zeta basis set with polarization
Lowest Unoccupied Molecular Orbital
Oxidative addition

Perdew-Burke-Ernzerhof functional
Suzuki-Miyaura

Bimolecular nucleophilic substitution
Tetrahydrofuran

Tramsition state
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1 Introduction

In the field of medicinal chemistry, there are considerations to be made when
designing and synthesizing a compound as there are many ways to navigate the
synthetic route. What reactions to employ to enable the most straightforward
synthesis and, with the chosen reaction, what reagents are safe, readily available,
economically and environmentally friendly? Medicinal chemists answer these
questions and often reach similar conclusions as certain reactions such as amide bond
formation and Suzuki-Miyaura (SM) coupling are shown to be some of the commonly
employed reactions in medicinal chemistry [1]. SM cross-coupling has shown a
tremendous increase in use due to the possibility of carbon-carbon bond formation,
the rise of new reagents and development of new ligands for the metal catalysts which
primarily consist of palladium-, nickel- and copper metal. Palladium-catalyzed cross-
coupling reactions have since enabled synthesis of various compounds in drug
discovery targeting medical conditions such as migraine, hypertension, cystic fibrosis
and many more [2].

1.1 Palladium-catalyzed cross coupling reactions

Palladium-catalyzed cross-coupling reaction is, as mentioned, a powerful tool for
medicinal chemists to synthesize their target molecule. Cross-coupling reactions have
three important components to be considered, those are the substrate, the metal
catalyst and the ligand. As for the catalysts, there are many catalysts which have been
used in various cross-coupling reactions, one of which is palladium catalyst,
specifically the highly reactive palladium(o) catalyst [3]. The metal catalyst is used to
facilitate the C-C bond formation by coordinating the substrates and subsequent
exchanging and releasing of molecular fragments. Performance of the metal catalyst is
affected by the ligands coordinating with the metal atom which are used to facilitate
stability, reactivity and selectivity of the metal catalyst. For palladium, one large class
of ligands is phosphine ligands due to their ability to form strong bond to metal catalyst
and the ease of electronic and steric properties tuning by changing substituents [4].
Additionally, many phosphine ligands are available as chiral ligands which can
produce stereoselective reaction outcomes, for example in the synthesis of
atropisomers via SM reactions [5].

Mechanistically, palladium-catalyzed cross-coupling reaction commonly consists of 3
key reaction steps, oxidative addition, transmetalation and reductive elimination. For
instance, Scheme 1 shows the mechanism of SM cross-coupling reaction as a catalytic
cycle starting with oxidative addition which involves the palladium catalyst forming a
bond with the halide and the organic substrate. This increases the oxidation state of
the palladium center from Pd(0) to +2. Following this, in the transmetalation step, the
organic group from the palladium complex is exchanged with another organic moiety.
And finally, in the reductive elimination step, the two organic groups are coupled
together, results in the formation of C-C bond and the palladium catalyst is reduced
from oxidation state +2 back to its active oxidation state Pd(o).
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Scheme 1. Catalytic cycle of SM cross-coupling reaction with Pd catalyst
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1.1.1 Oxidative addition

Oxidative addition (OA) is a common first step in the catalytic cycle of cross-
coupling reactions with Pd catalysts, where the metal complex coordinates with the
halide and the carbon, this increases the oxidation state of the metal by +2 [6]. For
reactions where OA is the first step of cross-coupling reactions, investigation of this
step will elucidate the mechanism of action between the interacting organic halide and
the metal catalyst. There are many mechanistic pathways for OA, some of which are
concerted mechanism (three-centered), Sx2-mechanism and radical mechanism.
Previous computational studies [6-9] suggest that the concerted mechanism and the
Sx2-mechanism dominate in cross-coupling reactions, providing a more predictable
pathway for oxidative addition. In contrast, the radical mechanism remains less
thoroughly mapped, with its occurrence being highly sensitive to subtle changes
reaction conditions [10].

Concerted mechanism and Sx2-mechanism in OA differ in the geometric features. For
Sx2-mechanism, the nucleophile (Pd-complex) approaches the electrophilic center
(aryl halide) through the aromatic ring, this leaves no interaction between Pd and the
halide. Whereas for concerted mechanism, the Pd interacts simultaneously with the
substrate (aryl group) and the leaving group (halide), forming a three-centered
transition state with trigonal planar geometry. Regardless of the mechanism, the
product formed will result in square planar geometry [6].



Scheme 2. Common oxidative addition mechanisms
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To steer which mechanism will occur, this can be done by varying substrate, and ligand
[9]. This can be controlled by understanding ligand electronic and steric properties,
nature of the aryl halide substrate, and coordination number of Pd-catalyst complex.
Firstly, the ligand’s properties dictate the bite angle of the complex based on its steric
properties, namely its steric bulk and spatial arrangement. With monoligated
complex, there is less steric hindrance compared to a bidentate complex. This results
in the monoligated complex having the larger bite angle and resulting in a flexible,
spatial arrangement which facilitates the crowded concerted mechanism. Secondly,
the leaving group can decide the mechanistic pathway, for halides (F, Cl, Br and I), the
concerted mechanism is favorable as this allows interaction between the Pd and the
leaving group, favoring three-centered geometry.

Besides the leaving group, the major contribution stems from the nature of Pd-
complex. The geometry of the Pd-complex changes based on the number of
coordinated ligands, which affects how it interacts with the substrate due to the
differing shape of molecular orbitals between a monoligated and bidentate complex.
In monoligated complexes, the spatial orientation of the Pd-center molecular orbitals
enables effective overlap with both the aryl carbon and the leaving group, promoting
interactions between Pd atom and C-X atoms, which can facilitate concerted
mechanism. Whereas for bidentate complexes, the shape of molecular orbital enables
effective interaction with the aryl carbon, leaving no interaction between Pd and
leaving group, resembling Sx2-mechanism. Therefore, to induce concerted
mechanism for the model system using aryl halide and Pd metal complex, monoligated
complex is preferred [9].

1.2 Previous studies

Oxidative addition of aryl halides (Ar-X) into Pd(0) complexes has attracted
significant attention in experimental and theoretical research due to its extensive
application in organic synthesis. Studies were conducted to investigate the reactivity
of ligand or aryl halide and to identify the leading property which affects reactivity of
OA.



Norrby et al. [11][12] investigated monoligated 12-electron Pd-complex or PdL as the
active form of the catalyst during OA. PdL catalyst is formed from the more stable PdL-
which dissociated one of the ligands to form the more reactive 12-electron complex
[11]. The studies aimed to find a model system which could describe the reactivity of
the aryl chlorides, which in comparison to aryl halides such as aryl bromides, are less
reactive. This suggests that using the more reactive aryl bromide in this study could
facilitate the identification of transition states. Additionally, the study investigated
reactivity of para-substituted aryl chlorides and found that the electronic effects of the
aryl chlorides substituents at para position affect reactivity, where electron deficient
aryl chlorides are more reactive than the electron rich aryl chlorides [12]. The studies
suggest that monoligated 12-electron Pd-complex could be implemented in a
computational study involving aryl halides and its reactivity, and electronic effects of
the aryl halides are of importance when investigating substrate reactivity.

Looking into the properties of ligand and aryl halide, Barder et al. [4] report the use of
2-(2’,6"-dimethoxybiphenyl)-dicyclohexylphosphine (SPhos) as a ligand, which
significantly enhances the reactivity of palladium complexes, even for challenging
substrates like aryl chlorides and highly hindered biaryls. They compare the
performance of SPhos with another ligand and investigate the role of ligand bulk and
electron-donating properties. The results showed the importance of ligand design,
specifically the ligand’s steric and electronic effects, in improving catalyst efficiency
for Suzuki-Miyaura coupling at low catalyst loadings.

However, Landeros et al. [13] have conducted an experimental study regarding ligand
steric properties where they conducted a kinetic study of OA reaction using aryl halide
and different ligand with varying steric bulk by increasing the steric properties of the
coordinating ligand to further impose steric hindrance to the complex. The results
indicated that the ligand’s steric effect was not the main contributor to the change in
reactivity of OA reaction.

Additionally, Jover et al. [14] did a computational study of phosphine ligand and its
effects in SM cross-coupling reaction, using 4 different monophosphine ligands. While
the study investigated the whole cross-coupling reaction, the study highlighted the
ligand’s effects on OA reaction. The study constructed a multilinear regression model
which compares the ligand’s electronic and steric effect through HOMO descriptor and
steric descriptor. It was stated that the OA step is dictated by primarily the ligand’s
electronic effects and minimally on ligand steric effects.

As for the aryl halide substrate, Lu et al. [15] investigated reactivity of substrate used
in OA by developing a quantitative model using molecular descriptors such as
electronic, steric and bond strength descriptors. The model uses 79 aryl substrates of
varying properties to highlight the key descriptors affecting OA which could be used
to find an aryl halide substrate which could facilitate the reactivity of OA. Additionally,
the substrates used in the model focused primarily on ortho-substituents and meta-
substituents, indicating the steric effects depending on the location of the substituents
in aryl halide.

4



Raders et al. [16] did an experimental study of sterically demanding substrates for
cross-coupling reaction where they investigated the efficacy of TNpP ligand, known to
show good results and yield for sterically demanding substrates. The study showed
that there is a steric effect that contributes to the overall yield of cross-coupling
reaction as varying the steric bulk of the substrate does result in different in isolated
yield. To prove this, they investigate the OA reaction by isolating the product of OA in
cross-coupling reaction. The conclusion was that there were different complexes
formed during OA, where the distribution of these complexes can affect the rate of OA
reactions.

Alimi et al. [17] came to a different conclusion, where they did a kinetic study of OA in
nonsubstituted, ortho-substituted and meta-substituted aryl halides. The results were
that the reactivity of OA decreases with ortho-substituted aryl halides as opposed to
the nonsubstituted and meta-substituted substrates. However, it was emphasized that
the reactivity was not affected purely by steric effects of the aryl halide, but also the
electronic effects accompanying the substituents.

1.3 Aims

The aim of this project is to computationally investigate oxidative addition step for
palladium-catalyzed reactions to understand how different aryl halide substrates and
monodentate phosphine ligands affect the reaction outcome of oxidative addition. The
interactions of interest of the substrates and the ligands to be investigated will be steric
hindrance and its importance on reactivity during the oxidative addition.



2 Computational methods

DFT calculations were performed with Jaguar software package [18][19] with
Maestro release 2024-3 as graphical interface to calculate relative energy barriers
through identifying transition state (TS). Geometry optimization and TS searches of
all structures were carried out with the functional PBEo-D3(BJ) [20] with the
LACV3P* [21] basis set. Solvent effects were considered using polarizable continuum
model (PCM) with THF as the solvent. For all calculated structures, vibrational
frequencies analysis was conducted at the same level of theory to confirm the nature
of stationary points according to the eigenvalues of the Hessian matrix.
Thermodynamic properties were evaluated first with zero point energy calculation and
thermal corrections were applied for T = 298.15 Kand P = 1.0.

The starting point structures for geometry optimization were either computationally
generated or obtained from CCDC database with minor modification to fit the study’s
model system. Modified structures obtained from CCDC were optimized after the
modification with the same level of theory as geometry optimization and TS search.
Computationally generated structures were constructed through relaxed coordinate
scan using the functional B3LYP-D3 and LACV3P* basis set before further
optimization. The structures shown in this work were generated from Maestro release
2024-3 interface.



3 Results and discussion

3.1 Phosphine ligands and aryl halide substrates

Choice of ligand and substrates used in the study will be crucial to shaping a good
model system as both are the variables which can affect reaction outcome. In this case,
different phosphine ligands and different aryl halide substrates of varying sterically
congestion will be computationally investigated and analysed to predict reactivity.
Therefore, the substrates and phosphine ligands are selected to form a series of
compounds by constructing a series of substrates and ligands with increasing steric
hindrance, starting with simple substrate and ligand and ending with sterically
challenging substrates and phosphine ligands as shown in Figure 1 and 2.

Some of the chosen ligands and substrates are chosen based on compounds used in
previous studies as a model ligand and substrate [11][12][14], while others are chosen
based on the increasing steric bulk, to fit the purpose of this study. Ligands 1 and 3 are
well-known ligands used in the study of OA reaction and showed success across
different substrates in theoretical studies [6][7]. Ligand 2 has been used in asymmetric
reaction as a chiral ligand [22]. Similarly, ligand 4 is a commercial chiral ligand with
applications in SM reaction for stereoselective synthesis [23][24]. Ligand 5 is the
endpoint ligand in this investigation with similar structure as ligand 4 but bulkier and
more rigid.

P
PN
1
o>
N
t-Bu
MeO OMe
4 5

Figure 1. Included ligands in this study with increasing steric bulk.



As for the substrates, the choice of aryl halides is aryl bromide due to their
intermediate reactivity compared to other halides. Starting simple with substrate 6 as
the simplest aryl halide. Then, increasing the steric hindrance with substrates 7 and 8
which have been used in borylation reaction with similar OA reaction involved, albeit
with aryl chloride counterpart which is less reactive than aryl bromide [25]. Substrates
9 and 10 are included to further provide insights into the substituent effects on
reactivity and how the generated atropisomer could affect reactivity.

sulos

Br

Br Br Br Br

9 10

Figure 2. Included substrate in this study with increasing steric bulk.



3.2 Computational modeling of transition states and energy

barriers

Transition states of substrates 6-10 with monodentate ligand 1-5 were found
with the 3D structures shown in Figure B2-B26 in Appendix B, the reported values are
the lowest energy structure of each complex shown in Table A2 in Appendix A. Using
the optimized method as reported, most TS structures were located using the default
convergence criteria. However, some TS structures required stricter convergence
criteria to obtain exactly one negative frequency. To verify the obtained structures are
TS, visual inspection combined with measured Pd-C-Br bond lengths related to a TS
structure under concerted mechanism and identification of exactly one negative
frequency from the vibrational analysis are the requirements to confirm that the
structure is indeed a TS structure. These frequencies are shown in Table A3 and Table
A6 in Appendix A.

For Pd-complex containing axially chiral substrate and chiral ligand, namely substrate
9 and 10 and ligand 2, 4 and 5, there were 4 structures for each of the complexes to
be investigated. For substrate 9 and 10, there were two possible locations on the aryl
halide for the OA reaction to occur, the two Br atoms, combining with the chiral ligand,
yielded 2 transition states enantiomers from the OA reacting via re- or si-face and the
other 2 with atropisomers from rotating naphthalene group. This totals to 2 pairs of
enantiomers with each pair containing atropisomers. To evaluate which of the
configurations are the minima structure, the energy calculation was performed for all
the 2 pairs of enatiomers of the TS structures as shown in Table A5 in Appendix A,
where the lowest energy configuration is used to calculate the lowest energy barrier.
For the investigation of steric effects on reactivity, the structures with the lowest
energy barrier with solvation effects accounted for are reported as shown in Table 1,
with graphical diagram shown in Figure A1 in Appendix A.

Table 1. Relative energy barrier of TS structures for ligands 1-5 and substrate 6-10 in
kcal/mol with PBE0-D3(BJ) level of theory, including solvents effects with THF. The
Substratemean and Ligandmean indicate the mean value of each row and column, for
comparison purposes. The mean value of substrate 8 and ligand 5 excluded the outlier
of substrate 8 with ligand 5 shown in parenthesis.

AGson (kcal/mol)
Ligand
1 2 3 4 5 Substratemean

6 23.8 27.6 28.9 25.9 28.9 27.0

A 21.3 23.2 25.9 23.5 23.5 23.5

Substrate 8 14.8 16.8 19.7 21.4 (6.1) 18.2
9 11.9 22.3 15.5 23.0 15.9 17.7

10 16.8 16.3 18.8 19.2 18.3 17.9

Ligandmean 17.7 21.2 21.8 22.6 21.7 N/A



3.3 Free energy profile of the transition states

To evaluate the reactivity of a reaction, an energy diagram was constructed with
a starting point and TS structure to give an overall view of the reaction. In this case,
the structures for reactant and product were not available due to the varying geometry
and unpredictable cis-trans rearrangement of the reactant of the product which
required a further analysis, which was not possible due to time constraint. Therefore,
the reactivity of the reaction can be measured by the relative energy barrier between
the starting point, i.e. the preactivated palladium complex for all the TS structures to
be compared with, and the TS. As the starting point, using a common reference point
for the starting point results in the calculated energy barrier to be relative to that
starting point. This gives the reaction scheme as shown in Equation 1 where TS is the
TS structure of Pd-complex including aryl halide and the phosphine ligand from the
calculation, and Lpe is the ligands p-benzoquinone and 1,5-cyclooctadiene,
coordinating the preactivated Pd-complex [Pd(n2:n2-p-benzoquinone)(n2:n2-1,5-
cyclooctadiene)] with the structure shown in Figure B1 in Appendix B. The total free
energy values of each ligand, substrate and preactivated Pd-complex are shown in
Table A1 in Appendix A and are used for calculation according to reaction scheme in
Equation 1.

Pd(Lyre) + ArX + L = TS + Ly, (1)

Relating the starting point to the transition state is done using Equation 2 where AGY,
TS

is the relative energy barrier with solvation effects partially accounted for; AG;;;,, and
AGSEST are the terms which describes the solvation free energy of the transition state
structure and the starting geometry.

AG* — AGTS _ AGstart (2)

solv solv solv

To obtain the AGTS,, and AGSt%¢, these can be calculated for each of the structures by
using equation 3. In equation 3, AG is the total Gibbs free energy where the
translational, rotational and vibrational energy is accounted for, although these
contributions are calculated with the structure in gas phase. Therefore, in this study,
the contributions from these molecular motion in gas phase are assumed in this
calculation to be the same as in solution phase. As for AE,,;,,, the term describes the
difference between gas phase energy and solution phase energy, which is the solvation
energy deriving from the process of simulating solvation of the structure with, in this
case, THF solvent. The value for AE,,;, is shown in Table A1 and A4 in Appendix A.

AGgor, = AG + AEq1 (3)

Computing each combination of substrate and ligand yields the relative energy barrier
shown in Table 1. The energy barrier is shown to slightly decrease for substrate 6-7
and the drastically decrease for other substrates with the introduction of biaryl
substrates. This indicates that the reactivity increases when the steric bulk of the
substrate increases. Although the trend for the ligand is difficult to generalize. So, to
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pinpoint the component which affects the reaction, the ligands and substrates are
evaluated separately.

3.3.1 Ligand’s steric effects

The ligand steric effects have been shown to be an important factor in reactivity
of cross-coupling reactions [4][26] where bulkier ligand can increase the rate of the
cross-coupling reactions. However, the steric effects of the ligand are shown to be
contributing to cross-coupling reactions in its entirety of the catalytic cycle including
transmetalation and reductive elimination step. Additionally, bulkier ligand can affect
the resulting TS structures, where the size of ligand can determine the number of
ligands that can bind to the Pd. Smaller ligand such as ligand 1 allows the coordination
of two ligands onto the Pd atom, whereas larger ligand such as ligand 5 is sterically
possible for the coordination of only one ligand onto the Pd atom. The steric effects
contribution to OA can be shown in the results obtained in this study. Although, for
the model system to be consistent, the TS structures in this study are structures where
only one ligand is coordinated to the Pd atom.

Upon examining the results obtained, it is shown that across the energy barriers of
ligands used in this study, there was a slight change in the barrier with the increasing
size of the ligand. Also, there is a trend that can be seen where the energy barrier is
generally the lowest for ligand 1 and tends to increase with the increasing size of the
ligand. Ligand 3 and 4 energy barrier is generally higher than the rest of the ligands.
Also, ligand 5 did not follow the expected trend being that the energy would increase,
which was attributed to the outlier of substrate 8 ligand 5 and the overall decrease in
energy barrier for substrate 9 and 10 for ligand 5. The relative energy barrier of this
structure is significantly lower than all the structures in the series, at 6.1 kcal/mol.

This could be due to the computational method where during the transition state
search, the differing convergence conditions for DFT-calculation of electronic energy
were required as some of the transition state structures were difficult to identify. This
led to a finer calculation which overestimated the electronic energy of the structure.
Furthermore, by inspecting the solvation energy for substrate 8 ligand 5 compared to
other structures in Table A4 in Appendix A, one can see that the problem arises from
the solvation energy calculation. This is a consequence of calculation not converging
properly, resulting in abnormal calculated electronic energy of the structure. To
further confirm this, Figure 3 shows the comparison between the structure of substrate
8 ligand 4 and substrate 8 ligand 5 which showed that the geometry did not differ
significantly, yet the energy barrier differs by 15.3 kcal/mol. Which further indicates
that the fault lies in the electronic energy calculation. For this reason, this outlier is
excluded from the analysis in this study.
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Figure 3. Geometrical comparison between the TS structure of substrate 8 ligand 4
(left) and substrate 8 ligand 5 (right).

Investigating the solvent contribution to the transition state structures, it was shown
in Table A4 in Appendix A that the contribution from THF solvent increases from
ligand 1 to 5, where ligand 4 and 5 was shown to have a positive interaction with THF
as a solvent as the solvation energy, as shown in Table A4, for the two ligands are
comparatively lower than the first three ligands across all the substrates. This shows
that the solvent stabilizes ligand 4 and 5 more effectively than ligand 1-3. This could
be due to the polarity of THF as it is a slightly polar solvent which combined with
comparatively polar nature of ligand 4 and 5, led to a decrease in the energy barrier.
Although, to fully confirm this, different solvents with varying polarity are required to
fully elucidate the extent of solvent effects.

Further inspection of the TS structures for ligand 2, 4 and 5 shows a possible
interaction between the ligand and the palladium atom. This is only seen in ligand 2,
4 and 5 where the O atom of the biphenyl is in the proximity of Pd atom. This shows
that there is a possibility where a ligand can hinder the Pd coordination site as shown
in Figure 4.
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Figure 4. Modelling of Pd-complex of substrate 8 and ligand 4 with atomic distances
between the interacting atoms, O atom and Pd atom, displayed.

Due to this reason, the ligands which can hinder a coordination site of Pd and the
ligands that cannot, i.e. ligands 1 and 3 in this study, are not comparable due to the
two diverging mechanisms of action. Where for ligands 1 and 3, for the results to be
comparable, the coordination site of Pd must be in proximity to another ligand. But as
the structure of ligands 2, 4 and 5 are not in proximity to the Pd atom, resulting in
less hindered Pd center, the results will therefore be incomparable. This resulted in
the low energy structures with ligand 2, 4 and 5 where this could have been attributed
to the more stable complex with open coordination site.

In this case, the reported energy barrier indicated that the steric effect of the ligand
did not lead to a decrease in energy barrier and instead increases it. This could be due
to the ligand steric effect as larger ligands can prevent additional ligand or solvent
molecules to interact with the complex, therefore preventing the complex to adopt the
stable geometry. However, this could not be confirmed as the two types of ligands were
not comparable due to their difference in the ability to interfere with coordination of
Pd center. But due to the time constraints, this option was not possible, as to obtain a
full comprehensive comparative study, larger selections of ligands were required
resulting in more calculations for all the TS complex structures.

Beside the coordination interfering effect of ligand, the electron donating capability of
the ligand was shown by previous studies to be a contributing factor to facilitate OA
reaction [14]. Relating the findings to the previous studies, as Landeros et al. [13]
investigated ligand steric properties, the results for bromobenzene were that the steric
bulk of the ligand did not affect the OA reaction considerably. The study varies the
coordination number of the Pd complex, thus relating the coordination number to the
steric properties to investigate the rate of the reaction. The reaction was nearly zeroth-
order reaction for different coordination number of Pd complex with aryl bromide
which means that the reaction depends on the substrate concentration and not the
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coordination number of the Pd center, i.e. the steric properties of the ligand. They
further highlighted that OA reaction depends largely on the identity of the halide,
showing that the electronic effects could be the predominant factor in the reactivity of
OA. Additionally, Jover et al. [14] did a computational study of phosphine ligand and
its effects in SM cross-coupling reaction. It was stated that the OA step is dictated by
primarily the ligand’s electronic effects and minimally on ligand steric effects. The
multilinear regression model deriving from HOMO energy and steric descriptors was
constructed and shown that the HOMO energy describing the ligand’s ability to donate
electrons to Pd, in other words, the electronic effects, had much larger contribution
than the steric descriptors on reactivity of OA.

To briefly investigate the electronic effects, the atomic charges, deriving from the
electrostatic potential from DFT-calculation, of the important atoms participating in
the reaction can be inspected. This is shown in Table A7 in Appendix A for each of the
ligand/substrate combinations, highlighting the interacting atoms in the reaction. In
the case of the ligand, the atomic charge of Pd atoms in the structures were shown to
follow the same trend for ligand 1-5 as the reported energy barrier. Where the atomic
charge of Pd atom increases, i.e. becomes more positively charged, due to the varying
electronic structure of the ligands, relating the nucleophilicity of Pd atom to the
reactivity of the OA reaction. Furthermore, looking at the phosphine ability to donate
electrons to Pd by inspecting the atomic charge of P atoms, it is shown that the
phosphine of ligand 2-5 retains some of its electrons rather than donating it all to Pd
atom. This indicates that the ligands are strongly electron donating ligands as the some
of the electron density is retained on the P atom while most of it is present on Pd atom
as the atomic charge of Pd atoms in Table A7 indicated.

So, while the trend of ligand’s steric effects indicates that the increase in steric bulk of
ligand leads to a decrease in reactivity of OA reaction which could be due to the
coordination site interference from the ligand, there were many signs which indicate
that the steric bulk is not the sole contributor to reactivity of OA. Two of which are
solvent effects and electronic effects. For solvent effects, the choice of solvent can
change depending on the choice of ligand and substrates since the polarity of solvent
can facilitate the stabilization of the complex. As for electronic effects, the ligand’s
electron donating ability is important for the reactivity as strongly electron donating
ligand led to Pd atom becoming more nucleophilic, leading to an increase in reactivity.
Although, a further analysis into the electronic effects is required as the model system
of this study is focused on studying the steric effects and therefore could not elucidate
the full extent of how electronic effects of the ligand can affect the reactivity of OA
reaction.

3.3.2 Substrate’s steric effects

The substrates used in this study contain substituents with varying degrees of
steric bulk in the ortho position to the reaction center and thus will be in the proximity
to the Pd atom and possibly to the ligand during OA. Although, the substituent’s steric
bulk is not the metric used in this study to evaluate the substrate’s steric effects.

14



Instead, to provide a description of what steric effects mean for Pd-complex, the steric
effects which matter in this study are the steric effect which interacts with the rest of
the complex in the transition state (TS), specifically those that collide with either the
Pd center or the ligand.

As for the substrate steric effects, looking at the first substrate 6, the energy barrier is
shown to be higher than the bulkier substrates. Inspecting other substrates 7-10, the
energy barrier decreases with increasing steric bulk on the substituent, indicating that
steric effect affects the reactivity of OA where increasing steric bulk will decrease the
energy barrier. Therefore, to confirm the hypothesis, the results from this study can
be tied to the results from other previous studies.

Recalling previous studies [15] where a reactivity model was constructed which is
described by the linear regression coefficient of each descriptor, and it is shown that
the model estimated the coefficient of the steric effect to be positive, indicating the
increase in steric bulk of the substituent leads to an increase in energy barrier of the
TS. The contribution of sterics descriptors to the energy barrier in the model was
shown to be less than 10% as opposed to another descriptor such as electronics
descriptor (>60%). This indicates that the trend in this study shown in Table 1 does
not coincide with the trend in the study that Lu et al. showed, as the reported energy
barrier of the study herein was shown to be decreasing with increasing steric bulk of
the substituent.

The previous study by Lu et al. [15] however shows that the steric bulk of the substrate
is not the main cause of affecting the reactivity of the OA reaction, as if it was the case,
the energy barrier would be increasing with the increasing steric bulk as the steric
descriptor coefficient indicated. Instead, the energy barrier decreases in the results
shown in Table 1, suggesting that there are other factors which affect the OA reaction
greater than steric effects. The consensus [15][16] of previous studies is that the
substituent on the aryl halide substrate matters greatly when it is on the ortho position
to the halide atom. This confirms the finding of previous studies that ortho-substituent
does increase energy barrier of OA. As to why, the primary contributing factor for
reactivity of OA is likely to be from electronic effects, not steric effects of the substrate.
Ahlquist et al. [12] showed that having an electron withdrawing substituent at Cpara
leads to a decrease in energy barrier since this enhances Pd ability to donate electron,
therefore making the aryl halide substrate to be more electrophilic in nature. With the
same rationale, having electron withdrawing substituent at Cortho will result in a
decrease in energy barrier as the inductive effect of an electron withdrawing
substituent promotes electrophilicity of the aryl halide, resulting in an increase in
reactivity of OA reaction.

In this case, the trend in electronic effect of the substituents in the substrates used in
this study can be estimated with the use of Hammett o constant for para substituent
and meta substituent [27] as shown in Table 2 to relate the finding of this study to the
previous studies, where opara corresponds to the ortho substituents due to inductive
effect. The negative value of Hammett o constant indicates that the substituent is an
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electron donating group to the aromatic ring while positive value indicates that the
substituent is an electron withdrawing group. The results from this study do agree with
the previous study as shown with all the substrates in the series. This showed that an
electron withdrawing group at para/ortho position decreases the energy barrier as
shown in substrate 77 to 8. Although, an electron donating group with ortho-methyl as
shown in substrate 6 to 77, was expected to increase the energy barrier, instead the
energy barrier decreases. This indicates that further study is required to investigate
the full extent of the electronic effects and to explain the ortho-substituents inductive

effects.
J iq

Figure 5. Modelling of Pd-complex of substrate 9 and ligand 1 showing the addition
of Br at meta-position.

As for substrates 8 and 9/10, the decrease in energy barrier differs considerably. In
this case the bromide substituent must be considered for substrates 9 and 10 as shown
for substrate 9 with ligand 1 in Figure 5. The o constant for ortho substituent of
substrates 9 and 10 showed that the ortho-naphthyl and ortho-2-methyl-naphthyl are
comparable in their ability to withdraw electron which could not be the reason for the
decrease in energy barrier for substrate 9 and 10 compared to the previous substrates
in the series. Instead, the meta-bromide is thought to be responsible for the decrease
in energy barrier as the o constant showed that the meta-bromide is a stronger electron
withdrawing group, correlating to the decrease in energy barrier.
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Table 2. Estimated Hammett o constant of the substituents in substrate 6-10.
Negative value indicates electron donating group and positive value indicates electron
withdrawing group.

Substituent Corresponding  Opara Ometa
substrate

Ortho-H Substrate 6 0 0

Ortho-Methyl Substrate 7 -0.148 -0.030

Ortho-Phenyl Substrate 8 0.012 0.055

Ortho-Naphthyl Substrate 9 0.015 0.078

Ortho-2-Methyl- Substrate 10 -0.005 0.073

naphthyl

Meta-Bromide Substrates 9 and 0.282 0.392
10

While the Hammett ¢ constant is shown to be a good estimation, it is important to
investigate electronic effects further to show if the addition of substituents resulted in
the decrease in energy barrier due to steric effect or the electronic effects. This can be
done by combining the estimated Hammett o constant to compare with the atomic
charges of interacting atoms in the reaction shown in Table A7 in Appendix A for the
substrate and the participating atoms. This shows that for the substrates, the atomic
charge of Pd atom increases with increasing steric bulk of the substrate, leading to Pd
atom becoming less nucleophilic along the series of substrates. Similarly for the
interacting carbon atom, Cipso, the atomic charge decreases with increasing steric bulk
of the substrate, leading to the Cipso atom becoming less electrophilic along the series
of substrates. Therefore, it is shown that increasing the steric bulk from substrate 6-
10 should lead to an increase in energy barrier as the Pd atom and Cipso become less
nucleophilic and electrophilic respectively. However, this is not the case for the
reported energy barrier, as the energy barrier was shown to decrease in this study. This
could be due to the charge distribution which occurs during the TS, where the
nucleophile donates electrons, resulting in the increased atomic charge of Pd atom and
vice versa for electrophilic Cipso atom. This shows that the degree of charge distribution
during TS could be correlated with the energy barrier, where the larger substrates and
its electron withdrawing substituents promote the electrons to be redistributed more
effectively. This results in Pd atoms becoming more positively charged and Cipso
becoming more negatively charged and therefore decreasing the energy barrier as the
steric bulk increases for substrate 6-10. Although, to fully understand how the charge
distribution in the structure during TS occurs, a deeper investigation and validation is
required.

Besides the inductive effects, there is further evidence confirming that steric effects do
affect reactivity shown in the TS structure substrate 9 and 10, This is related to the
coordination site interference which can be shown in Figure 6. As discussed in the
previous section with ligand steric effects, the O atom in ligand 2, 4 and 5 was shown
to hinder the coordination site, resulting in decrease in energy barriers. For the case
of substrate 9 and 10, similar situation arises as the naphthalene substituent is bulky
enough to be in the proximity of the Pd center as shown in Figure B17-B26 in Appendix
B and therefore could be the reason the energy barrier decreases for these substrates.
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This finding is not consistent with the previous study as Lu et al. [15] stated that the
increase in steric bulk of the substituent leads to an increase in energy barrier of the
TS structure.

However, the substrates used in the previous study contained substituents (R = -H, -
methyl, -ethyl, -isopropyl, -tertbutyl), none of which, beside tertbutyl, is large enough
to be in proximity to the coordination site of Pd due to its relatively smaller steric bulk
near Pd center. The case can be made for tertbutyl substituent to have the ability to
interfere with the coordination site as tertbutyl group is comparable in size to the
substituents of substrates 8-10 in the current study. But, as the study by Lu et al.
evaluated the substituents altogether to derive the coefficient of steric descriptor, the
steric effects of tertbutyl was possibly overshadowed by the smaller substituents. Also,
the substituents used in the model were either ortho- or para-substituents as opposed
to strictly ortho-substituents used in this current study. This ultimately led to the
model equation for steric descriptor in the study by Lu et al. being inconsistent and
therefore incomparable to the finding in this study. However, substrate 9 and 10, with
the atropisomer formed, their TS structures were all shown to have naphthyl
substituents oriented towards the ligand with P-configuration. This orientation results
in substrate being in proximity to the coordination site of the Pd-complex and might
contribute to the decrease in energy barrier due to steric effects. Although, as there
were also indications that electronic effect could affect the reactivity, it is unclear
whether the steric effect or the electronic effect is the dominating factor to affect
reactivity.

Figure 6. Modelling of Pd-complex of substrate 9 and 10 and ligand 1 showing
interference of coordination site from the substrate’s substituent.

As the steric effects were shown to affect the reactivity when the substrates are bulky
enough to be in the proximity of the coordination site, further investigations regarding
steric effects are needed until the electronic effect study on OA is confirmed to not be
the main factor on the set of substrates and ligands used in this study. Hence, to
elucidate whether the electronic effect was the factor which decreases the energy
barrier or if it was the steric effect, a further assessment on the electronic effect and
the coordination site interference is needed.
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4 Conclusion

The steric features of both ligand and substrate were investigated, as for the
ligands included and compared in this study, the steric bulk of the ligands were shown
to have a small effect on the reactivity where increasing the ligand size resulted in an
increase in the energy barrier. This was shown to be due to the ligand’s structure as
some larger ligand can interfere with the Pd center by being in proximity to it. Other
possible factors were also considered, such as solvent and electronic effects. However,
the model used in this study was not aimed at studying said effects and therefore, the
conclusion that solvent and electronic effects do affect OA reactivity cannot be drawn.

As for the substrate, an opposite trend can be seen where an increase in substrate size
results in a decrease in the energy barrier. It is shown that the ortho-substituent causes
the energy barrier to decrease. This could also be due to the electronic effects of the
substituent where electron withdrawing group can cause the aryl halide to be more
reactive, similarly with inductive effects of the substituents depending on the position
of the substituent to the aryl. Additionally, the substrate’s steric effects are shown to
affect the reactivity of OA where the substrates that can interfere with coordination of
Pd were shown to increase the reactivity of the reaction.

A limitation of this study is the exclusion of Pd complexes with multiple coordinated
ligands, which may be lower in energy than the starting structure or TS included. The
findings are theoretical and may not fully reflect real conditions. The study focuses on
steric effects without accounting for ligand coordination, which could influence
reactivity. So, for future studies, electronic features of the ligand and substrate should
be considered alongside steric features where the substrates and ligands with the
ability to affect the coordination site, both during and before TS, can be compared.
This calls for a larger, focused selection of substrates and ligands to avoid possible
interference to occur.
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Appendices
APPENDIX A: Calculated energy of all substrates and ligands

Table A1. Calculated total free energy and solvation energy of isolated starting
structures in the study in Hartree with PBE0-D3(BJ) level of theory, including solvents
effects with THF.

Entry Total free energy Solvation energy
(Hartree) (Hartree)

Pd(Lpre) -819.439745 -0.01624101902
Lpre -692.642325 -0.01779779037
Ligand 1 - 460.768549 -0.00616502303
Ligand 2 - 884.421581 -0.01660173635
Ligand 3 -1035.294113 -0.02039759131
Ligand 4 - 1303.56942 -0.02517726169
Ligand 5 - 1379.722651 -0.02647461708
Substrate 6 - 244.526916 -0.01509701917
Substrate 7 - 283.781064 -0.00766376288
Substrate 8 - 475.290534 -0.01137734158
Substrate 9 - 641.326771 -0.01744645597
Substrate 10 - 680.573653 -0.01797503382

Table A1 showed the calculated energy AG and solvation energy AEsov through
geometry optimization with vibration frequency analysis at T = 298.15 Kand P = 1
atm. Note that Pd(Lpe) is the preactivated Pd-complex [Pd(n2:n2-p-
benzoquinone)(n2:n2-1,5-cyclooctadiene)] with the ligands Lpre p-benzoquinone and
1,5-cyclooctadien as shown in Figure B1 in Appendix B.

Table A2. Calculated total free energy of all compounds with its TS structures used
in the reactivity study in Hartree with PBEo-D3(BJ) level of theory.

Total free energy (Hartree)
Ligand
1 2 3 4 5
-832.057765 - 1255.714543 -1406.583405 -1674.863703 - 1751.016458
- 871.310911 -1204.967635 - 1445.836709 - 1714.117295 -1790.271872
-1062.823942  -1486.481262 -1637.349585 -1905.630097 -1981.783039
-1228.861955 -1652.520487 -1803.393421 - 2071.667499 -2147.816687
-1268.116814 -1691.778326 -1842.648745 - 2110.921062 - 2187.076907

Substrate

o ®I &
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Table A3. Calculated lowest vibrational frequency and the intensity of all compounds
with its TS structures used in the reactivity study in Hartree with PBEo-D3(BJ) level
of theory, including solvents effects with THF.

Entry Lowest vibrational Intensity (km/mol)
frequency (cm)

Lig1Sub 6 -108.8 137.9
Lig1Sub 7y -102.4 121.9
Lig1Sub 8 -124.0 165.5
Lig1Subo -128.3 167.7
Lig 1 Sub 10 -128.3 165.9
Lig2Sub 6 -112.0 136.0
Lig 2 Sub 7 -101.3 112.5
Lig2Sub 8 -122.4 164.5
Lig2Sub o9 -128.9 165.1
Lig 2 Sub 10 -122.9 158.4
Lig 3 Sub 6 -103.8 124.5
Lig 3 Sub 7 -88.2 86.3
Lig3Sub 8 -108.5 131.6
Lig3Subo -120.3 144.8
Lig 3 Sub 10 -117.9 135.9
Lig 4 Sub 6 -92.4 94.1
Lig 4 Sub 7 -68.2 71.3
Lig 4 Sub 8 -97.2 107.4
Lig 4 Sub 9 -91.0 90.0
Lig 4 Sub 10 -98.6 90.2
Lig5Sub 6 -89.4 84.2
Lig 5 Sub 7 -68.3 62.4
Lig5 Sub 8 -79.2 85.3
Lig5Subo -96.0 96.7
Lig 5 Sub 10 -80.9 73.1

Table A4. Calculated solvation energy of all compounds with its TS structures used
in the reactivity study in Hartree with PBE0-D3(BJ) level of theory, including solvents
effects with THF.

Solvation energy (Hartree)
Ligand

Subs
trate

o\ ®I &

1

-0.01693340528
-0.01449453249
-0.02488751386
-0.03390783588
-0.01865695164

2

-0.01748290165
-0.01816179446
-0.02799341445
-0.02227525567
-0.02139609483

3

-0.02287523680
-0.02108084133
-0.03131430775
-0.03652156424
-0.02325439244

4

-0.02747036344
-0.02450767254
-0.02822208812
-0.03046867830
-0.03049539091

5

-0.02445421153
-0.02441880548
-0.05419996966
-0.04712279369
-0.03057518819



Relative energy barrier of TS structures
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Figure A1. Diagram showing the relative energy barrier of TS structures used in
reactivity in kcal/mol with PBE0-D3(BJ) level of theory, including solvents effects
with THF.
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Table A5. Calculated total free energy and solvation energy of all compounds used in
evaluation of axially chiral structure in Hartree with PBE0-D3(BJ) level of theory,
including solvents effects with THF. Note the configuration specified in the entry
column, where the configuration of the ligand is denoted with R/S nomenclature and
the configuration of the atropisomer is denoted with P/M nomenclature. The decimals
are included as the difference in energy is not noticeable with one decimal.

Entry

Lig 2 Sub 9 (S,P)
Lig 2 Sub 9 (S,M)
Lig 2 Sub 9 (R,P)
Lig 2 Sub 9 (R,M)
Lig 4 Sub 9 (S,P)
Lig 4 Sub 9 (S,M)
Lig 4 Sub 9 (R,P)
Lig 4 Sub 9 (R,M)
Lig 5 Sub 9 (S,P)
Lig 5 Sub 9 (S,M)
Lig 5 Sub 9 (R,P)
Lig 5 Sub 9 (R,M)
Lig 2 Sub 10 (S,P)
Lig 2 Sub 10 (S,M)
Lig 2 Sub 10 (R,P)
Lig 2 Sub 10 (R,M)
Lig 4 Sub 10 (S,P)
Lig 4 Sub 10 (S,M)
Lig 4 Sub 10 (R,P)
Lig 4 Sub 10 (R,M)
Lig 5 Sub 10 (S,P)
Lig 5 Sub 10 (S,M)
Lig 5 Sub 10 (R,P)
Lig 5 Sub 10 (R,M)

Total free energy

(Hartree)
-1652.516452
-1652.520487
-1652.519222
-1652.517074
-2071.665002
-2071.666179
-2071.667499
-2071.665231
-2147.816687
-2147.819941
-2147.823708
-2147.817552
-1691.778326
-1691.773268
-1691.773517
-1691.770181
-2110.920911
-2110.918215
-2110.921062
-2110.92019
-2187.074886
-2187.071645
-2187.076907
-2187.074287
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Solvation energy
(Hartree)
-0.01447564899
-0.02227525567
-0.02336486503
-0.025553809025
-0.02994187488
-0.03149180175
-0.03046867830
-0.03128162016
-0.04712279369
-0.03162954673
-0.03265627529
-0.03110299405
-0.02139609483
-0.02321692468
-0.02329243154
-0.02493176513
-0.02968555627
-0.03036595195
-0.03049539091
-0.02950423602
-0.03030714906
-0.03104108198
-0.03057518819
-0.02993255519



Table A6. Calculated lowest vibrational frequency and the intensity of all compounds
with its TS structures used in evaluation of axially chiral structure in Hartree with
PBE0-D3(BJ) level of theory, including solvents effects with THF. Note the
configuration specified in the entry column, where the configuration of the ligand is
denoted with R/S nomenclature and the configuration of the atropisomer is denoted
with P/M nomenclature.

Entry Lowest vibrational Intensity (k/mol)
frequency (cm)

Lig 2 Sub 9 (S,P) -78.0 74.7
Lig 2 Sub 9 (S,M) -68.2 71.3
Lig 2 Sub 9 (R,P) -46.8 31.8
Lig 2 Sub 9 (R,M) -72.8 76.9
Lig 4 Sub 9 (S,P) -110.36 115.5
Lig 4 Sub 9 (S,M) -113.6 123.4
Lig 4 Sub 9 (R,P) -91.0 90.0
Lig 4 Sub 9 (R,M) -91.9 100.3
Lig 5 Sub 9 (S,P) -110.7 93.2
Lig 5 Sub 9 (S,M) -105.7 109.9
Lig 5 Sub 9 (R,P) -98.6 90.2
Lig 5 Sub 9 (R,M) -103.7 100.6
Lig 2 Sub 10 (S,P) -68.3 62.4
Lig 2 Sub 10 (S,M) -79.5 80.0
Lig 2 Sub 10 (R,P) -51.2 35.9
Lig 2 Sub 10 (R,M) -83.6 80.8
Lig 4 Sub 10 (S,P) -95.0 104.1
Lig 4 Sub 10 (S,M) -112.4 114.2
Lig 4 Sub 10 (R,P) -96.0 96.7
Lig 4 Sub 10 (R,M) -94.4 06.8
Lig 5 Sub 10 (S,P) -100.8 106.1
Lig 5 Sub 10 (S,M) -106.4 109.6
Lig 5 Sub 10 (R,P) -80.9 73.1
Lig 5 Sub 10 (R,M) -90.6 96.2
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Table A7. Atomic charges from electrostatic potential of the interacting atoms in
concerted mechanism on the transition state structures of all compounds.
Calculations were performed with PBEo-D3(BJ) level of theory.

Entry Atomic charge

Pd Br P Cipso
Lig1Sub 6 0.05772 -0.30393 0.26626 0.31740
Lig2Sub 6 0.27804 -0.28421 -0.34527 0.09073
Lig 3 Sub 6 0.29187 -0.30078 -0.53394 0.27496
Lig 4 Sub 6 0.37249 -0.29545 -0.65356 -0.23930
Lig 5 Sub 6 0.40632 -0.27151 -0.42359 -0.07420
Lig 1 Sub 7 0.06462 -0.28438 0.26259 0.15502
Lig 2 Sub 7 0.30276 -0.26247 -0.29571 -0.02103
Lig 3 Sub 7 0.36352 -0.29609 -0.77140 0.16229
Lig 4 Sub 7 0.36275 -0.29110 -0.64231 -0.08088
Lig 5 Sub 7 0.35174 -0.29038 -0.53979 -0.02465
Lig 1 Sub 8 0.05038 -0.30942 0.34522 0.31035
Lig2Sub 8 0.26251 -0.26579 -0.12727 -0.10381
Lig 3 Sub 8 0.31197 -0.29944 -0.52817 0.25050
Lig 4 Sub 8 0.35470 -0.29852 -0.49161 -0.03436
Lig 5 Sub 8 0.36522 -0.29464 -0.38672 -0.05382
Lig1Subo 0.13414 -0.22864 0.29441 -0.14375
Lig2Sub o9 0.35726 -0.20426 -0.28058 -0.63954
Lig3Subo 0.38809 -0.24602 -0.67713 -0.15141
Lig 4 Sub o 0.49079 -0.25970 -0.75692 -0.43171
Lig5Sub o9 0.48728 -0.26618 -0.50271 -0.64288
Lig1Sub 10 0.15422 -0.25569 0.23847 -0.07911
Lig2Sub10 0.36971 -0.21961 -0.31732 -0.53177
Lig3Sub10 0.34526 -0.20065 -0.65634 -0.24230
Lig 4 Sub1o 0.52305 -0.24209 -0.77363 -0.78923
Lig5Sub 10 0.50954 -0.22044 -0.59100 -0.74234
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APPENDIX B: Modeling of all substrates, ligands and
preactivation Pd-complex

Figure B1. Modelling of preactivation Pd-complex containing 2 ligands with the
identifier EJAJII in CCDC database.

Y,

Figure B2. Modelling of Pd-complex of substrate 6 and ligand 1.
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Figure B3. Modelling of Pd-complex of substrate 6 and ligand 2.

Figure B4. Modelling of Pd-complex of substrate 6 and ligand 3.
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Figure B6. Modelling of Pd-complex of substrate 6 and ligand 5.
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Figure B7. Modelling of Pd-complex of substrate 7 and ligand 1.

Figure B8. Modelling of Pd-complex of substrate 77 and ligand 2.
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Figure B10. Modelling of Pd-complex of substrate 7 and ligand 4.
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Figure B11. Modelling of Pd-complex of substrate 77 and ligand 5.

Figure B12. Modelling of Pd-complex of substrate 8 and ligand 1.
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Figure B13. Modelling of Pd-complex of substrate 8 and ligand 2.

Figure B14. Modelling of Pd-complex of substrate 8 and ligand 3.
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Figure B16. Modelling of Pd-complex of substrate 8 and ligand 5.
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Figure B18. Modelling of Pd-complex of substrate 9 and ligand 2 with
configuration (S,M).
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Figure B20. Modelling of Pd-complex of substrate 9 and ligand 4 with
configuration (R,P).
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Figure B21. Modelling of Pd-complex of substrate 9 and ligand 5 with
configuration (R,P).

Figure B22. Modelling of Pd-complex of substrate 10 and ligand 1.
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Figure B23. Modelling of Pd-complex of substrate 10 and ligand 2 with
configuration (S,P).

Figure B24. Modelling of Pd-complex of substrate 10 and ligand 3.
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Figure B25. Modelling of Pd-complex of substrate 10 and ligand 4 with
configuration (R,P).

Figure B26. Modelling of Pd-complex of substrate 10 and ligand 5 with
configuration (R,P).
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