
 
 

 

Structural Constraint and Flexibility 
in the Chemistry of Lewis-Acidic 
p -Block Atom-Based Molecules 

 
Synthetic Chemistry of Calix[4]pyrrolato Complexes,  

Quantum Chemical Studies, and Data-Driven Approaches 
 

 

 

I N A U G U R A L    D I S S E R T A T I O N 

 

 

to obtain the Academic Degree  
Doctor Rerum Naturalium (Dr. rer. nat.) 

 
of the Combined Faculty of Mathematics, Engineering,  

and Natural Sciences of Heidelberg University 
 

 

 

by 
Lukas Maximilian Sigmund 

born in Mosbach 

 

2024 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The experimental and computational work presented within this dissertation was carried 

out from March 2020 to December 2023 under the supervision of PROF. DR. LUTZ GREB at 

the Institute of Inorganic Chemistry at Ruprecht-Karls-Universität Heidelberg and at the De-

partment of Chemistry at Colorado State University, hosted by PROF. ROBERT PATON. Some of 

the results described here were obtained by NICK RICHERT, ROUVEN MAIER, ELIANE ENGELS, 

and ANDREAS ALBERS as part of their research internships under my supervision. Also, 

some results were generated in direct collaboration with DR. CHRISTOPHER EHLERT and 

SHREE SOWNDARYA S. V.. Essential parts of this dissertation have already been published in 

scientific articles. 

 

First referee and advisor  Prof. Dr. Lutz Greb 

Second referee   Prof. Dr. Dr. Hans-Jörg Himmel 

Date of disputation   March 15, 2024 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

List of Publications 
12) L. M. Sigmund, S. Sowndarya S. V., A. Albers, P. Erdmann, R. S. Paton, L. Greb, “Predict-

ing Lewis Acidity: Machine Learning the Fluoride Ion Affinity of p-Block Atom-based Mol-

ecules”, submitted. 

11) L. Kistner, L. M. Sigmund, F. F. Grieser, J. Krauß, S. Leingang, E. Kaifer, L. Greb, H.-J. 

Himmel, “Metal-Free B-B Dehydrocoupling Reaction of a Simple Borane Adduct: Conven-

ient Access to a Nucleophilic Diborane(4)“, Angew. Chem. Int. Ed. 2024, 63, e202317462. 

10) L. M. Sigmund, E. Engels+, N. Richert+, L. Greb, “Calix[4]pyrrolato gallate: square pla-

nar-coordinated gallium(III) and its metal-ligand cooperative reactivity with CO2 and al-

cohols”, Chem. Sci. 2022, 13, 11215-11220. +: equal contributions. 

9) L. M. Sigmund+, F. Schön+, F. Schneider, D. Hartmann, M. A. Wiebe, I. Manners, L. Greb, 

“Calix[4]pyrrolato Aluminate Catalyzes the Dehydrocoupling of Phenylphosphine Borane 

to High Molar Weight Polymers”, Angew. Chem. Int. Ed. 2022, 61, e202202176. +: equal 

contributions. 

8) L. M. Sigmund, C. Ehlert, G. Gryn’ova, L. Greb, “Stereoinversion of Tetrahedral p-Block 

Element Hydrides”, J. Chem. Phys. 2022, 156, 194113. 

7) L. M. Sigmund, R. Maier, L. Greb, “The inversion of tetrahedral p-block element com-

pounds: general trends and the relation to the second-order Jahn-Teller effect”, Chem. Sci. 

2022, 13, 510-521. 

6) L. M. Sigmund+, H. Ruppert+, L. Greb, “Calix[4]pyrroles as ligands: recent progress with 

a focus on the emerging p-block element chemistry”, Chem. Commun. 2021, 57, 11751-

11763. +: equal contributions. 

5) L. M. Sigmund, C. Ehlert, M. Enders, J. Graf, G. Gryn’ova, L. Greb, “Dioxygen Activation 

and Pyrrole α-Cleavage with Calix[4]pyrrolato Aluminates: Enzyme Model by Structural 

Constraint”, Angew. Chem. Int. Ed. 2021, 60, 15632-15640. 

4) L. M. Sigmund, L. Greb, “Reversible OH-bond activation and amphoterism by metal-

ligand cooperativity of calix[4]pyrrolato aluminate”, Chem. Sci. 2020, 11, 9611-9616. 

3) L. Greb, L. M. Sigmund+, F. Ebner+, Y. Ginzburg+, “Element-Ligand Cooperativity with p-

Block Elements”, Eur. J. Inorg. Chem. 2020, 2020, 3030-3047. +: equal contributions. 



 

2) F. Ebner, L. M. Sigmund, L. Greb, “Metal-Ligand Cooperativity of the Calix[4]pyrrolato 

Aluminate: Triggerable C-C Bond Formation and Rate Control in Catalysis”, Angew. Chem. 

Int. Ed. 2020, 59, 17118-17124. 

1) L. M. Sigmund+, F. Ebner+, C. Jöst, J. Spengler, N. Gönnheimer, D. Hartmann, L. Greb, “An 

Air-Stable, Neutral Phenothiazinyl Radical with Substantial Radical Stabilization En-

ergy”, Chem. Eur. J. 2020, 26, 3152-3156. +: equal contributions. 

The rights to adapt the content of some of the above listed  

publications were obtained through RightsLink®. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

To the three very best people in my life! 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

Do your best! 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Abstract 
ewis acids are defined as electron pair acceptors, and the introduction of structural 

strain was shown a powerful lever to increase the Lewis acidity of p-block atom-based 

molecules. This dissertation presents experimental, quantum chemical, and data scientific 

contributions to the research area of p-block element-based Lewis acidity. 

The reactivity of calix[4]pyrrolato aluminates (Cx[4]Al) was investigated experimen-

tally. Cx[4]Al was found to heterolytically split the O-H bond of protic substrates (alco-

hols, carboxylic acids) in a reversible manner. With triplet dioxygen as substrate, Cx[4]Al 

forms an alkyl peroxido aluminate. A subsequent rearrangement reaction of the peroxido 

aluminates which yields α,β-unsaturated carboxylato aluminates was discovered and its 

reaction mechanism investigated. Furthermore, the reactivity of Cx[4]Al with nitrogen 

monoxide, nitrosobenzene, and phenyl isocyanate was studied. Characteristic for all re-

actions is an aluminum-ligand cooperative mechanism. 

The chemistry of the calix[4]pyrrolato ligands was expanded to gallium, and ca-

lix[4]pyrrolato gallates(III) (Cx[4]Ga) were synthesized and fully characterized. They are 

the first examples for ideally square planar-coordinated Ga(III) atoms. Cx[4]Ga’s reactivity 

with small molecules (e.g., CO2) as well as its redox chemistry were researched. 

More than 250 small p-block atom-based molecules in square planar structural con-

figuration were investigated with density functional theory and wavefunction-based 

quantum chemistry. Substituent effects on the planarization energies were discussed and 

related to the second-order Jahn-Teller theorem. Indeed, the square planar configurations 

can serve as transition states for the stereochemical inversion of the respective molecules. 

In addition to that, a new stepwise mechanism for stereoinversion was discovered. 

Lastly, the FIA49k dataset, encompassing 48,986 fluoride ion affinities of molecules 

based on 13 different p-block elements, is presented herein. The data was generated with 

double-hybrid DFT calculations. It was used to train FIA-GNN, a graph neural network 

machine learning model that predicts FIA values. FIA-GNN’s usefulness was demon-

strated in four different case studies. 
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German Abstract 
ewis-Säuren werden als Elektronenpaarakzeptoren definiert, und die Einführung von 

struktureller Spannung erwies sich als wirksamer Hebel zur Erhöhung der Lewis-Azi-

dität von Molekülen auf der Basis von p-Block-Atomen. Diese Dissertation präsentiert ex-

perimentelle, quantenchemische und datenwissenschaftliche Beiträge zum Forschungsge-

biet der p-Block-Element-basierten Lewis-Azidität. 

Die Reaktivität von Calix[4]pyrrolato-Aluminaten (Cx[4]Al) wurde experimentell un-

tersucht. Es wurde festgestellt, dass Cx[4]Al die O-H-Bindung protischer Substrate (Alko-

hole, Carbonsäuren) auf reversible Weise heterolytisch spaltet. Mit Triplett-Disauerstoff 

als Substrat bildet Cx[4]Al ein Alkylperoxido-Aluminat. Eine anschließende Umlage-

rungsreaktion der Peroxido-Aluminate, die zu α,β-ungesättigten Carboxylato-Alumina-

ten führt, wurde entdeckt und ihr Reaktionsmechanismus untersucht. Darüber hinaus 

wurde die Reaktivität von Cx[4]Al mit Stickstoffmonoxid, Nitrosobenzol und Phenyliso-

cyanat untersucht. Charakteristisch für alle Reaktionen ist ein Aluminium-Ligand-koope-

rativer Mechanismus. 

Die Chemie der Calix[4]pyrrolato-Liganden wurde auf Gallium ausgeweitet; 

Calix[4]pyrrolato-Gallate(III) (Cx[4]Ga) wurden synthetisiert und vollständig charakteri-

siert. Sie sind die ersten Beispiele für ideal quadratisch planar koordinierte Ga(III)-Atome. 

Die Reaktivität von Cx[4]Ga mit kleinen Molekülen (z. B. CO2) sowie seine Redoxchemie 

wurden untersucht. 

Mehr als 250 kleine p-Block-Atom-basierte Moleküle in quadratisch-planarer Konfi-

guration wurden mit Dichtefunktionaltheorie und wellenfunktionsbasierter Quantenche-

mie untersucht. Substituenteneffekte auf die Planarisierungsenergien wurden diskutiert 

und mit dem Jahn-Teller-Theorem zweiter Ordnung in Zusammenhang gebracht. Tatsäch-

lich können die quadratisch-planaren Konfigurationen als Übergangszustände für die ste-

reochemische Inversion der jeweiligen Moleküle dienen. Darüber hinaus wurde ein neuer 

schrittweiser Stereoinversionsmechanismus entdeckt. 

Abschließend wird der FIA49k-Datensatz vorgestellt, der 48.986 Fluoridion-Affinitä-

ten (berechnet auf Doppelhybrid-DFT Niveau) von Molekülen basierend auf 13 verschie-

denen p-Block-Elementen beinhaltet. Der Datensatz wurde verwendet um ein Graph-

neuronales-Netzwerk (FIA-GNN) zu trainieren, welches FIA-Werte vorhersagt. Der Nut-

zen von FIA-GNN wurde in vier verschiedenen Fallstudien demonstriert. 
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1 INTRODUCTION 

1.1 Preface 

he periodic table organizes the atomic building blocks of the universe by grouping 

elements with similar chemical reactivity, and in fact with similar electronic struc-

ture, into the same column of its iconic raster pattern.1-2 The so-called p-block elements 

are typically displayed at the right end of the periodic table (Figure 1.1A). Famous mem-

bers are nonmetals like carbon, nitrogen, or oxygen, but also elements with (semi)metallic 

character such as aluminum or silicon. All atoms of the p-block’s elements share the 

trademark of having either completely full or completely empty d-orbitals. At the same 

time, their partially filled p-orbitals (when excluding the noble gases) are the main ingre-

dient for their reactivity with other atoms and are last but not least the group’s namesake.3 

 
Figure 1.1: Conceptual building blocks of this dissertation. A) Schematic representation of the periodic 
table. B) Molecular structures with tetrahedral and square planar configuration about the central atom. C) 
A meso-octamethylcalix[4]pyrrolato complex and its electronic features. D) Lewis acid / Lewis base adduct 
formation reaction. 

When participating in chemical reactions, the atoms of p-block elements strive for 

maintenance or attainment of eight electrons within their valence shell. This so-called 

octet rule4 holds primarily for lighter p-block atoms as their heavier congeners more read-

ily exceed or go below a valence electron count of eight. In either case, a complete valence 

electron octet typically dictates the tetrahedral arrangement of substituents around 

T 
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tetrasubstituted p-block atoms (Figure 1.1B). The archetypical example is methane. Its 

equilibrium molecular structure is the ideal tetrahedron which is spanned by the four hy-

drogen atoms (corners) around the central carbon atom. Remarkably, this fundamental 

insight was already introduced in 1874 by VAN’T HOFF as he was describing “[…] les affinités 

de l’atome de carbon dirigées vers les sommets d’un tetraèdre, dont cet atome lui-même occu-

perait le centre.”5 LE BEL independently obtained similar results6, giving rise to the today 

well-known van’t-Hoff-Le-Bel principle. 

The anti-van’t-Hoff-Le-Bel configuration is obtained when the four substituents are 

arranged such that they represent a square with the central atom in its center (Figure 

1.1B). The square planar configuration is for the vast majority of p-block atom-based com-

pounds a non-equilibrium structure of high energy.7 Only selected molecular frameworks 

are capable of forcing p-block atoms into square planarity by imposing structural con-

straint. In fact, this type of constraint and its various implications and consequences are 

at the heart of this dissertation. 

One of the molecular structures that can force atoms in its center into an anti-van’t-

Hoff-Le-Bel configuration is the family of calix[4]pyrrolato ligands (Figure 1.1C). Their par-

ent compound, meso-octamethylcalix[4]pyrrole, was synthesized for the first time in 1886 

by VON BAEYER from pyrrole and acetone.8 Dozens of derivatives were prepared thereafter, 

and the chemistry of calix[4]pyrroles is a rich and active field of research.9-15 

One of the properties of molecules with square planar-coordinated p-block atoms is 

their ability to act as Lewis acids. In 1923, LEWIS introduced an acid-base theory which 

classifies acids as electron pair acceptors and bases as electron pair donors.16 A Lewis-

acid-Lewis-base adduct is formed when electron donation from the base to the acid oc-

curs, ultimately resulting in a newly formed dative bond (Figure 1.1D). The quantitative 

scaling of Lewis acids with respect to their strength is not straightforward as it is always 

requires two components (Lewis acid and base) that make up the resulting adduct. Inevi-

tably, a multidimensional problem arises. Numerous scales for Lewis acid strengths were 

introduced in the past17, with the affinity toward a fluoride anion as reference Lewis base 

– the fluoride ion affinity18 – being one of the most popular ones. 

When both a Lewis acidic and Lewis basic center are present within a molecule with-

out the ability for intra- or intermolecular adduct formation, biphilic reactivity patterns 

become possible. This means that the molecule can react simultaneously as Lewis acid 

and base given a suitable substrate is offered. When such an electronic structure is present 

in a metal complex, this reactivity pattern in its general form is termed element-ligand 
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cooperativity.19-20 It typically relies on an electron-deficient central atom and an electron-

rich ligand. These electronic conditions are found in calix[4]pyrrolato complexes of p-

block elements (Figure 1.1C). Consequently, element-ligand cooperativity is the main re-

activity pattern of this class of compounds. 

In the following sections of this introductory chapter, the key concepts which are rel-

evant for this dissertation are presented in more detail. These are: 

 Electronic structure of molecules with anti-van’t-Hoff-Le-Bel configurated p-block at-

oms and their relation to stereochemical inversion (Chapter 1.2) 

 The second-order Jahn-Teller theorem (Chapter 1.3) 

 Lewis acidity and its quantitative scaling (Chapter 1.4) 

 Element-ligand cooperativity (Chapter 1.5) 

 Calix[4]pyrrole chemistry – especially with p-block elements (Chapter 1.6) 

 Fundamentals of machine learning in chemistry with a focus on graph neural net-

works (Chapter 1.7) 

In the subsequent chapter, the motivations and objectives of this doctoral project are 

outlined (Chapter 2). The presentation of the results and their discussion (Chapter 3) can 

be grouped into four individual blocks: 

 Experimental chemistry of calix[4]pyrrolato aluminates and gallates (Chapters 3.1 to 

3.6) 

 Exploration of the electronic and molecular structure of small p-block atom-based 

molecules with quantum chemical methods – especially in regard of the stereochemi-

cal inversion of molecules with tetrasubstituted p-block atoms (Chapters 3.7 and 3.8) 

 Compilation of a large dataset of fluoride ion affinities of p-block atom-based mole-

cules and the construction of machine learning models for the prediction of fluoride 

ion affinities (Chapters 3.9 to 3.12) 

 Quantum chemical simulations on dehydrogenation reactions of borane (BH3) Lewis 

adducts with the hppH Lewis base (Chapters 3.13) 
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1.2 Electronic Structure of Square Planar-Coordinated 
p‑Block Atoms 

hen four points are positioned on a sphere such that the total distance between 

them is maximized, a tetrahedron is obtained after connecting every point with all 

the others. Assuming repulsion, it is therefore per se natural to assume a tetrahedral con-

figuration of four independent substituents around a given central atom. While this is not 

true for every molecule with a tetravalent atom, this assumption holds indeed for the 

cases of tetrasubstituted p-block atoms with a complete valence octet (when excluding 

any sort of structural constraints or steric repulsions). Based on symmetry assumptions, 

molecular orbital theory (MO theory) allows a more elaborate approach to the problem at 

hand. In the following, the electronic structure of methane (CH4) and silane (SiH4) is pre-

sented using MO theory, and the electronic implications when forcing their tetrahedral 

ground state structure into square planarity are described. 

The global minimum molecular equilibrium structures of both CH4 and SiH4 possess 

Td symmetry. Four bonding (1a1 and 1t2) and four anti-bonding (2a1 and 2t2) molecular 

orbitals can be constructed by combining the central elements' valence s- and p-orbitals 

with the symmetry-adapted fragment orbitals of the four H substituents (Figure 1.2A).21 

The orbitals of the triply degenerate 1t2 representation are the highest occupied molecu-

lar orbitals (HOMO). The lowest unoccupied molecular orbital (LUMO) in the cases of CH4 

and SiH4 is of a1 symmetry (2a1 representation). This can differ for central atoms other 

than carbon or silicon, and the 2t2 representation can become the lowest unoccupied 

level.21 For CH4 and SiH4, the energetic separation between HOMO and LUMO is large 

(10.43 and 9.25 eV, respectively)a.  

The deformation into the square planar D4h symmetric configuration occurs along the 

E harmonic vibration via intermediate D2d symmetry (Figure 1.2A).21-24 During planariza-

tion, the 1a1 orbital experiences slight stabilization owing to the increased overlap of the 

in-phase lobes of the substituent fragment orbital. The 1t2 set of the tetrahedral state 

splits up into the 1e and 1b2 representation. The 1e set becomes slightly stabilized (com-

pared to the energetic level of 1t2) due to a more favorable interaction of the substituent 

and central atom orbitals. At the same time, the 1b2 orbital turns from bonding (as part of 

the 1t2 representation) to non-bonding and becomes considerably destabilized in the mo-

lecular orbital of a2u symmetry in the resulting D4h symmetric state. The unoccupied 2a1 

 
a Calculated at the B97M-D3(BJ)/def2-QZVPP level of theory. 

W 
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orbital is marginally stabilized after planarization for the same reason as the 1a1 orbital 

energy is lowered and results in the 2a1g orbital in the square planar state. Finally, the 2t2 

representation decomposes into a doubly degenerate set of eu orbitals (2eu) as well as into 

a b1g symmetric orbital. The former are higher in energy compared to the initial 2t2 set, 

whereas the latter is significantly lower. In total, this MO theoretical perspective assigns 

the reason for the significant increase in electronic energy upon planarization to the en-

ergetic rise of one of the orbitals of the occupied 1t2 set of molecular orbitals. This is not 

compensated by the stabilization of the other occupied orbitals. 

A
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Figure 1.2: Electronic structure of molecules with a central tetravalent p-block atom with a complete va-
lence electron octet and with four hydrogen substituents. A) Schematic Walsh diagram for the distortion 
from the tetrahedral to the square planar configuration, for example, of CH4 or SiH4. B-E) Potential elec-
tronic configurations of the square planar state.25 

Candidates for the HOMO and LUMO of the D4h symmetric configuration are the b1g 

and a2u molecular orbital (Figure 1.2A). The a2u orbital, which is localized at the central 

atom, is generally described as being of π-type, whereas the b1g orbital has δ-character 

and resides at the substituents.26 Their energetic order is dependent on the electronega-

tivity of the central element relative to the substituents. In the case of CH4, which has a 

central atom that is more electronegative than its substituents, the carbon-centered a2u 

orbital is occupied with electrons. For SiH4, the central atom is less electronegative com-

pared to hydrogen. Therefore, the b1g orbital is the HOMO.26-27 This means that the elec-

tronic structure of molecules with an anti-van’t-Hoff-Le-Bel configurated p-block atom 

can vary drastically, even in a qualitative sense, depending on the involved central atom. 
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In either case, the HOMO-LUMO gap is significantly reduced in the square planar state 

(Figure 1.2A). It is 1.90 eV for CH4 (2 1A1g) and 1.22 eV for SiH4 (1 1A1g).b This predicts an 

increased reactivity of molecules with a square planar p-block atom, both in an electron 

accepting as well as donating manner, when engaging in chemical reactions. 

The close approach of the HOMO and LUMO render possible several electronic con-

figurations for the respective molecules: the closed-shell singlet δ-configuration (1 1A1g, 

doubly occupied b1g MO, Figure 1.2B) and π-configuration (2 1A1g, doubly occupied a2u MO, 

Figure 1.2C), the open-shell singlet, and the respective triplet configuration (1B2u and 3B2u, 

respectively, both singly occupied a2u and b1g MOs, Figure 1.2D-E). In Chapter 3.8 of this 

dissertation, all these electronic configurations will be discussed in detail for 15 p-block 

element-hydrogen compounds. 

The calculation of the harmonic vibrational frequencies of square planar SiH4 (1 1A1g) 

results in a single imaginary frequency of b2u symmetry. It relaxes the molecular structure 

in both directions on the potential energy surface to the tetrahedral ground state (Figure 

1.3A). Indeed, it facilitates the stereochemical inversion of SiH4 (cf. Chapter 0). The respec-

tive activation free energy is 358 kJ mol−1.b This corresponds to an approximate half-life 

of more than 1040 years at 298 K. Thus, SiH4 and in general all tetrasubstituted p-block 

atoms are considered stereo-configurationally stable. 

 
Figure 1.3: Stereochemical inversion of p-block element-hydrogen compounds. A) Stereoinversion of SiH4 
via a square planar inversion transition structure. B) Cs symmetric inversion transition structure of CH4 with 
the scaled displacement vectors of the single imaginary vibrational mode. 

The frequency analysis for square planar CH4 gives four imaginary modes (b2u, a2u, eu) 

and therefore the structure does not represent a stereoinversion transition state. Instead, 

it was found independently by GORDON and SCHMIDT28 and by PEPPER et al.29 that methane 

can undergo stereoinversion via a transition structure of Cs symmetry (Figure 1.3B). The 

corresponding activation free energy barrier (428 kJ mol−1)b is even higher as for SiH4. In 

Chapter 3.8, the recalculation of this barrier as well as its interpretation with respect to 

 
b Calculated at the B97M-D3(BJ)/def2-QZVPP level of theory. 
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methane’s C-H bond strength is presented. Furthermore, the Cs inversion pathway is ex-

plored for central atoms other than C and is compared to the stereoinversion through the 

D4h symmetric transition structure. 

Experimental work on the unimolecular stereochemical inversion about a tetracoor-

dinate p-block atom is rare (Figure 1.4). After several quantum chemical contributions30-

32, ARDUENGO III and coworkers reported on the barrier for inversion of germane 1. It was 

determined to ΔH‡ = 93 ± 10 kJ mol−1 using 1H NMR spectroscopy.33 Earlier, the stereoin-

version barrier of silane 2 was estimated to 117 kJ mol−1.34 

 
Figure 1.4: Experiments on the stereoinversion of four-coordinate p-block atoms. The diastereotopic pro-
tons Ha and Hb in molecule 1 were used to determine the inversion barrier with the help of 1H NMR spec-
troscopy. Bn stands for benzyl. 

As outlined in this chapter, the planarization of the coordination environment around 

a tetracoordinate p-block atom in its highest oxidation state is associated with a signifi-

cant energy demand. There are several extensions to the MO considerations presented 

above to further rationalize this fact – one of which is the second-order Jahn-Teller theo-

rem, which is presented in the following chapter. It was applied within this dissertation 

to the electronic structure of small p-block atom-based molecules with square planar 

structure. 
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1.3 The Second-Order Jahn-Teller Theorem 

ymmetry considerations are deeply ingrained into the scientific descriptions of the 

universe, nature, and life. This is not surprising, as we are constantly surrounded by a 

plethora of objects that are considered symmetrical.35 Not least, people are literally at-

tracted by symmetry – an observation that is researched by hundreds of scientists all over 

the world within various different cultural areas and historical epochs.36-41 

In 1937, JAHN and TELLER published a seminal paper on the “Stability of Polyatomic 

Molecules in Degenerate Electronic State”.42 Their findings are today generally known as 

the Jahn-Teller effect (JTE).43 Following initial contributions from LANDAU in a discussion 

with TELLER44, they were able to show that all non-linear nuclear configurations are un-

stable toward distortion in case they are in an orbitally degenerate electronic state (Figure 

1.5).42 The work relates the symmetry of molecules to their electronic structure which 

ultimately dictates the experimentally observable molecular structure. The JTE often 

leads to symmetry lowering within a priori highly symmetric molecules. Within the fol-

lowing sections, the theory, which is applicable to non-degenerate states, termed second-

order Jahn-Teller effect (SOJTE, sometimes alternatively referred to as pseudo Jahn-Teller 

effect), is presented.21, 43, 45 It was used within this dissertation project for the chemistry 

of p-block atoms within a square planar coordination environment. 

 
Figure 1.5: The Jahn-Teller effect (JTE). Deformation of the ideal octahedral structure due to its double de-
generate electronic state exemplified with a d9 transition metal cation, e.g., [Cu(OH2)6]2+. 

S 
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Within the Born-Oppenheimer approximation, the energy E of a system is dependent 

on its atomic positions, or, more precisely – derived from symmetry considerations – on 

its normal displacements q. 

 
퐸 = 푓(푞) = ⟨Ψ |H|Ψ ⟩ (1.1) 

Ψ0 represents the ground state wavefunction and H is the Hamiltonian. The curvature K 

at the minimum point of the resulting potential energy surface (PES) along a given normal 

coordinate q is then obtained with 

 
퐾 =

휕 퐸
휕푞

. (1.2) 

The combination of Equations 1.1 and 1.2 yields 

 
퐾 = Ψ 휕 H

휕푞 Ψ + 2 Ψ 휕H
휕푞 Ψ ′ ,Ψ =

휕Ψ
휕푞

. (1.3) 

 

The second summand, Kv, can be reformulated with the help of second-order perturbation 

theory as 

 퐾 = −2
Ψ 휕H

휕푞 Ψ

퐸 − 퐸
, (1.4) 

in which the excited state wavefunctions are denoted by Ψn, the respective state energies 

by En.45 

In fact, it was proved that K0 is always greater than zero for all highly symmetric 

atomic configurations.45-47 Consequently, K can only get negative, and this is when stabi-

lization occurs, if the absolute value of the second summand in Equations 1.3, Kv, is greater 

than K0. Generally, Kv is termed the vibronic contribution to a potential state instability. 

It describes the mixing of excited states with the ground state given the structural dis-

placement q. K0 is the force constant associated with the distortion along q.21, 45 To sum-

marize the so far presented: “[…] any distortion of the high-symmetry configuration is 

due to and only to the mixing of its ground state with excited electronic states by the 

distortive nuclear displacements realized via the vibronic coupling […].”.45 This is the sec-

ond-order Jahn-Teller theorem, which is schematically illustrated in Figure 1.6. 

K0 Kv 
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E

-q0 +q0
q

En - E0 0

n

 
Figure 1.6: Schematic illustration of the second-order Jahn-Teller effect. Depiction of the ground (0) and 
excited state (n) potential energy surface. 

Kv can only become operative if the numerators of its summands are non-zero (cf. 

Equation 1.4). This is the case if the direct product of the irrep of the ground (Γ(Ψ0)) and 

the excited state (Γ(Ψn)) contains the irrep under which the distortion coordinate q, that 

is, its vibrational mode, transforms (Γ(Ψ0) ⊗ Γ(Ψn) ∈ Γ(q)). Also, Kv’s contribution is scaled 

by the energy difference of the two considered states, which considerably reduces the in-

fluence of higher excited states. 

The contribution to K of all relevant quantities (cf. Equation 1.3) is cumbersome to 

analyze.48 However, focusing only on the most relevant portion, Kv, facilitates the evalua-

tion. Moreover, as the state symmetry species Γ(Ψ) are determined by the symmetry of 

the occupied molecular orbitals and because only the lowest-lying excited states can be 

expected to be of relevance, frontier molecular orbital considerations can be consulted. 

This means that Kv can be approximated to be proportional to the reciprocal of the 

HOMO-LUMO gap of the investigated configuration under a symmetry constrain (vide su-

pra, numerator in Equation 1.4). 

 
퐾 ~

1
퐸 − 퐸

 (1.5) 

When utilized with awareness of the significant approximations induced, a tool which 

is straightforwardly applicable is obtained, and which is commonly even interpreted in 

quantitative sense, meaning that the extend of expectable stabilization is inversely pro-

portional to the HOMO-LUMO gap.49 

In this vein, the SOJTE was used to rationalize various experimental observations in 

p-block element chemistry. It was for example applied to multiply bonded higher main 

group atoms, which are the analogs of ethylene and acetylene.49 Unlike their carbon con-

geners, they show a trans-bent molecular structure, which becomes apparent through the 
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SOJTE analysis of the frontier molecular orbitals. Furthermore, the trigonal inversion bar-

rier of trivalent group 15-based molecules (e.g., NH3, PH3) was studied (cf. Figure 3.39B).50-

54 It was shown that PH3 has a much narrower HOMO-LUMO gap in the D3h symmetric 

state as ammonia. This conforms with the larger barrier for stereoinversion found for PH3 

and phosphines in general. 

Indeed, anti-van’t-Hoff-Le-Bel-configurated p-block atoms, namely the element-hy-

drogen compounds, have been discussed in the context of the SOJTE.55 By a detailed anal-

ysis based on Equations 1.3, it was shown that the vibronic coupling of ground and excited 

states as manifested in the SOJTE can be used to understand the instability of the D4h 

symmetric structures. Formulated within the orbital picture: in the square planar state, 

the HOMO and LUMO are of a2u and b1g symmetry (cf. Figure 1.2). This means they are 

orthogonal to each other and cannot mix. The direct product of the symmetry species of 

the two FMOs transforms under the b2u representation (a2u ⊗ b1g = b2u). Consequently, the 

vibronic interaction is facilitated by the B2u vibrational coordinate, which is the defor-

mation of the planar into the tetrahedral state (Figure 1.3A). It was therefore probed how 

the barrier for square planar stereoinversion of small p-block atom-based molecules cor-

relates with the HOMO-LUMO gap values of the transition state (see Chapter 3.7). 

Due to planarization, the electronic structure of respective molecules changes dras-

tically (cf. Figure 1.2), the HOMO-LUMO gap is reduced, and the LUMO energy level in 

particular gets significantly lowered. Generally, this predicts increased chemical reactivity 

through an enhanced electron accepting character. Within the following chapter the con-

cept of Lewis acids and bases, which is a theory of electron acceptance and donation is 

presented. Lewis acidity is the overarching reactivity principle of p-block atom-based 

molecules with anti-van’t-Hoff-Le-Bel configuration. 
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1.4 Lewis Acidity and the Strength of a Lewis Acid 

he Compendium of Chemical Terminology, published by the International Union of Pure 

and Applied Chemistry (IPUAC) defines a Lewis acid as “a molecular entity (and the cor-

responding chemical species) that is an electron pair acceptor and therefore able to react with 

a Lewis base to form a Lewis adduct, by sharing the electron pair furnished by the Lewis 

base.”56 Building up on that, Lewis acidity is described as “the thermodynamic tendency of 

a substrate to act as a Lewis acid. Comparative measures of this property are provided by the 

equilibrium constants for Lewis adduct formation of a series of Lewis acids with a common 

reference Lewis base.”56 As a prime example for a Lewis adduct formation, IUPAC gives the 

reaction of trimethylborane as Lewis acid with ammonia as Lewis base (Figure 1.1D). 

The formation process of a Lewis adduct can conceptually be divided into a defor-

mation and an association step (Figure 1.7).57 The former comes with an energetic cost as 

the Lewis acid and base are deformed from their relaxed molecular structure into the re-

spective conformation which they adopt in the adduct. The latter allows for the interac-

tion of the reaction partners, which is dominated by the formation of the dative chemical 

bond. This step commonly results in a release of energy. If this release can overcompen-

sate the energy demand for structural deformation (and the entropic penalty for adduct 

formation in terms of free energies), a Lewis adduct is formed. The deformation energy 

(DE) is thus a quantity with a large influence on the adduct formation energy and there-

fore on the strength of a Lewis acid.57-59 

 
Figure 1.7: Formation of a Lewis adduct between trimethylborane and triethylamine dissected into a struc-
tural deformation and bond-forming association step. 

There are numerous scales to quantify Lewis acid strength. Generally, Lewis acid 

scales can be described as being intrinsic, effective, or global in nature.17 

Intrinsic scales are based exclusively on the Lewis acid itself, without any interaction 

with a base. Due to that, they do not include information on structural deformation re-

quired for adduct formation. The global electrophilicity index ω (GEI) is an example for 

an intrinsic Lewis acidity scale.60-61 It is defined as 

T 
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 휔 =  
(퐸 + 퐸 )
8(퐸 − 퐸 )

 (1.6) 

and can be obtained after quantum chemically calculating the frontier molecular orbital 

energies ELUMO and EHOMO. Other examples for intrinsic scales are based on chemical shifts 

from nuclear magnetic resonance (NMR62 ) or electrochemical experiments.63 

Effective scales64 strive to quantify the effect of a Lewis acid on a given reference base. 

Prominent examples are the Gutmann-Beckett65 and the Childs66 experiment, relying on 

triethylphosphine oxide and E-crotonaldehyde, respectively, as probe Lewis bases for 

NMR spectroscopic measurements. Unlike intrinsic scales, effective datapoints also in-

clude information on the entire process of adduct formation and are therefore influenced, 

for example, by the chemical equilibrium of the adduct formation reaction (Figure 1.7). 

Global scales are closely related to IUPAC’s definition of Lewis acidity (vide supra). 

They use adduct formation reaction enthalpies with a chosen reference base as a quanti-

tative measure for Lewis acidity. Like effective scales, they contain information on the 

Lewis adduct formation process and therefore also on deformation energy requirements. 

Global scales can be constructed based on experimentally obtained values or alternatively 

from quantum chemical data. 

The affinity toward a fluoride anion (fluoride ion affinity, FIA), obtained with density 

functional theory (DFT) or wavefunction-based methods, is among the most popular 

global Lewis acidity scales.18, 67-69 Because the experimental determination of absolute FIA 

values is a delicate task18, 70-74, they are much more often computationally simulated. To 

avoid the explicit treatment of the naked fluoride anion within the simulations, the FIA is 

typically obtained with the help of an anchoring system, e.g., the fluorotrimethylsilane 

system (Figure 1.8). This scheme was used within the research work presented in this dis-

sertation to compile a large dataset of FIA values of p-block atom-based molecules (cf. 

Chapter 3.9). 
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Figure 1.8: Fluorotrimethylsilane anchoring system for the calculation of the fluoride ion affinity (FIA) of a 
given Lewis acid (LA). ΔH(II) was calculated at the CCSD(T)/CBS level of theory.68 

Besides the outlined quantitative scales, there is the theory of hard and soft Lewis acids 

and bases (HSAB), which was introduced by PEARSON in 1963 and which is applied mainly 

in a qualitative sense.75 HSAB is a binary classification scheme for both acids and bases, 

which categorizes them either as hard or soft. Hardness is associated with a low degree of 

electronic polarizability, whereas softness is related to high polarizability. Rather strong 

interactions can be expected between homo couples: “hard acids bind strongly to hard ba-

ses and soft acids bind strongly to soft bases.” 75 

The ECW model, pioneered by DRAGO and coworkers, can be interpreted as a quantita-

tive advancement of HSAB. It relates the Lewis adduct formation enthalpy ΔHAB via 

 
−∆퐻 =  퐸 퐸 + 퐶 퐶 + 푊 (1.7) 

to acid (A) and base-specific (B) electrostatic (EA, EB) and covalent (CA, CB) parameters. W 

combines interaction independent contributions to ΔHAB.76-85 Parameters were obtained 

after fitting Equation 1.7 to a set of experimentally determined adduct formation en-

thalpies. As reference molecules, iodine (CA = 2.0, EA = 0.5), N,N-dimethylacetamide 

(EB = 2.35), and diethyl sulfide (CB = 3.92) were chosen.85 W is usually equal to zero. The 

obtained set of E and C parameters allows for the prediction of Lewis adduct formation 

enthalpies, within the chosen training set. 
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1.5 Element-Ligand Cooperativity 

n many transition metal-catalyzed reactions, the ligand(s) serve to adjust the electronic 

properties of the respective central metal atom. Alternatively, the steric influence of 

bulky substituents in the ligand is exploited, e.g., to gain stereoselectivity. Sometimes, 

even ligand dissociation is a required event for the generation of the catalytically active 

species, which renders the dissociated ligand irrelevant for the actual catalytic process. 

In contrast to the just described situation, one speaks of metal-ligand cooperativity 

(MLC), when both the central atom and the ligand synergistically form covalent bonds 

with the substrate molecule.86 MLC is a widely applied concept in the chemistry of tran-

sition metal complexes but was also used for the explanation of enzymatic reactions. In 

recent years, MLC was further expanded to p-block atom-based molecules and is there, in 

a more general sense, termed element-ligand cooperation (ELC).19 Often, the ligand acts as 

a nucleophile and the central metal atom as an electrophile. Therefore, ELC-active mole-

cules of such kind possess ligand-centered HOMOs and rather central atom-centered LU-

MOs. Due to that, the concepts of ELC and ligand non-innocence (in a redox reactive 

sense) are closely related and must be distinguished for a given system based on its reac-

tivity.19 

There are two general reaction modes for ELC.86 The first corresponds to the direct 

insertion of the substrate into the element-ligand bond. In the second, the element-ligand 

bond often stays intact, and the substrate forms a new bond with a ligand atom that is 

several bonds away from the central atom. The latter is often coupled with aromatization 

and dearomatization events in the ligand backbone with conservation of the redox state 

of the central atom (Figure 1.9A).87-88 Especially the MILSTEIN group has vastly researched 

the metal-ligand cooperative reactivity of transition metal-based complexes using 

dearomatization/aromatization strategies. Aromatization/dearomatization-supported 

element-ligand cooperativity was also discovered in complexes of the calix[4]pyrrolato 

ligand with p-block elements.89 Their chemistry is presented in the following chapter 

(Chapter 1.6). Before that, selected examples of element-ligand cooperativity with transi-

tion metal and p-block atom-based molecules are presented (Figure 1.9). 

Ruthenium(II) PNN pincer complex 3 was shown to react with dihydrogen to form the 

ruthenium dihydride 4 (Figure 1.9A).90 Due to that, it was possible to apply 3 as hydro-

genation catalyst, e.g., for ester, carbonate, or carbamate substrates.90-91 Strikingly, 3 also 

catalyzes the photochemical splitting of water into its elements92 as well as the direct 

I
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synthesis of amides from alcohols and amines under H2 liberation.93 The closely related 

ruthenium(II) PNP pincer complex 5 was found to reversibly add alcohol substrates (Fig-

ure 1.9B). In a subsequent reaction, the addition product 6 can eliminate H2 resulting in 

the oxidation of the alcohol substrate to the aldehyde oxidation state.94 The manganese(I) 

complex 7 undergoes 1,2-addition to the C-O double bond of carbon dioxide to yield 8 

(Figure 1.9C), which facilitates the catalytic hydrogenation of CO2.95 Similar reactivity was 

also observed with closely related ruthenium91, rhenium96, and iridium97 complexes. 

Lastly, platinum(IV) complex 9 was observed to bind dioxygen by MLC to form alkyl per-

oxide 10 (Figure 1.9D).98-100 

 
Figure 1.9: Element-ligand cooperativity (ELC). Element-ligand cooperative reactivity of A-D) transition 
metal-based molecules and E-H) p-block atom-based molecules. 
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The ELC chemistry of p-block atom-based molecules is probably the most developed 

for boron and aluminum compounds. It also is closely related to the chemistry of intra-

molecularly formed frustrated Lewis pairs (FLP), and the boundaries between the two 

fields can be blurred. Alane 11, featuring a 2,6-bis(imino)pyridine ligand, activates the N-

H bond of aniline to give addition product 12 (Figure 1.9E).101 11 also reacts with alcohols 

and carboxylic acids with a similar reaction mode (cf. Figure 3.1).102 It further can function 

as a catalyst for the decomposition of formic acid into CO2 and H2.103 In fact, when addition 

product 12 is exposed to elevated temperatures, it releases H2. A prominent example for 

boron-ligand cooperativity is the C-H bond activation of heteroarenes with ortho-phe-

nylene-linked aminoborane 13 (Figure 1.9F).104 The addition product 14 can be treated 

with pinacolborane to yield the borylated arene and regenerate 13. It was possible to com-

bine the individual reaction steps to a catalytic cycle for the transition metal-free boryla-

tion of heteroarenes. Gallium-ligand cooperativity is much less investigated. FEDUSHKIN 

and coworkers observed that digallane 15 reversibly adds alkynes such as phenylacety-

lene, which they exploited for the catalytic hydroamination of the alkyne substrates to 

finally obtain imines (Figure 1.9G).105-106 15 also adds other unsaturated substrates like 

isocyanates or isothiocyanates.107-108 O2 addition, as it is possible with platinum complex 

9, is also feasible with an amidophenolato ligand at antimony(V) (17, Figure 1.9H).109-110 

The reaction is reversible and believed to proceed via single electron transfer steps to give 

alkyl peroxide 18. 

Within this dissertation, several additions to the field of aluminum- and gallium-lig-

and cooperativity are showcased (Chapters 3.1 to 3.6). They were achieved with the anionic 

calix[4]pyrrolato complexes of Al and Ga. The chemistry of calix[4]pyrroles, especially in 

combination with p-block elements, is now introduced in the following chapter. 
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1.6 Calix[4]pyrrole Chemistry 

eso-octamethylcalix[4]pyrrole (19) is a macrocyclic molecule featuring four pyrrole 

moieties which are linked by sp3-hybridized carbon atoms (Figure 1.10A).8, 10-11, 111-

113 The substituents at these carbon atoms are defined to be in the meso-position, whereas 

the pyrrolic 3- and 4-positions are termed β-sites. 19 is closely related to porphin, the 

archetypical porphyrin, though, differs in the missing π-conjugation among the pyrrole 

rings. Due to a beaker-like conformation in the solid state when being cocrystallized with, 

e.g., fluoride or chloride salts, the name calixpyrrole (lat. calix for chalice, beaker) was 

coined (Figure 1.10B).10 Insertion of a number in brackets into the name allows for the 

specification of the amount of involved pyrrole moieties. 

 
Figure 1.10: Calixpyrrole chemistry. A) Synthesis of meso-octamethylcalix[4]pyrrole as it was discovered by 
VON BAEYER in 1886. B) Cone-like shape of meso-octamethylcalix[4]pyrrole when interacting with a chloride 
anion. C) Lewis structure of meso-hexamethylcalix[3]pyrrole. D) Redox reactivity of the meso-octamethyl-
calix[4]pyrrolato ligand. 

19 can easily be synthesized from pyrrole and acetone within one step via an acid-

catalyzed condensation reaction (Figure 1.10A).114-115 When different carbonyls are re-

acted with pyrrole, the meso-substituents can be modified readily.12 However, calix[4]pyr-

roles with hydrogen atoms in the meso-positions are prone to oxidation yielding aromatic 

porphyrins. By use of 3,4-substituted pyrroles, the β-position can be varied.116 Alterna-

tively, the introduction of β-substituents after the calix[4]pyrrole synthesis is straightfor-

ward.117 The chemistry of calix[4]pyrroles, is by far the most developed compared to that 

of the thermodynamically less favorable smaller and larger macrocycles. The synthesis of 

meso-hexamethylcalix[3]pyrrole (Figure 1.10C), for example, was only accomplished in 

2021.118-119 

M 



INTRODUCTION – CALIX[4]PYRROLE CHEMISTRY 

19 

Calix[4]pyrrolato ligands show redox activity.120-123 Besides the fully reduced tetraan-

ionic state, they can adopt the dianionic delta as well as the neutral double-delta form 

(Figure 1.10D). Each two-electron oxidation causes a C-C bond formation between two 

neighboring α-carbon atoms, leading to the formation of a cyclopropane ring and the 

dearomatization of the two pyrrol units. These redox processes were studied for a variety 

of calix[4]pyrrolato transition metal complexes, for example with iron or zinc as central 

atoms.122-124  

Although, calix[4]pyrroles are discussed within the field of medicinal chemistry and 

drug development113, 125-128, they were so far mainly applied either as binding agents for 

anions, ion pairs, or neutral substrates, or, in their deprotonated form, as ligands for tran-

sition metals129-132, f-block elements133-135, and only recently also for p-block elements 

(vide infra). The former research area is pioneered by the SESSLER group.9, 11, 13, 136 They have, 

for example, designed various calix[4]pyrrole-based sensors for anions such as halides, 

phenolates, or phosphates. Their research activities mainly target environmental and bi-

omedical questions. The chemistry of calix[4]pyrrolato ligands for transition metal com-

plexes was expansively researched by FLORIANI and coworkers in the 1990s.122, 137-138 Over 

the years, they have synthesized a brought assortment of complexes with a special focus 

on the modification of the calix[4]pyrrolato ligand framework.  

After an early report on the aluminum(III) and tin(IV) complexes of the meso-octae-

thylcalix[4]pyrrolato ligand in The Porphyrine Handbook, which did not go beyond a brief 

mention122, the p-block element chemistry of calix[4]pyrrolato ligands was initiated in 

2018 in the GREB laboratory. Apart from the work presented herein, nine research papers89, 

139-146 on the p-block element chemistry of calix[4]pyrrolato ligands were published by this 

group by the time this chapter was written. Some of these papers were also recently sum-

marized in a review article.15 They are now briefly presented. 

Tetraphenylphosphonium meso-octamethylcalix[4]pyrrolato aluminate ([PPh4][21], Fig-

ure 1.11A) can be obtained by treating 19 with two equivalents of lithium aluminum hy-

dride in 1,2-dimethoxyethane (DME).140 This results in the formation of the lithium salt 

of the dianionic aluminum hydride ([Li(dme)2]2[20]). The exchange of the lithium against 

the tetraphenylphosphonium cation in CH2Cl2 causes the precipitation of LiCl and LiH 

and generates the free aluminate in good yield. The solid-state molecular structure of 

[21]− shows an essentially ideal square planar coordination of the central aluminum atom 

by its four N-substituents (Figure 1.11B). The N-Al-N angle is 179.7 °. The electronic struc-

ture of [21]− features an energetically low-lying pz-type LUMO, almost exclusively located 
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at Al (Figure 1.11C). The HOMO is ligand-centered. This electronic structure impressively 

aligns with the statements made in Chapter 1.2 of this dissertation. It thereby transports 

quantum chemical predictions made for the electronic structure of artificially planarized 

small p-block atom-based molecules, which certainly do not represent minima on the re-

spective potential energy surfaces, to a molecule having a square planar-coordinated alu-

minum atom in its global minimum structure and which can be synthesized on multigram 

scale from commercially available starting materials within one week.140 

 
Figure 1.11: Synthesis, characterization, and reactivity of calix[4]pyrrolato aluminate. A) Synthetic scheme 
for the preparation of tetraphenylphosphonium meso-octamethylcalix[4]pyrrolato aluminate ([PPh4][21]). 
B)Molecular structure of the aluminate as determined by SCXRD analysis. C) Frontier Kohn-Sham molec-
ular orbitals of [21]−. D) Reactivity of [PPh4][21] with carbonyl substrates. 

[21]− as well as its meso-octaethyl ([34]−) and -cyclohexyl derivative142 form adducts 

with tetrahydrofuran (THF) as donor of different stability. The disparities can be ration-

alized with differences in dispersive interactions and deformation energies.142 Also, the 

fluoride adduct of [21]− was synthesized.140 These reactivities document the tunable Lewis 

acidity of the calix[4]pyrrolato aluminates. They react as electron pair acceptors despite 

being negatively charged. Due to the presence of electron-rich pyrrole rings in close prox-

imity to the Lewis acidic aluminum atom, they also engage in aluminum-ligand 
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cooperative reactivity with aldehyde and ketone substrates (cf. Chapter 1.5).89 After acti-

vation of the carbonyl by the Lewis acidic aluminum center, a new C-C bond is formed 

between the 2-position of one of the ligand’s pyrrole rings and the substrate (Figure 

1.11D). This results in the dearomatization of the respective pyrrole moiety, which con-

trasts with, for example, the MILSTEIN systems. They undergo aromatization upon the 

metal-ligand cooperative reaction with a substrate. The addition reactions were found 

reversible in the sense of rapid substrate self-exchange reactions. They can be further 

tuned with the influence of the aluminate’s counter cation to induce C-C bond formation 

or cleavage on-demand (Figure 1.11D). The switchable carbonyl binding modes were 

demonstrated to offer considerable rate control in hydroboration catalysis and actually 

allow for the faster conversion of a priori less reactive substrates.89 

Calix[4]pyrrolato aluminates were also applied as catalyst for the dehydropolymeriza-

tion of phenylphosphine borane.145 Polymer molar masses of up to 43,000 Da were accessi-

ble. The reaction mechanism was studied experimentally and through quantum chemical 

simulations. A cooperative activation of the substrate’s P-H bond by the aluminate was 

suggested. The discovered catalyst represents the first transition metal-free system for P-

B dehydrocoupling. 

Besides aluminum, also silicon was successfully incorporated into the calix[4]pyr-

rolato ligand.139, 141 Starting out from the fully deprotonated ligand, hydridosilicate [22]− 

was synthesized using the meso-octamethyl ligand (Figure 1.12A).139 As its tetra-

phenylphosphonium salt, [22]− was shown to be stable under ambient conditions, how-

ever, also reluctant against hydride abstraction to afford the free and neutral silane. The 

calculated hydride ion affinity is with 517 kJ mol−1 immense. Only by choosing the meso-

octaethyl ligand, the free silane 24 became accessible.141 The synthesis was accomplished 

via chloridosilicate [23]−, from which chloride abstraction is possible with sodium 

tetrakis(pentafluorophenyl)borate (Figure 1.12A). Due to the square planar-coordinated 

silicon(IV) in 24, the molecule shows remarkable features as for example agostic-type in-

teractions between the ethyl groups and the central silicon atom, which are highly unu-

sual for p-block atom-based molecules. It also undergoes silicon-ligand cooperative 1,2-

addition of phenylacetylene (Figure 1.12B).141 
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Figure 1.12: Synthesis and reactivity of calix[4]pyrrolato silane. A) Synthetic scheme for the preparation of 
the corresponding meso-octamethylcalix[4]pyrrolato hydridosilicate and meso-octaethylcalix[4]pyrrolato 
silane. B) Silicon-ligand cooperative reactivity of the free silane with phenylacetylene. 

The meso-octaethylcalix[4]pyrrolato ligand was also combined with silicon’s heavier 

homolog, germanium.146 Bis-thf adduct 25 was synthesized from the tetra-potassium salt 

of the ligand and germanium(IV)iodide as Ge source (Figure 1.13A). Isolation of the thf-

free germane was not possible, as both THF affinities were computed to be high (100 and 

75 kJ mol−1). Nonetheless, 25 was demonstrated to act as potent Lewis acid against donors 

such as chloride, fluoride, or hydride (Figure 1.13B). The experimentally observed fluoride 

abstraction from SbF6
− was explained with a fluoride-coupled electron transfer mecha-

nism to overcome the per se too low fluoride ion affinity compared to that of antimony 

pentafluoride (445 versus 495 kJ mol−1). Like the calix[4]pyrrolato aluminate, 25 binds al-

dehydes in a metal-ligand cooperative manner (Figure 1.13B).89, 146 
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Figure 1.13: Synthesis and reactivity of a calix[4]pyrrolato germanium complex. A) Synthetic scheme for 
the preparation of meso-octaethylcalix[4]pyrrolato germane as its bis-thf adduct. B) Reactivity with a hy-
dride ion donor (left) and with 4-nitrobenzaldehyde (right). 

The chemistry of the meso-octaethylcalix[4]pyrrolato ligand of low-valent central at-

oms was developed so far for tin(II) and antimony(III).143-144 The dianionic calix[4]pyrrolato 

stannate(II) [26]2− can be synthesized from the fully deprotonated ligand and tin(II) chlo-

ride (Figure 1.14A).143 The tin-centered lone electron pair was found to be a strong σ-do-

nor. A Tolman electronic parameter (TEP) of 2032 cm−1 was calculated based on the 

Ni(CO)3 complex of [26]2−. For comparison, triphenylphosphine has a TEP value of 

2069 cm−1. Due to the strong σ-donor properties, [26]2− reacts with electrophiles such as 

benzyl chloride in nucleophilic substitution reactions to afford alkyl stannates (Figure 

1.14A).143 

The calix[4]pyrrolato antimonite(III) anion [27]− can be synthesized from the depro-

tonated ligand and antimony(III) chloride (Figure 1.14B).144 It can be oxidized to the cor-

responding cationic stibenium(III) cation [28]+ with ferrocenium hexafluorophosphate. As 

the central antimony atom remains in its +III oxidation state, the electrons for oxidation 

come from the ligand, which is transformed to its delta-form. [28]+ was found to be stable 

against, e.g., BF4
−, and is therefore only a weak Lewis acid. Upon the addition of a Lewis 

base such as 4-dimethylaminopyridine, this stability rapidly vanishes, and decomposition 

reactions take place. This was explained with Lewis base-induced electromerism, which 

transfers two electrons from the central Sb(III) atom to the ligand restoring the initial 

calix[4]pyrrolato ligand by generating a Sb(V) center.144 
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Within the following chapters of this dissertation, the aluminum-ligand cooperative 

reactivity of calix[4]pyrrolato aluminates toward further substrates such as protic mole-

cules147, dioxygen148, or nitrogen monoxide is presented. Also, the synthesis of calix[4]pyr-

rolato gallates and their reactivity is described.149 

 
Figure 1.14: Synthesis and reactivity of tin and antimony calix[4]pyrrolato complexes. Synthetic scheme for 
the preparation of A) meso-octaethylcalix[4]pyrrolato stannate(II) and its further reactivity with benzyl 
chloride and B) meso-octaethylcalix[4]pyrrolato antimonite(III) and its further reactivity with ferrocenium 
hexafluorophosphate. 
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1.7 Machine Learning in Chemistry 

achine learning (ML) algorithms are a family of statistical models, that can be 

trained to perform dedicated tasks such as regression or classification. Of para-

mount importance for the success of ML is the underlying dataset, that is its size and 

quality. Depending on the availability of data, the task at hand, and the applied model 

architecture, dataset sizes of below 100 to up to billions of datapoints are employed.150-151 

Assessing the quality of the datapoints is a challenging task, which is impossible to ac-

complish in a fully comprehensive manner. In terms of chemistry-related datasets, uni-

form coverage of the chemical space, that is intended to be treated, is desirable. The cov-

erage can be gauged by various methods, which, for example, rely on the distribution of 

occurring atoms, functional groups, structural characteristics, or of the target property, 

predicted by the ML algorithm. Deficiencies in dataset size or quality will bias resulting 

ML models, which must be analyzed carefully. 

Generally, ML datasets for (small molecule) chemistry are often a collection of one or 

multiple molecular features characterizing the datapoint, viz. the molecule or material, 

and the target, which is typically denoted label (Figure 1.15A, left part). The label to be 

predicted can be of categorical (e.g., active or inactive) or continuous (e.g., an orbital en-

ergy) nature. 

Regarding the features, there is a brought variety of molecular descriptors available. 

The cheminformatics software package mordred152, for instance, provides the possibility 

to calculate more than 1,800 molecular descriptors. Examples are the acidic group count, 

the number of heavy atoms, or the hetero ring count (all obtainable from two-dimensional 

molecular representations) as well as the geometric radius or the partial negative surface 

area (obtainable from three-dimensional molecular representations). More elaborate fea-

tures may come from quantum chemical simulations (orbital energies, partial atomic 

charges). Other features such as molecular fingerprints or graph representations are also 

available and are heavily used as inputs for statistical models.153 

ML algorithms attempt to extract patters from the provided feature space such that 

the requested task can be carried out as accurately as possible. Models that predict con-

crete labels and which use those for training follow a supervised learning strategy (Figure 

1.15A). This means that ML-generated target values can be compared to the true expected 

outcome, and the thereof obtained information is used to optimize the model during 

training. Architectures that are trained without labels operate in an unsupervised manner. 

M 
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A typical example for unsupervised learning is clustering of the dataset into a certain num-

ber of groups (Figure 1.15B). Dimensionality reduction of feature spaces can also be done 

without supervision by provided ground truth labels. 

 
Figure 1.15: Machine learning paradigms. Schematic illustration of A) supervised and B) unsupervised 
learning. 

There is a vast amount of different ML algorithms available and depending on dataset 

constitution as well as hardware and time availability, one must carefully decide which 

model is most suitable. It is possible to use a collection of models and combine the indi-

vidual outputs to the final prediction. Also, there are many techniques that can assist in 

model selection as well as in the construction of data preprocessing pipelines.154 

Examples for ML algorithms are the family of linear models (ordinary least squares 

linear regression and its regularized variations, Bayesian regression), kernel-based meth-

ods (kernel ridge regression, support vector machines) and decision tree-related architec-

tures (random forests). Besides the mentioned examples, there is another category of ML 

models, which is generally referred to as deep learning. Deep learning algorithms are based 

on artificial neural networks (ANN). ANNs have a layered structure, and each layer is com-

posed of neurons which serve to transform provided features in a typically non-linear 

fashion by making use of neuron connection-specific weights and a neuron-specific bias 

(Figure 1.16). By doing so, they learn features during training which are relevant for the 

task, and which are ultimately used for the predictions. The feature extraction and label 

prediction job are simultaneously optimized through back propagation. At first, data is 

passed forwardly through the ANN. Secondly, the weights and biases are updated such 

that an initially defined loss function, which compares obtained and expected outputs, is 

minimized.154-155 
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Figure 1.16: An artificial network of neurons. Schematic structure of an artificial neural network and its 
functional operations (forward and back propagation and the update of weights and biases with help of the 
chain rule). zxy: pre-activation of a given neuron, axy: output value (activation) of a given neuron, wxy: weight 
value, bxy: bias value, r: learning rate, C: cost (squared error in the chosen example), y: ground truth, ReLU 
(example for a neuron activation function): rectified linear unit; ReLU(z) = max(0, z).155 

Graph neural networks (GNN) are a special form of neural networks that accept feature 

input in graph data structure. Due to that, GNNs are ideally suited for applications in 

chemistry.156 Molecules are perceived as graphs in which the atoms are the nodes and the 

bonds the edges of the graph.153 Node and edge features allow to describe the graph in 

terms of chemical descriptors (Figure 1.17). Typical node features are atom type, hybridi-

zation, number of rings the atom is part of, or the chiral tag. Examples for edge features 

are the bond order, or whether it is part of a ring or not. It is also possible to use more 

elaborate feature, e.g., from quantum chemical simulations (atomic partial charges, Wi-

berg bond orders, etc.). Importantly, GNNs can be constructed to make predictions on the 

node (for each atom), edge (for each bond), or graph (for the molecule as such) level. 

GNNs and ML models in general are widely employed in chemical applications, and it 

is beyond this chapter to give a full survey of use cases.157-167 A prominent research area 

to which statistical model are heavily applied is medicinal chemistry, in particular drug 

design.168 GNNs can also serve as ML potentials for structural optimization and vibra-

tional analyses of small molecules.169-171 The PATON group developed GNNs to predict 1H 

and 13C NMR chemical shifts (node level predictions)172 as well as models for bond disso-

ciation energies173-174 (edge level predictions). Estimators for MAYR’s nucleophilicity pa-

rameter were built based on GNN architectures.175 They were also used to predict reaction 

outcomes from the reactants, added reagents, and used solvents.176 Considerable research 

effort is also invested into explaining the output of GNN models.177 

Within the described work, GNNs were used to build FIA (cf. Chapter 1.4) regression 

models for p-block atom-based molecules with the help of the nfp Python package.178 (cf. 

Chapter 3.12). Generally, GNNs function by learning the representation of atom and bond 
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states in order to perform, for example, the molecule-level regression task as accurately 

as possible.156 Within the GNNs presented herein, initial atom and bond embeddings were 

obtained from tokenized node and edge features, respectively (Figure 1.17). This simply 

means to label a set of features with a categorical integer during preprocessing which then 

is passed to the GNN. Instead of tokenization, one-hot-encoding could also be used. The 

model expands the provided tokens into a higher dimensional vector. These vectors are 

continuously update in a so-called message-passing step based on atom connectivities.156 

Message-passing means that the embedding vectors of adjacent nodes or edges are math-

ematically combined with that of the currently treated node or edge to obtain an updated 

embedding vector. There are different options for the combination of multiple embedding 

vectors. One example is a weighted sum of the embedding of the currently treated posi-

tion and all embeddings of the neighbors. The message-passing mechanism transmits in-

formation across the molecular graph allowing to obtain environment-aware representa-

tions. Typically, less than ten rounds of message-passing are carried out. At the end of 

each round, the individual embedding vectors are pooled to obtain a single graph embed-

ding. Again, different pooling procedures have been developed. Ultimately, the graph em-

bedding vector can be fed through a read-out network having a single neuron as its final 

building block. This neuron is performing the actual regression task.178 

 
Figure 1.17: Message-passing graph neural networks for the prediction of molecular properties. The as-
signed atom features are transformed into integer tokens (1, 2, and 3 in this example) which are used to 
obtain initial k-dimensional embedding vectors. These are updated during n rounds of message-passing, 
and the final graph embedding vector is fed to a read-out neural network which predicts the target prop-
erty P. The same procedure can be executed for bonds, and the atom and bond embedding vectors can be 
combined to obtain the graph embedding. 
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2 MOTIVATION AND OBJECTIVES 

he main objective of the doctoral project described herein was to gain further 

knowledge on p-block atom-based molecules. One of the key concepts to describe the 

reactivity of this class of compounds is Lewis acidity. A Lewis acid is defined as an electron 

pair acceptor, and therefore, various conceptual handles have been developed to increase 

the electron acceptor propensity of respective molecules. Besides the installment of 

strongly electron withdrawing substituents, structural constraint arose as a powerful tool 

to render p-block atoms in their natural, that is, highest oxidation state increasingly Lewis 

acidic. 

To shed light on the vast field of p-block element chemistry with respect to structural 

constraint and flexibility in an as rich as possible manner, the application of experimental 

and applied quantum chemical techniques was planned. In fact, later in the project, it was 

decided to expand this dual approach by another facet which is data-driven chemistry and 

machine learning. The obtained results of the three individual methodologies, all hosted 

under the unifying roof of Lewis acidity, are presented in the following chapter – begin-

ning with the experimental work, followed by the quantum chemical simulations, and fi-

nally the contributions to chemical data sciences. 

Prior to the start of this doctoral program, the macrocyclic tetradentate calix[4]pyr-

rolato ligand was used to incorporate an aluminum(III) atom in a structurally constrained, 

square planar coordination environment (Figure 2.1A).140 The potential of the obtained 

aluminate to react by means of aluminum-ligand cooperativity due to the Lewis acidity of 

the central aluminum atom was discovered and initially investigated for carbonyl sub-

strates.89 The aim was to further expand the substrate range of the calix[4]pyrrolato alu-

minates, for example, to protic functional groups or to molecules with bonds between two 

heteroatoms (O-O, N-O). At the same time, it was desired to widen the scope of the ca-

lix[4]pyrrolato ligand to gallium, the heavier homolog of aluminum. After successful syn-

thesis of calix[4]pyrrolato gallates, it was intended to study their properties and reactivity 

and compare the results to the findings made for the aluminates. 

 

T 
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Figure 2.1: The objectives of this dissertation. 

Paralleling the experimental work on square planar p-block atoms, it was aimed for a 

comprehensive understanding of the stereochemical inversion process of tetrasubstituted 

p-block atoms with the help of quantum chemical simulations (Figure 2.1B). The elec-

tronic structure in the square planar state, which is a possible transition structure for the 

stereoinversion process, should be examined in detail. Trends should be uncovered and 

alternative stereoinversion mechanisms were to be investigated. 

Ultimately, the compilation of a large dataset of fluoride ion affinities of p-block 

atom-based molecules was sought (Figure 2.1C).68 Computational routines for the com-

plete automation of the data generation process should be devised and applied. It was 

planned to extract qualitative information on Lewis acidity in general from the data. 

Lastly, the development and application of machine learning models for the prediction of 

the affinity values, without the need for quantum chemical simulations, was pursued. 
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3 RESULTS AND DISCUSSION 

3.1 Reactivity of Calix[4]pyrrolato Aluminate with Protic 
Substrates 

The results presented within this chapter were previously published and can be found un-

der: L. M. Sigmund and L. Greb, “Reversible OH-bond activation and amphoterism by metal-

ligand cooperativity of calix[4]pyrrolato aluminate”, Chem. Sci. 2020, 11, 9611-9616. This 

chapter was written based on the mentioned publication. 

Introduction and background 

n advance to the research work of the herein presented doctoral project, the aluminum-

ligand cooperative addition of alcohol substrates to meso-octamethylcalix[4]pyrrolato 

aluminate ([21]−) was discovered.179 It was focused on the oxidative transformation of the 

alcohols to carbonyl compounds in an acceptorless manner, that is, under the liberation 

of H2. Indeed, oxidation to aldehydes and ketones was observed, though in a non-catalytic 

fashion. It was then focused on a detailed understanding of the reactivity of [21]− with 

protic substrates, especially on the reversibility of the observed addition reaction. The 

obtained results are presented in this chapter. 

The element-ligand cooperative (ELC) addition of alcohols is a widely studied subject, 

both in transition metal and p-block element chemistry (Figure 3.1). In extension to the 

examples mentioned in the introduction (cf. Chapter 1.5), the MILSTEIN group found a 1,2-

dihydrodiazaborolopyridine capable of adding benzoic acid through boron-ligand coop-

erativity.180 BERBEN and coworkers observed aluminum-ligand cooperative addition of 

phenol, benzyl alcohols102, water181, and formic acid103 to a bis(imino)pyridine-ligated alu-

minum hydride (Figure 3.1A).182 Further examples of aluminum-based cooperative OH-

addition reactions were provided by FEDUSHKIN183 and ZHU.184 The formal oxidative addi-

tion reaction of alcohols to a phosphorous(III) atom, likely assisted by ELC, was reported 

for structurally constrained systems by GOICOECHEA185 and DOBROVETSKY.186 

I
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Figure 3.1: Examples for element-ligand cooperative addition of alcohol substrates. 

The above listed examples all feature the irreversible addition of the O-H bond. Ob-

servations of reversible alcohol activation by ELC or closely related reaction modes are 

much less common. Examples are a xanthene-derived B/P frustrated Lewis pair published 

by VASKO et al. (Figure 3.1B)187 and a structurally constrained tris(amido) phosphorous(III) 

system.188 

Alcohol addition reaction and product characterization 

The reaction of [PPh4][21] with one equivalent of an alcohol substrate in CD2Cl2 at 

room temperature resulted in an immediate color change from colorless to yellow. A large 

variety of protic substrates was found suitable for the addition reaction including primary, 

secondary, and tertiary alkyl and benzyl alcohols, para-bromophenol, and interestingly 

also the more acidic benzoic acid (Figure 3.2A). Additional functional groups, such as a 

nitro or methoxy group, were tolerated. Remarkably, [21]− withstood a large excess of 

more than 50 equivalents of isopropanol and did not succumb to alcoholysis. The central 

aluminum atom remained within the calix[4]pyrrolato ligand, and the free and protonated 

ligand was not detectable by 1H NMR spectroscopy. 

To obtain information on the structure of the formed products, 1H NMR spectroscopy 

was applied (Figure 3.2C). The formation of a new C1 symmetric species with eight chem-

ically inequivalent methyl groups, one dearomatized and three aromatic pyrrole rings, 

and one bound alkoxy substituent was detected. The observed splitting pattern in the 1H 

NMR spectra and the cross-peaks in the 1H,1H COSY NMR spectra strongly suggest the 

transfer of the alcohol proton to the 2-position of one of the pyrrole rings. Unambiguous 

evidence for the aluminum-ligand cooperative reaction pattern was obtained from SCXRD 

measurements of the para-bromophenol addition product ([PPh4][29], Figure 3.2B). In the 

solid-state structure, the aluminum atom resides in a significantly distorted square py-

ramidal coordination environment with the para-bromophenolato ligand in apical posi-

tion. The Al-O bond length is 179.1(2) pm. The average bond length of the Al-N bonds 

that originate from the aromatic pyrrole rings in [29]− is 194.1(2) pm. By contrast, the 

nitrogen atom of the dearomatized pyrrole ring bearing the former alcohol proton is 
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separated from the central aluminum atom by 202.1(3) pm. Together with the C-C and C-

N distances in this ring, the conceptual picture of dearomatization, as well as the switch 

in Al-N binding mode from a polar covalent bond to a rather dative interaction upon al-

cohol addition, is supported. 

 
Figure 3.2: Reactivity of calix[4]pyrrolato aluminate with protic substrates. A) Synthetic scheme and sub-
strate scope. B) Solid-state molecular structure of the addition product of para-bromophenol as found by 
SCXRD analysis. The counter cation, cocrystallized solvent molecules, and the hydrogen atoms except for 
the one which was transferred to the ligand backbone are omitted. Thermal displacement ellipsoids are 
presented at a probability level of 50%. CSD identifier: YUXVEV. C) 1H NMR spectrum (600 MHz, CD2Cl2, 
295 K) which was obtained when one equivalent of isopropanol was added to [PPh4][21]. The signal of 
CHDCl2 and of residual CH2Cl2 is marked with a red asterisk.147 
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Figure 3.3: Reactivity of tetrapyrrolato aluminate with isopropanol. A) 1H NMR spectrum (200 MHz, 
THF‑d8, 295 K) of [Li][Al(pyrrolato)4] (bottom) and after addition of isopropanol (top). The signals of THF-
d7 are marked with red asterisks. B) Comparison of the reactivity of meso-octamethylcalix[4]pyrrolato alu-
minate and tetrapyrrolato aluminate with isopropanol using DFT (PW6B95-D3(BJ)/def2-QZVPP, COSMO-
RS(CH2Cl2)//PBEh-3c).147 

To set the discovered alcohol additions into perspective, the reaction of tetrapyrrolato 

aluminate, which features four unconnected pyrrolato groups and therefore has an effec-

tive tetrahedral ground state structure, with isopropanol was examined. Tetrapyrrolato 

aluminate as its lithium salt was prepared by DR. FABIAN EBNER following a modified pro-

cedure taken from the patent of WHITNEY and KLEMANN.189 
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After isopropanol addition at room temperature using THF-d8 as solvent, the instan-

taneous appearance of the characteristic NH-triplet signal of free pyrrole at around 

10 ppm in the 1H NMR spectrum was found (Figure 3.3A). There was no sign of cooperative 

proton transfer to the 2-position of a pyrrole ring. This difference compared to the reac-

tivity of [PPh4][21] with isopropanol is nicely mirrored by DFT calculations (PW6B95-

D3(BJ), COSMO-RS(CH2Cl2)//PBEh-3c, was also used to get all below mentioned compu-

tational results). The cooperative addition of isopropanol to the tetrapyrrolato aluminate 

anion is endergonic by 85 kJ mol−1 (Figure 3.3B). However, the analogous addition to [21]− 

is exergonic by 14 kJ mol−1. Consequently, tetrapyrrolato aluminate cannot bind isopro-

panol through aluminum-ligand cooperativity and instead undergoes pyrrole elimination 

which is overall exergonic (−33 kJ mol−1). In contrast, the typically observed O-H-bond 

splitting across the aluminum-nitrogen bond within [21]− brings a thermodynamic disad-

vantage of more than 35 kJ mol−1 (relative to the observed species) and hence is not found 

experimentally. 

Reversibility of the addition reaction 

All alcohol substrates which were tested underwent quantitative and instantaneous 

addition to [21]− at room temperature, except for tert-butyl alcohol. A mixture of free and 

bound substrate, with the bound form being clearly favored, was obtained. It was possible 

to influence the equilibrium by temperature. Variable temperature 1H NMR spectroscopy 

was used to determine the thermodynamic parameters by construction of a van’t Hoff plot 

(Figure 3.4). The addition reaction is exothermic by −37 and exergonic by −16 kJ mol−1. 

This is in reasonable agreement with the DFT-calculated values (ΔHr = −48 kJ mol−1, 

ΔGr = 2 kJ mol−1). In general, the O-H-bond additions to [21]− are calculated to be exer-

gonic by −14 down to −50 kJ mol−1. 

Besides influencing the equilibrium of the tert-butyl alcohol addition by temperature, 

it was also possible to completely reverse the alcohol binding by vacuum application. The 

exposure of a mixture of [PPh4][21] and tert-butyl alcohol in tetrachloroethane-d2 to re-

duced pressure at room temperature for 90 min resulted in the disappearance of the 1H 

NMR signals of the free substrate and the addition product. Instead, the free aluminate 

was regenerated, which demonstrates the full reversibility of the alcohol addition to [21]−. 
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Figure 3.4: Analyzing the thermodynamics of the tert-butyl alcohol addition to calix[4]pyrrolato aluminate. 
A) 1H NMR spectra acquired at variable temperatures (200 MHz, CD2Cl2). The signal of CHDCl2 and that of 
residual CH2Cl2, which is contained in [PPh4][21], is marked with a red asterisk. The spectrum shown in 
black at the bottom is that of free [PPh4][21]. B) Van’t Hoff plot for the addition/elimination equilibrium 
derived from the NMR spectroscopic measurements.147 

EXSY NMR measurements 

To further study the observed reversibility of the addition reaction of alcohols to the 

aluminate, [PPh4][21] was examined in the presence of an excess of isopropanol through 
1H,1H exchange NMR spectroscopy (1H,1H EXSY) in CD2Cl2 as solvent. Chemical exchange 

cross-peaks between bound and free isopropanol were found in the spectrum, thus prov-

ing the aluminum-ligand cooperative addition to be a dynamic, low-barrier process. 

To investigate the mechanism of the self-exchange, samples with varying excesses of 

isopropanol were investigated with 1H,1H EXSY at room temperature. The obtained data 

strongly suggests a dissociative mechanism for the self-exchange of alcohols at [21]−. The 

overall rate constant for the release of isopropanol from [21]− was found to be constant 

irrespective of the amount of excess isopropanol. It was determined to 0.122 s−1. This cor-

responds to a Gibbs free activation energy for the elimination of isopropanol of 78 kJ 

mol−1. The respective DFT-computed value is 63 kJ mol−1, which is in acceptable agree-

ment. 
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Figure 3.5: 1H,1H NMR EXSY to study the self-exchange of isopropanol at calix[4]pyrrolato aluminate. Ex-
emplary 1H,1H NOESY NMR spectrum (400 MHz, CD2Cl2, 295 K, d1 = 20 s, d8 = 2 s) which was acquired for 
the NMR EXSY experiments. The signal of CHDCl2 and that of residual CH2Cl2, which is contained in 
[PPh4][21], is marked with a red asterisk.147 

Deuterium labeling experiments 

Next, the alcohol addition process was elucidated with a deuterium-labeled substrate. 

For that, [PPh4][21] was reacted with 1.7 equivalents of ethanol-d1 (OD instead of OH 

group) in CD2Cl2 at room temperature. Immediately after the reaction was started, the 

mixture was analyzed by 1H NMR spectroscopy. As expected, the obtained spectrum 

showed the characteristic signals of the known ethanol addition product; however, there 

was also a singlet resonance at 5.60 ppm, which is the exact chemical shift of the proton 

which was transferred to the 2-position of a pyrrole ring. The singlet signal grew over time 

(Figure 3.6A), along with the concomitant decrease of all pyrrolic β-proton signals. Hence, 

it is assumed that the β-positions serve as proton source. Indeed, the 2H NMR spectrum 

of a sample of [PPh4][21] and ethanol-d1 in CH2Cl2 matches the 1H NMR resonances of the 

aromatic region (β-protons) including the transferred proton in the α-position (Figure 

3.6B). The addition of an excess amount (36 equivalents) of ethanol-d1 to [PPh4][21] al-

lowed a degree of deuteration of up to 76% after 24 hours at room temperature. This was 

found by mass spectrometric investigations (Figure 3.7). 
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Figure 3.6: Deuterium labeling within calix[4]pyrrolato aluminate investigated by NMR spectroscopy. A) 
1H NMR spectra (400 MHz, CD2Cl2, 295 K) of a sample of [PPh4][21] treated with ethanol‑d1. The given times 
are the elapsed time after ethanol-d1 addition. Red spectrum: 1H NMR spectrum of the addition product of 
ethanol to [21]− for comparison. The signal of CHDCl2 and that of residual CH2Cl2, which is contained in 
[PPh4][21], is marked with a red asterisk. This spectrum is also shown in the upper part of section B. B) 2H 
NMR spectrum (92 MHz, CH2Cl2, 295 K) of [PPh4][21] treated with a slight excess of ethanol-d1 (bottom). To 
the sample was added 0.5 µL CD2Cl2 (black asterisk) as reference.147 
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Figure 3.7: Deuterium labeling within calix[4]pyrrolato aluminate investigated by mass spectrometry. The 
grey box at the bottom shows how the monoisotopic contributions to the signals of the spectrum due to the 
isotope pattern of the 28 carbon atoms within [21]− were calculated to obtain the relative ratios of the deu-
terated derivatives. For 28 carbon atoms, the isotope pattern scales with 1.000 : 0.303 : 0.044 : 0.004.147 
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Further reactivity of the alcohol addition products 

Lastly, an additional facet of the alcohol addition chemistry of [21]− was discovered 

which is presented with ethanol as example substrate (Figure 3.8). As the C2H5OH addition 

product ([PPh4][30]) was prepared in 1 mL of CH2Cl2, and 5 mL of n-pentane were added, 

the expected addition product (cf. Figure 3.2A) precipitated as yellow solid, as determined 

by 1H NMR spectroscopy. However, when the suspension was allowed to stand at ambient 

temperature for multiple days, the precipitate almost entirely redissolved, and orange 

crystals developed at the bottom of the reaction vessel. The obtained crystals were used 

to determine the atom connectivity by SCXRD analysis, identifying the crystalline mate-

rial as the dianionic ethanolato complex of [21]− ([32]2−, Figure 3.8B). The proton which 

had been transferred to the ligand backbone in the first reaction step is now absent. The 

Al(III) center is in a square pyramidal N4O coordination environment. 

 
Figure 3.8: Amphoterism of calix[4]pyrrolato aluminate. A) Autoprotolysis equilibrium of the ethanol addi-
tion product, enforced by a nonpolar solvent. B) Molecular structures as determined with SCXRD analysis 
of the autoprotolysis reaction products (left: neutral, right: dianionic). The counter cations, cocrystallized 
solvent molecules, and all hydrogen atoms except for the protons transferred to the ligand backbone are 
omitted. Thermal displacement ellipsoids are shown at the 50% probability level. CSD identifier: YUXVIZ. 
For the right structure, only atom connectivities were determined due to poor data quality.147 
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The fate of the missing proton became clear from the SCXRD analysis of crystals 

grown from the supernatant of the exact same sample. The second species is the neutral, 

protonated ethanol addition product 31. It is effectively C2 symmetric, with two proto-

nated, dearomatized pyrrole rings opposite to each other. This means the alcohol addition 

products to [21]− are the subject of a solvent polarity-dependent autoprotolysis process 

which demonstrates their amphoteric character. 

Therefore, the acid/base chemistry of the alcohol adducts was considered (Figure 3.9). 

Successive addition of para-bromophenol to its calix[4]pyrrolato aluminate addition 

product ([29]−) in CD2Cl2 at room temperature led to the increased formation of the neu-

tral compound 33. Even a weak Brønsted acid such as para-bromophenol is sufficiently 

acidic to protonate the initially formed species. In turn, it was expected that the addition 

of a Brønsted base to the initial alcohol activation products would induce deprotonation 

and the formation of the dianionic species. However, this was not observed. The treatment 

of the ethanol addition products in CD2Cl2 with an excess of pyridine at room temperature 

resulted in the quantitative substitution of the alcohols and the formation of the classic 

Lewis-acid-Lewis-base adduct, as observed by 1H NMR spectroscopical measurements 

(Figure 3.9). An analogous replacement was possible with dimethyl sulfoxide as a substi-

tution agent. 

 
Figure 3.9: Reactivity of the alcohol addition products with weak Brønsted acids (right) and Lewis bases 
(left). 

Conclusion 

In summary, the reactivity of calix[4]pyrrolato aluminate toward protic substrates was 

investigated. The cooperation of the Lewis acidic square-planar Al(III) center with the 

electron-rich ligand backbone enables the rapid and reversible OH-bond addition. All Al-

N bonds remain intact – even in the presence of a large excess of protons. The addition 

products undergo rapid self-exchange, and the equilibrium reaction of the alcohol binding 

can be influenced by the application of vacuum or elevated temperature as well as by the 

addition of Lewis bases. It is assumed that the reversible dearomatization/aromatization 
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of one of the ligand’s pyrrole rings is important for an energetically balanced potential 

energy surface without deep sinks. 

The findings demonstrate the evolution of an anti-van’t-Hoff-Le-Bel species from a 

structural curiosity to a reagent with unique and well-defined reactivity. In addition to 

substrates with a carbonyl group (aldehydes, ketones, cf. Figure 1.11D in the Introduction), 

they introduce hydroxy groups as reagents for selective reactivity with calix[4]pyrrolato 

aluminate. In the following chapter, dioxygen as substrate is discussed. 
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3.2 Reactivity of Calix[4]pyrrolato Aluminates with Dioxy-
gen 

The results presented within this chapter were previously published and can be found un-

der: L. M. Sigmund, C. Ehlert, M. Enders, J. Graf, G. Gryn'ova, L. Greb, “Dioxygen Activation 

and Pyrrole α-Cleavage with Calix[4]pyrrolato Aluminates: Enzyme Model by Structural Con-

straint”, Angew. Chem. Int. Ed. 2021, 60, 15632-15640. This chapter was written based on the 

mentioned publication. The CASSCF and NEVPT2 calculations on the O2 addition mechanism 

were conducted by DR. CHRISTOPHER EHLERT. 

Introduction and background 

he selective activation of dioxygen, which has a triplet configuration in its electronic 

ground state, is literally vital to all processes of aerobic life on earth.190-193 To accom-

plish selective reactivity, the spin barrier, which kinetically protects organic molecules 

from oxidation, is bypassed for example with flavin cofactors in flavoenzymes194, with iron 

centers in intra- or extradiol dioxygenases195-196, or with iron porphyrins in heme-based 

proteins197-198 (Figure 3.10). A common black box of dioxygen activation within all the 

mentioned systems is the critical intersystem crossing (ISC) step which is inevitable to 

end up at closed-shell oxidation products. Various ISC mechanisms are debated in the 

literature such as the involvement of proton-coupled electron transfer (PCET) pro-

cesses.199-202 For iron-containing enzymes, ISC is proposed to involve the spin-mediating 

role of the open d-shell.203 

Within this chapter, the reactivity of meso-octamethyl and meso-octaethylcalix[4]pyr-

rolato aluminate ([21]− and [34]−) with 3O2 is presented and interpreted against the back-

ground of naturally occurring dioxygen activation. The reactions proceed in an alumi-

num-ligand cooperative (AlLC) manner to form alkyl peroxido aluminates. Besides the 

herein presented examples, p-block element-ligand cooperative reactions with 3O2 have 

been limited to antimony(V)-based complexes (cf. Figure 1.9H in the Introduction).109-110, 

204-206 

O2 addition reaction and product characterization 

When the tetraphenylphosphonium salts of meso-octamethyl and meso-octaethyl-

calix[4]pyrrolato aluminate ([PPh4][21] and [PPh4][34], respectively) were dissolved in 

CD2Cl2 and subjected to 1 bar of dioxygen gas at room temperature (Figure 3.11A), the 

appearance of the reaction solutions changed from colorless to orange within seconds. 

T 
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The collected 1H NMR spectra (Figure 3.11B) revealed complete consumption of the start-

ing materials and the formation of new C1 symmetric species. Indications for the 

dearomatization of one pyrrole ring was found (cf. the discussion on the NMR spectrum 

of the alcohol addition products to [21]− in the previous chapter). Therefore, an AlLC-type 

binding mode of 3O2 to [21]− and [34]− to give alkyl peroxido aluminates ([PPh4][35] and 

[PPh4][36]) was assumed. 

 
Figure 3.10: Dioxygen activation in nature. Reactivity of triplet dioxygen with A) flavins occurring in fla-
voenzymes, B) intra- and extradiol dioxygenases, and C) iron porphyrins in heme proteins.148 

SCXRD analysis of crystalline [PPh4][35] (crystals grown at −40 °C from a mixture of 

CH2Cl2 and n-pentane) confirmed this assumption (Figure 3.11C). In [35]−, the dearoma-

tized state of one pyrrole ring becomes clear from the average bond angle of 109.3(1)° 

around the now sp3-hybridized carbon atom connected to the peroxido group. The C-N 

and C-C bond lengths of this ring support this interpretation. The C(sp3)-O distance 

within the alkyl peroxido moiety is 143.11(19) pm. It is bound to the aluminum center via 

an Al-O bond of 183.11(12) pm. The interoxygen distance in [35]− experiences a significant 

elongation from 120.8 pm for 3O2 in the gas phase207 to 148.79(14) pm. This is consistent 

with the two-electron reduction of dioxygen to the oxidation state of a peroxide. Similar 
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distances (146-149 pm) were found for other alkyl peroxido complexes from transition 

metal-ligand cooperative binding of dioxygen.100, 109, 208-209 

 
Figure 3.11: Reactivity of calix[4]pyrrolato aluminates with dioxygen. A) Synthetic scheme. B) Aromatic 
section of the 1H NMR spectrum (600 MHz, CD2Cl2, 295 K) of the free aluminate (bottom) and the addition 
product (top). C) Solid-state molecular structure of [35]− as found by SCXRD analysis. The counter cation, 
cocrystallized solvent molecules, and hydrogen atoms are omitted. Thermal displacement ellipsoids are pre-
sented at a probability level of 50%. CSD identifier: OVICAA.148 

The binding of O2 to both aluminates was found to be irreversible and could not be 

undone by exposure to reduced pressure or elevated temperatures. The described reac-

tions also took place when light was excluded from the systems. Notably, the reaction of 

dioxygen with the dianionic Co(II) complex of the ethyl-substituted calix[4]pyrrolato lig-

and did not result in the formation of an alkyl peroxide. Instead, the two-electron oxida-

tion of the ligand framework was observed.120 Other aluminum pyrrolato complexes with 

aluminum-alkyl groups engaged in the more common insertion of O2 into the aluminum-

carbon bond.210 

The electronic structure of the O2 addition products was further inspected by spec-

troscopy and computational simulations. The UV-Vis absorption spectra of [PPh4][35] or 

[PPh4][36] are similar to each other (Figure 3.12A), with broad bands at wavelengths of 

approximately 340 and 400 nm, reaching deep into the visible region. Time-dependent 

density functional theory calculations (TD-DFT, Figure 3.12B/C), carried out for [35]−, 

identified the lowest energy electronic excitations as transitions from the three aromatic 
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pyrrole units to the dearomatized ring. The HOMO is primarily located on the aromatic 

pyrroles, while the dearomatized ring hosts the LUMO of [35]− (Figure 3.12D).  

Commonly, metal alkyl peroxides are potent oxidants that can react through several 

pathways, such as O-O and M-O homolytic cleavage or through nucleophilic and electro-

philic O-atom transfer.211-214 In contrast, the peroxides [35]− and [36]− are stable to a no-

table extent. Even the markedly oxophilic triphenylphosphine did not react. 

 
Figure 3.12: Optical properties of the O2 addition products of calix[4]pyrrolato aluminates. A) Solution 
phase UV-Vis absorption spectra. The data was obtained at room temperature with CH2Cl2 as solvent. The 
analyte concentration was approximately 1.5 · 10−4 mol L−1. B) Computed vertical electronic singlet excita-
tions and simulated UV-Vis absorption spectrum of [35]−. The calculation was done at the TD-CAM-
B3LYP/def2-TZVPP, CPCM(CH2Cl2) level of theory. The 30 energetically lowest singlet transitions were cal-
culated. The continuous spectrum was obtained with the ORCA utility program orca_mapspc using a 
FWHM value of 2000 cm−1. C) Contributions to the first and second singlet electronic excitation as obtained 
from the TD-DFT calculation. D) Kohn-Sham frontier molecular orbital representations of [35]− (CAM-
B3LYP/def2-TZVPP, CPCM(CH2Cl2)) and associated orbital energies.148 
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Quantum chemical simulations of the O2 addition mechanism 

Quantum chemical calculations were carried out to understand the mechanism of 3O2 

addition to the aluminates, which have a closed-shell singlet electronic ground state (Fig-

ure 3.13). For this purpose, the methyl-substituted system ([21]−) was used, and the course 

of the reaction was evaluated with DFT at the B97M-D3(BJ)/def2-TZVPP, COSMO-

RS(CH2Cl2) level of theory (Figure 3.13A). Dioxygen approaches the aluminate through a 

first transition state ([TS-37]−), which is located on the triplet potential energy surface 

and comes with a Gibbs free energy barrier of 59 kJ mol−1. In [TS-37]−, the oxygen-alumi-

num distance is 237 pm, while the separation of the two oxygen atoms is 123 pm. The 

natural spin density (obtained at the PBE0/def2-TZVPP level of theory) is predominantly 

located on the dioxygen unit (90%, Figure 3.13A). The energies of the corresponding 

closed-shell (CSS) and open-shell singlet (OSS) state (addressed with the broken sym-

metry (BS) approach) are clearly higher in energy (81 kJ mol−1 for CSS[TS-37]− and 

57 kJ mol−1 for OSS[TS-37]−, relative to trip[TS-37]−), ruling out a change in spin state before 

the association. The preference for the triplet state in [TS-37]− is rooted in the ferromag-

netic spin coupling of the two unpaired electrons, which still mainly reside in the pseudo-

orthogonal π*-orbitals at O2.215 

The subsequent local minimum structure [Int-38]− is essentially Gibbs isoenergetic to 

the starting materials (ΔGr = −2 kJ mol−1), though enthalpically favored by 44 kJ mol−1, re-

sulting in an unusually strong interaction of an anionic Lewis acid with the weak Lewis 

base O2. 

Compared to [TS-37]−, the O-O bond length in [Int-38]− is increased to 134 pm while 

the Al-O distance decreases to 184 pm. Hence, the O2 moiety is reduced to the superoxide 

redox state, and concomitantly, the calix[4]pyrrolato ligand gets oxidized by one electron. 

This reasoning is supported by the natural spin density within [Int-38]−, which is now 

equally distributed between the dioxygen moiety and the ligand backbone (Figure 3.13A). 

Also, the total natural charge of the O2 fragment changes from +0.07 in [TS-37]− to −0.75 

in [Int-38]−. The experimentally observed alkyl peroxido aluminate 35 is formed after the 

transition to the singlet potential energy surface and additional C-O single bond for-

mation. The overall reaction is calculated to be exergonic by −79 kJ mol−1 (Figure 3.13A). 
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Figure 3.13: Quantum chemical investigation of the O2 addition reaction to calix[4]pyrrolato aluminate. A) 
Energy profile for the addition reaction of triplet dioxygen computed with DFT at the B97M-D3(BJ)/def2-
TZVPP, COSMO-RS(CH2Cl2) level of theory. The natural spin density distributions (shown in light green) 
were obtained based on PBE0/def2-TZVPP single point calculations. B) Singlet CASSCF(14,13)/def2-SVP 
constrained potential energy surface scan to connect intermediate [Int-38]− with [35]− and state-specific 
NEVPT2(14,13)/def2-TZVPP triplet and singlet energies for each constrained minimum structure. C) Iso-
density surface representations and respective natural orbital occupation numbers of the active molecular 
orbitals used for the multiconfigurational treatment of [Int-38]−. The data was obtained at the CASSCF(14, 
13)/def2-TZVPP level of theory.148 

The spin-forbidden conversion from the triplet to the singlet potential energy surface 

was further studied with multiconfigurational and multireference calculations (Figure 

3.13B/C). Electron correlation was treated within a CAS(14, 13), which covered the σ/σ* 

and π/ π*-orbitals at the O2 fragment, the orbitals responsible for the formation of the Al-

O and C-O bond, as well as several π/ π*-orbitals of the pyrrole rings. Analyzing [Int-38]− 

within a singlet electronic configuration (CASSCF/def2-SVP level of theory) revealed an 

essentially identical molecular structure compared to the triplet analog (RMSD = 0.67 pm) 

as well as a minuscule singlet/triplet energy gap of 0.1 kJ mol−1. The energetic barrier for 
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C-O bond formation to yield [35]− was approximated to 18 kJ mol−1 ([TS-39]−), and the cor-

responding transition state has singlet diradical character. These findings explain the ex-

perimentally observed facile addition of O2 to the aluminates: The entry of 3O2 into the 

coordination sphere of the central aluminum atom ([TS-37]−) is the rate-determining step 

of the overall reaction. 

In detail discussion of the spin-inversion mechanism 

In the following paragraphs, the ISC required for the transformation toward the alkyl 

peroxides is discussed in more detail and with respect to various backgrounds. The free 

superoxide radical anion (O2
•−) shows strong spin-orbit coupling (SOC) due to rotation of 

the degenerated π*-orbitals. This SOC has been proposed as important for ISC in non-

iron enzymes such as glucose oxidase or cofactor-free enzymes.216-217 However, the unco-

ordinated superoxide molecule is not available in the case of the calix[4]pyrrolato alumi-

nates. Instead, an inner-sphere electron transfer from the ligand to the substrate takes 

place while O2 is coordinated to aluminum. This means that O2
•− is not free but direction-

ally bound to the Lewis acidic centers within [21]− and [34]−. This also means that the 

symmetry of the system is broken, and the π*-orbitals located on the superoxide fragment 

are not degenerate anymore (orbital energies of −7.9 and 0.9 eV on the CASSCF/def2-

TZVPP level). Small absolute SOC matrix elements of less than 0.02 cm−1 were computed 

for [Int-38]−. Consequently, SOC is not the driving force for the ISC occurring in the cur-

rently discussed systems. 

Generally, ISC becomes likely if the energy and the molecular structure of both spin 

states are similar.218-219 As discussed above, this is the case for the aluminates when inter-

acting with 3O2. Energetically degenerate spin-states are achieved if the relevant electrons 

are decoupled, for example, by spatial separation. In the present case, it is the calix[4]pyr-

rolato ligands’ redox activity that produces the desired effect. The electron transfer from 

the ligand backbone to the dioxygen substrate reorganizes the spin density in non-inter-

acting regions of the assembly. The driving force for the inversion from the triplet to the 

singlet manifold becomes obvious upon the inclusion of thermal corrections. Though the 

electronic energy of trip[Int-38]− and sing[Int-38]− is equal, the Gibbs free energy of the sin-

glet state is 21 kJ mol−1 lower. This is due to the difference in zero-point vibrational energy 

(ZPVE). When applying the harmonic approximation, this is an outcome of a flatter po-

tential energy surface in the singlet state. Overall, these characteristics can be interpreted 

to point to a spin-vibronic coupling of the two states.220 Ultimately, irreversible C-O bond 
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formation, that is combination of the two unpaired electrons of opposite spin, drives the 

reaction to the experimentally observed alkyl peroxido aluminate products. 

Relations to biological systems 

In the previous sections, a detailed picture of the reaction between calix[4]pyrrolato 

aluminates and dioxygen was illustrated. For the final part of this chapter, this picture is 

related and compared to O2 activation occurring in enzymes. 

During the formation of [35]−, the calix[4]pyrrolato ligand functions as the electron 

donor in an inner-sphere ligand-to-substrate (O2) electron transfer, which is facilitated 

by the electrophilic activation of 3O2 after coordination to the redox inactive, square pla-

nar-coordinated aluminum atom. Calix[4]pyrroles are closely related to porphyrins. 

Within iron porphyrins, dioxygen reduction to the superoxide state is found as well, but 

the electron originates from the ferrous iron center. It is proposed that d-electrons medi-

ate the ISC in these cases.203 This means that despite the close structural relationship 

between iron porphyrins and calix[4]pyrrolato aluminates, the differences with respect to 

central atom and ligand redox state result in completely different interactions with 3O2.  

In fact, the calix[4]pyrrolato aluminates lack any heavy atom; so do metal-free fla-

voenzymes such as pyranose 2-oxidase or the oxygenase component of p-hydroxy-

phenylacetate 3-hydroxylase. They also only comprise light main-group elements as their 

atomic building blocks. Therefore, their reactivity with dioxygen was compared to that of 

the aluminates. One can interpret the aluminum center as mimic of the histidinium pro-

ton side, while the calix[4]pyrrolato ligand takes the role of the flavin cofactor (cf. Figure 

3.10A). Hence, this analogy suggests that flavoenzymes facilitate ISC by similar principles 

detailed in the preceding paragraph. 

Conclusion 

The tetraphenylphosphonium salts of calix[4]pyrrolato aluminates [PPh4][21] and 

[PPh4][34] react rapidly with triplet molecular oxygen to yield alkylperoxido aluminates 

([PPh4][35] and [PPh4][36], respectively). The products and the reaction mechanism were 

characterized through experimental and computational tools. The reaction is initiated by 

O2 coordinating end-on to [21]− and [34]−, respectively. The attractive interaction is facil-

itated by the structural constraint-induced Lewis acidity of the square planar aluminates. 

An inner-sphere ligand-to-dioxygen electron transfer results in the ISC from the triplet 

to the singlet potential energy surface due to the energetic degeneracy of the two spin 

states at essentially identical structures. ISC is possible despite the absence of heavy 
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elements and negligible computed SOC matrix elements, possibly facilitated by spin-vi-

bronic coupling. 

The detailed mechanistic findings were related to dioxygen activation in nature, 

namely to the reactions of metal-free flavoenzymes and iron porphyrins with molecular 

oxygen.  

The presented findings buttress the importance of constraint and cooperativity in 

natural dioxygen metabolism and offer a starting point to exploit air’s redox potential 

with earth-abundant elements beyond iron or other transition metals. In fact, despite the 

absent reactivity with additional substrates, the alkyl peroxido aluminates were found to 

undergo a rearrangement at elevated temperatures, which was studied in detail. The col-

lected insights are presented in the following chapter. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



RESULTS AND DISCUSSION – REACTIVITY OF DIOXYGEN ADDITION PRODUCTS OF CALIX[4]PYRROLATO ALUMINATES 

52 

3.3 Reactivity of Dioxygen Addition Products of Ca-
lix[4]pyrrolato Aluminates 

The results presented within this chapter were previously published and can be found un-

der: L. M. Sigmund, C. Ehlert, M. Enders, J. Graf, G. Gryn'ova, L. Greb, “Dioxygen Activation 

and Pyrrole α-Cleavage with Calix[4]pyrrolato Aluminates: Enzyme Model by Structural Con-

straint”, Angew. Chem. Int. Ed. 2021, 60, 15632-15640. This chapter was written based on the 

mentioned publication. 

Introduction and background 

eso-octamethyl- and meso-octaethylcalix[4]pyrrolato aluminate ([PPh4][21] and 

[PPh4][34], respectively) react rapidly with molecular oxygen and are selectively 

converted into the respective alkyl peroxido aluminates ([PPh4][35] and [PPh4][36], cf. Fig-

ure 3.11). Despite the rather week O-O single bond – as it is generally considered – the 

alkyl peroxido aluminates do not react with added substrates, e.g., aldehydes, alkenes, 

strong donors such as pyridines, or even triphenylphosphine. Instead, when exposed to 

elevated temperatures, a rearrangement reaction occurs. This cleaves the O-O bond to 

yield an ester functional group. Concomitantly, the dearomatized pyrrole ring gets rup-

tured at the α-bond, that is, at its nitrogen-carbon bond. 

 
Figure 3.14: Examples for pyrrole ring cleavage reactions known to the literature. 

The chemical modification of pyrrole rings is a widely studied field of chemical re-

search. Most often, C-H or N-H functionalization as well as cycloaddition reactions are 

applied.221 By contrast, ring-opening transformations of pyrroles are less researched. Ex-

amples are the oxidative cleavage of a tert-butyl-protected pyrrole by singlet dioxygen 

(Figure 3.14A)222, an organolithium reagent-induced pyrrole α-cleavage (Figure 3.14B)223, 

or a four-component ring opening of N-(2-iodophenyl)pyrroles using elemental sulfur 

M 
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and formamide reagents (Figure 3.14C)221. Pyrrole ring openings within indoles are also 

well-known, including reactions that cleave the pyrrolic N-C bond (α-bond, Figure 

3.14D).224-225 Generally, however, the complete breaking of the C-C bond during pyrrole 

ring cleavage reactions is more common.221 

 
Figure 3.15: Reactivity of calix[4]pyrrolato peroxido aluminates. A) Synthetic scheme. B) Aromatic section 
of the 1H NMR spectrum (600 MHz, CD2Cl2, 295 K) of [PPh4][36] (bottom) and [PPh4][41] (top). C) Molecular 
structure of [40]−, optimized at the B97M-D3(BJ)/def2-TZVPP level of theory. All hydrogen atoms except for 
the two attached to the C-C double bond which is α to the carboxylato group were omitted in the depiction.148 

Rearrangement reaction of calix[4]pyrrolato peroxido aluminates 

When CD2Cl2 solutions of the alkyl peroxido aluminates [PPh4][35] and [PPh4][36] 

were stored at room temperature for 24 hours or alternatively at 60 °C for 30 min, trans-

formations to new species [PPh4][40] and [PPh4][41], respectively, occurred (Figure 3.15). 

In general, no evidence was found that the reaction products differ depending on the 

meso-substituents (either methyl or ethyl). Despite significant efforts, it was not possible 

to grow single crystals of [PPh4][40] or [PPh4][41] suitable for SCXRD measurements. One 

reason for that is likely the fact that both anions as their tetraphenylphosphonium salts 

were found as either being extremely well or close to insoluble in the tested solvents and 

solvent mixtures, respectively. It was attempted to use the PNP cation instead of PPh4
+. 

The transformations toward [40]− and [41]− were possible, however, the growth of single 

crystals remained unsuccessful. Nevertheless, in the following sections, extensive 
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evidence for the molecular constitution of [40]− and [41]−, respectively, as it is shown in 

Figure 3.15A/C, is provided. 

Experimental investigations on the rearrangement reaction 

The electrospray-ionization (ESI, anion mode) high-resolution mass spectra of [40]− 

and [41]− show peaks at m/z ratios identical to those of [35]− and [36]−, respectively. This 

points to a rearrangement process without the loss of the OO or potentially any other 

fragment. The IR spectra gave evidence for the presence of a carbon-oxygen double bond, 

as strong bands at 1662 cm−1 were detected, which are assigned to the C=O stretching vi-

brational mode (Figure 3.16). This is in line with bands observed for other metal carbox-

ylato complexes, which possess the same RCOO-M binding mode.226 

 
Figure 3.16: IR spectra of tetraphenylphosphonium salts of different calix[4]pyrrolato aluminates in com-
parison to PPh4Cl. The band at 1662 cm−1 in the top spectrum is an indication for the presence of a carbonyl 
group in the analyzed molecule.148 

Based on the molecular formula of [40]− and [41]−, the structure elucidation was 

started from four distinct 13C NMR signals of the ethyl-substituted derivative ([41]−). 

These signals appear at 183.9, 165.3, 140.1, and 127.6 ppm. The first two are quaternary 

carbon atoms, which was easily seen from the DEPT-135 13C{1H} NMR spectrum (Figure 

7.11 in the Appendix). The last two are part of a CH group, as observable in the 1H,13C 

HSQC spectrum (Figure 7.12 in the Appendix). This is consistent with the following 



RESULTS AND DISCUSSION – REACTIVITY OF DIOXYGEN ADDITION PRODUCTS OF CALIX[4]PYRROLATO ALUMINATES 

55 

connections for the respective CH groups; 13C: 140.1 ppm is connected to 1H: 6.70 ppm 

and 13C: 127.6 ppm is connected to 1H: 5.70 ppm. Noticeably, the two mentioned protons 

feature a mutual coupling constant of 12.4 Hz. Such a large 1H,1H coupling constant was 

not observed before for dearomatized pyrrole rings within the chemistry of the ca-

lix[4]pyrrolato aluminates. Typically, the coupling constant of the β-protons of a pyrrole 

ring that got dearomatized lies between 5 and 6 Hz.89, 142 

The tetraphenylphosphonium salt of [41]− is superbly soluble in CH2Cl2. Therefore, it 

was possible to acquire a two-dimensional 13C,13C NMR INADEQUATE 227-229 spectrum us-

ing a sample containing 300 mg of [PPh4][41] dissolved in 0.5 mL of CD2Cl2 (Figure 7.17 in 

the Appendix). The obtained spectrum reveals the direct connection of the four discussed 

carbon atoms. It also shows that the C-atom at 165.3 ppm is attached to only one further 

carbon-atom, which is the one appearing at 127.6 ppm. The further connectivities are: C 

at 183.9 ppm: two neighboring C-atoms (140.1 and 56.7 ppm), C at 140.1 ppm: two neigh-

boring C-atoms (183.9 and 127.6 ppm), C at 127.6 ppm: two neighboring C-atoms (165.3 

and 140.1 ppm). The DEPT-135 13C{1H} NMR spectrum shows that the resonance at 

56.7 ppm originates from a quaternary C-atom (Figure 7.11 in the Appendix). Further-

more, this C-atom is connected to two ethyl groups and an aromatic pyrrole ring. 

The so far described observations can be combined into a substructure as shown in 

Figure 3.17A. The cis-configuration of the double bond is supported by the observed 1H,1H 

coupling constant of 12.4 Hz. Couplings arising from trans-configurations are typically 

slightly larger (around 16 Hz). Also, the 1H,1H NOESY NMR spectrum shows close spatial 

proximity of the two alkene protons, which further supports the proposed relative stere-

ochemistry (Figure 7.14 and Figure 7.15 in the Appendix). 

Another characteristic signal in the 13C NMR spectrum of [41]− appears at 66.9 ppm, 

which is quaternary in nature, as seen in the DEPT-135 13C{1H} NMR spectrum (Figure 7.11 

in the Appendix). In the 13C,13C INADEQUATE NMR spectrum, this signal shows direct 

connectivity to only three other C-nuclei, meaning that it bears one non-carbon substit-

uent (Figure 7.17 in the Appendix). Two of its neighbors can be assigned to methylene 

carbon atoms from the attached ethyl groups (38.0 and 29.6 ppm, respectively) and the 

remaining other one to a Cq of an aromatic pyrrole ring (139.9 ppm). Moreover, the chem-

ical shift of 66.9 ppm is rather downfield-shifted for a quaternary C-atom connecting two 

pyrrole rings in the calix[4]pyrrolato ligand. Typically, those atom types appear between 

45 and 30 ppm.89, 142 Consequently, a second substructure can be formulated (Figure 

3.17B). 
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Figure 3.17: Deduced substructures of the rearrangement product of the calix[4]pyrrolato peroxido alumi-
nates based on NMR spectroscopical measurements. The two fragments shown in A) and B) were connected 
with each other in C) with an imine-nitrogen atom.148 

Generally, the methyl-substituted system allows a more straightforward interpreta-

tion of the NMR data, for example, regarding 1H resonances. Therefore, the treatise from 

hereon is based on [40]−. For that, its 1H,15N HMBC NMR spectrum is discussed (Figure 7.8 

in the Appendix). It shows nitrogen resonances at −34.5, −201.0, −202.9, and −206.6 ppm. 

The latter three are assigned to the three aromatic pyrrole rings. For comparison, the ni-

trogen atoms of the aromatic pyrrole rings in the alkyl peroxido aluminate [35]− resonate 

at similar chemical shifts (−184.4, −185.7, and −194.8 ppm). Contrastingly, the chemical 

shift of the nitrogen atom of the dearomatized pyrrole ring is −102.1 pm, which is mark-

edly different to the −34.5 ppm resonance found for [40]−. This suggests that the chemical 

environment of the respective nitrogen atom changes significantly once the reaction from 

[35]− to [40]− occurs. 

In the 1H,15N HMBC NMR spectrum of [40]−, the signal at −34.5 ppm shows three cross-

peaks. Firstly, with the proton resonating at 6.94 ppm and secondly, with two methyl 

groups at 1.59 and 1.32 ppm. With the help of the 1H,13C HMBC NMR spectrum (Figure 7.5 

in the Appendix), these two methyl groups were identified to be connected to the quater-

nary carbon appearing at 61.7 ppm (The equivalent carbon atom in [41]− appears at 

66.9 ppm; vide supra). This leads to the conclusion that the nitrogen atom at −34.5 ppm 

functions as the nexus between the two developed substructures (Figure 3.17C). This is 
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the only possibility to have it separated by three covalent bonds from the vinylic proton 

at 6.94 ppm and the protons of the methyl groups at 1.59 and 1.32 ppm. 

The carbon atom appearing at 185.0 ppm is significantly downfield shifted (The equiv-

alent carbon atom in [41]− appears at 183.9 ppm). Also, two free valences at this atom 

must be filled. This can be achieved by including a double bond, which connects the ni-

trogen at −34.5 ppm to the quaternary carbon atom at 185.0 ppm. Lastly, the nitrogen is 

connected to the Cq at 61.7 ppm with a single bond. This reasoning adds up to the ex-

tended substructures shown in Figure 3.17C. The discussed key correlations, found in the 

various NMR spectra, are summarized in Figure 3.18. 

 
Figure 3.18: Extracted NMR spectroscopical correlations for the calix[4]pyrrolato carboxylato aluminates 
([40]− and [41]−).148 

Importantly, the proton resonating at 5.81 ppm does not show any 1H,15N correlation 

(Figure 7.8 in the Appendix). Such a correlation was extensively searched with various 
1H,15N HMBC experiments. A cross peak could not be detected. Contrary to that, the two 

protons attached to the dearomatized pyrrole ring in [35]− show a cross peak with the 

ring’s nitrogen atom as they are both separated from the nitrogen by three bonds. This is 

a clear hint at the absent covalent bond between the quaternary carbon atom resonating 

at 165.6 ppm and the nitrogen atom at −34.5 ppm. The four-bond distance between the 

proton at 5.81 ppm and the nitrogen at −34.5 ppm does not allow for a 4JNH spin-spin cou-

pling detectable through 1H,15N HMBC NMR spectroscopy. 

Next, the missing connectivities of the quaternary carbon resonating at 165.6 in the 

methyl and at 165.3 ppm in the ethyl case are addressed (cf. Figure 3.17C). Importantly, 

the two oxygen atoms need to be incorporated into the structure as well. Both aspects can 

be accounted for by introducing an ester moiety based on the said carbon atoms. The me-

somerism of the resulting α,β-unsaturated ester also explains the relative chemical shifts 

of the CH-groups α and β to the ester. Both the 13C and the 1H nuclei at the β-position are 
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significantly more downfield-shifted compared to those at the α-position. Of note, in the 

peroxides [35]− and [36]−, this situation is the exact opposite. There, the imine group is 

the “electronically” dominating factor making the β-CH group (β relative to the imine 

functional group) more downfield-shifted compared to the α-CH group. 

Finally, the question about the atoms connected to aluminum is discussed. It should 

be reasonable to assume the preservation of the strong Al-O bond. Structure optimization 

at the DFT level (see the next section for further details) of the deduced structure revealed 

the detachment of the formed imine nitrogen atom from the aluminum center. The com-

bination of all stated arguments yields the final molecular structure as it is presented in 

Figure 3.19. 

 
Figure 3.19: Deduced molecular structure of the rearrangement product of the calix[4]pyrrolato peroxido 
aluminates based on NMR spectroscopical measurements and DFT calculations. The calculation was done 
at the B97M-D3(BJ)/def2-TZVPP level of theory.148 

To conclude this section and to further support the present structure suggestion, the 
1H,1H NOESY NMR spectrum of [40]− is discussed (Figure 7.6 in the Appendix). It reveals 

spatial proximity of the proton in β-position relative to the ester grouping (appearing at 

6.94 ppm) to three methyl groups, which appear at 1.59, 1.56, and 1.40 ppm. These were 

identified to frame the imine group (see perspective 3 in Figure 3.19). Also taking into 

account that the α-proton is not showing these correlations (it is further away), this is 

another supporting argument for the concluded structure. Moreover, the molecular struc-

ture as shown in Figure 3.19 agrees with the fact that the fourth framing methyl group 

(chemical shift of 1.32 ppm) is not indicated by the acquired NOESY NMR spectrum to be 

in close spatial proximity to the proton in β-position. 

The discussed spectroscopic findings provide strong evidence for the deduced molec-

ular constitution of [40]− and [41]−, respectively. In the following section, the results of 

quantum chemical simulations are presented which further support the statements made. 

This was done by comparing the experimentally determined 1H, 13C, and 15N chemical 
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shifts with gauge-independent atomic orbital DFT calculations (GIAO-DFT) as well as 

with the simulation of the reaction mechanism. 

Quantum chemical investigations on the rearrangement reaction 

For all quantum chemical calculations, the methyl-substituted system was consid-

ered. At first, the conformational space of [40]− was investigated (Figure 3.20A). Four indi-

vidual conformers were obtained, which are relatively close in energy (range of 21 kJ mol−1 

on ΔG scale). The lowest energy conformer was used for all further calculations. 

In Figure 3.19, [40]− is shown with the imine group in E-configuration, which is sup-

ported by the experimental findings. Computationally, the Z-configuration was investi-

gated as well and was found to be 26 kJ mol−1 higher in Gibbs free energy. It was also pos-

sible to locate the transition state for the E/Z-isomerization. It comes with a Gibbs free 

activation energy of 87 kJ mol−1 (relative to the E-isomer of [40]−). 

 
Figure 3.20: Quantum chemical calculations on the structure of calix[4]pyrrolato carboxylato aluminate. 
All given numbers are Gibbs free energies in kJ mol−1, calculated at the B97M-D3(BJ)/def2-TZVPP level of 
theory. The data is COSMO-RS(CH2Cl2)-corrected. All hydrogen atoms, except for the two of the α,β-un-
saturated ester were omitted for clarity. A) Considered conformational space. B) Stereoisomer of [40]− with 
a Z-configurated imine group. C) Transition structure for the E/Z isomerization at the imine group.148 

Following the structural investigations, the NMR chemical shifts of [35]− and [40]− 

were simulated using the PBE0/IGLO-II computational method (Figure 3.21 and Figure 
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3.22). The absolute isotropic chemical shielding data, as obtained from the calculations, 

were converted to values comparable with experimental numbers by referencing to the 

standard anchor molecules (tetramethylsilane for 1H and 13C, nitrobenzene for 15N). 

The computations were found to be in good agreement with the experimental values. 

For [40]−, the mean absolute difference for the proton shifts is 0.09 ± 0.06 ppm. For the 13C 

shifts, it is 4.2 ± 2.3 ppm, and for the 15N nuclei, 13 ± 15 ppm. The larger deviation for the 

nitrogen atoms, is due to the poor reproduction of the chemical shift of the imine nitrogen 

atom. The deviation is 36 ppm. A possible explanation for that is the conformational flex-

ibility of [40]− that might influence the respective nitrogen atom particularly strongly. 

 
Figure 3.21: Quantum chemical simulation of the NMR chemical shifts of calix[4]pyrrolato peroxido alu-
minate and comparison to the data obtained from experiment. The calculations were done at the 
PBE0/IGLO-II//B97M-D3(BJ)/def2-TZVPP level of theory.148 
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Figure 3.22: Quantum chemical simulation of the NMR chemical shifts of calix[4]pyrrolato carboxylato 
aluminate and comparison to the data obtained from experiment. The calculations were done at the 
PBE0/IGLO-II//B97M-D3(BJ)/def2-TZVPP level of theory.148 

The 1H,1H spin-spin coupling constants were also simulated at the same level of the-

ory as the chemical shifts, including the diamagnetic, paramagnetic, Fermi-contact, spin-

dipolar, and the spin-dipolar/Fermi-contact cross term contributions (Figure 3.23). 

Characteristic for peroxide [35]− is the coupling constant of the two protons of the 

dearomatized pyrrole ring. This value was experimentally determined to 5.3 Hz, which is 

larger than the values for the aromatic pyrrole rings (3.0 Hz). In [40]−, a pair of protons is 

coupled to the extent of 12.4 Hz. The computational simulations excellently reproduced 

this significantly larger coupling constant (12.4 versus 12.7 Hz). Generally, the quantum 

theoretical model systematically overestimated the 3JHH spin-spin coupling constants 

with a mean absolute deviation of 0.22 Hz. 
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Figure 3.23: Quantum chemical simulation of spin-spin coupling constants of calix[4]pyrrolato peroxido 
and carboxylato aluminate and comparison to the data obtained from experiment. The calculations were 
done at the PBE0/IGLO-II//B97M-D3(BJ)/def2-TZVPP level of theory. It was not possible to extract the cou-
pling constant of the two protons of the aromatic pyrrole ring opposite to the dearomatized ring in [35]− 
from the 1H NMR spectrum as they have an extremely similar chemical shift.148 

Ultimately, the reaction mechanism for the rearrangement from the peroxido to the 

carboxylato aluminates was investigated computationally – again using the methyl-sub-

stituted ligand as the system to be studied. The B97M-D3(BJ)/def2-TZVPP, COSMO-

RS(CH2Cl2) computational level was applied (Figure 3.24). 

Initially, the cleavage of the O-O single bond was investigated. It was possible to op-

timize the structure of the potentially resulting intermediate with a broken O-O bond 

([Int-42]−) on the triplet potential energy surface. It is 85 kJ mol−1 higher in electronic en-

ergy than [35]−. The OSS and the CSS energies are even higher (90 and 163 kJ mol−1). This 

means that the rupture of the O-O bond in [35]− and [36]− is most likely not the initial step 

of the observed reaction (Figure 3.24B).  
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Figure 3.24: Quantum chemical calculations on the rearrangement reaction of calix[4]pyrrolato peroxido 
aluminate. All computations were carried out at the B97M-D3(BJ)/def2-TZVPP level of theory. The given 
Gibbs free energies include COSMO-RS(CH2Cl2) solvation correction. Open-shell singlet energies were esti-
mated with the help of Yamaguchi’s equation (cf. Chapter 5.2). A) Forward closed-shell singlet IRC path 
starting at [TS-45]− and respective triplet, broken-symmetry, and open-shell singlet energies of selected IRC 
structures. B) Proposed mechanistic pathway and calculated energy profile for the rearrangement of the 
peroxido to the carboxylato aluminate.148 

Instead, the C-C bond α to the alkyl peroxido moiety is cleaved with a Gibbs free ac-

tivation energy of 73 kJ mol−1. This induces the dearomatization of the adjacent pyrrole 

ring and the rearomatization of the peroxo-containing ring in the resulting intermediate 

([Int-44]−). From there, the reaction proceeds by detachment of the dearomatized pyrrole 

ring from the aluminum center and subsequent O-O bond cleavage. A respective transi-

tion state ([TS-45]−) was located on the CSS potential energy surface. Following the 
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intrinsic reaction coordinate (IRC) in the productive direction revealed the located tran-

sition state to not only induce O-O bond cleavage but also C-O bond formation and C-N 

bond cleavage to yield [Int-48]− (Figure 3.24A). For selected molecular structures along 

the IRC path, the OSS energies were calculated and were found to be lower than the CSS 

energies. This means, that this section of the reaction mechanism most likely has singlet 

diradical character. The extrema along the obtained OSS energy curve were interpreted as 

approximate intermediate ([Int-46]−) and transition structure ([TS-47]−). 

The experimentally observed product is formed from [Int-48]− after nucleophilic at-

tack of the imine nitrogen on the exocyclic double bond ([TS-49]−, Figure 3.24B). This step 

closes the cyclic structure of the ligand again, rearomatizes the initially dearomatized 

pyrrole ring, and also reattaches this ring to the aluminum center. The overall reaction is 

calculated to be strongly exergonic by −280 kJ mol−1, and the obtained relative Gibbs free 

energies agree with the feasibility of the reaction at room temperature. 

Conclusion 

In Chapter 3.2, the addition reaction of triplet dioxygen to the tetraphenylphospho-

nium salts of meso-octamethyl and meso-octaethylcalix[4]pyrrolato aluminate was pre-

sented. The formed peroxido aluminates undergo a rearrangement reaction toward α,β-

unsaturated carboxylato aluminates within 24 h at room temperature or 30 min at 60 °C. 

The structure of the reaction products was elucidated with NMR spectroscopical investi-

gations supported by quantum chemical simulations.  

As suggested by DFT, the rearrangement does not start out with the cleavage of the 

O-O bond in the peroxides but rather with the rupture of a C-C bond within the ligand 

backbone und subsequent detachment of one of the pyrrole rings from the aluminum cen-

ter. After that, O-O bond cleavage occurs. This indicates the potential importance of the 

hemilability of a ligand coordination side for the reaction to occur. Likewise, the occurring 

aromatization/dearomatization steps are believed to be important for the reaction. Over-

all, the presented reactions demonstrate that aluminum-ligand cooperativity due to 

structural-constraint-induced Lewis acidity allows the oxidative incorporation of 3O2 into 

a pyrrole ring, concomitant with its ring cleavage. 
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3.4 Further Reactivities of Calix[4]pyrrolato Aluminates 

Introduction and background 

s it was showcased in Chapter 1.5 in the Introduction, metal-ligand – or more gener-

ally element-ligand cooperativity is a powerful modus operandi in transition metal 

chemistry86 but also gets increasing attention in the context of p-block atom-based mol-

ecules.19 Within this chapter, the aluminum-ligand cooperative reactivities of calix[4]pyr-

rolato aluminates with phenyl isocyanate, nitrogen monoxide, and nitrosobenzene is pre-

sented.  

Isocyanates can formally be perceived as the imines of carbon dioxide obtained 

through condensation of CO2 and a respective primary amine. As such, they were studied 

as substrates for various element-ligand cooperative reactions. Examples are the addition 

of tert-butyl isocyanate to pyrazolylborane 50 via the substrate’s C=O bond to give the 

bora-heterocycle 51 (Figure 3.25A).230 The geminal boron/phosphorus FLP 52 adds phenyl 

isocyanate through the N=C double bond (53, Figure 3.25B).231 One example from transi-

tion metal chemistry within this context is the rhodium(I) complex 54 which also reacts 

with phenyl isocyanate under preservation of the C=O double bond (55, Figure 3.25C).232 

Examples for gallium-ligand cooperative binding of isocyanates are also known.108 

 
Figure 3.25: Element-ligand cooperative reactions with isocyanates, nitrogen monoxide, and nitrosoben-
zene as substrate. 

 

A 
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Nitric oxide plays important roles in atmospheric as well as physiological processes. 
233-236 Because of that, its chemistry, also with respect to its dimerization, was heavily 

studied.237-247 Within small molecule p-block element chemistry, various reaction patterns 

of NO were discovered. For example, trimethylaluminum (56) inserts a ONNO dimer into 

one of its Al-C bonds (57, Figure 3.25D).248-250 The formed ONNO entity is called nitro-

sohydroxylaminato or diazeniumdiolate group. The ammonium salt of the N-nitroso-N-

phenylhydroxylamine anion and more generally its complexes with metal ions are de-

noted cupferron(s). Especially the ERKER group has extensively studied the reactions of 

nitrogen monoxide with intramolecular FLPs, e.g., 58. They trap NO in a 1,1-addition re-

action to form persistent N-oxyl radicals (59, Figure 3.25E).251-256 Interestingly, the reac-

tion of 58 with nitrosobenzene was also investigated, and the 1,2-addition across the N=O 

double bond to form a six-membered ring in the product 60 was discovered (Figure 

3.25E).257 Generally, nitroso compounds are much less commonly applied in studies on 

element-ligand cooperativity. 

Reaction of the calix[4]pyrrolato aluminate with phenyl isocyanate 

meso-Octamethylcalix[4]pyrrolato aluminate ([PPh4][21]) was treated with phenyl 

isocyanate in CD2Cl2 at room temperature (Figure 3.26A). An immediate color change of 

the reaction mixture from colorless to yellow was observed, which indicates the dearoma-

tization of one of the ligand’s pyrrole rings (cf. the previous chapters). The collected 1H 

NMR spectrum of the reaction product proved this assumption and revealed the quanti-

tative conversion to a single new species. Distinctive are the two mutually coupled dou-

blets of the dearomatized ring’s protons at 7.85 and 6.66 ppm, the six doublets of the un-

affected pyrrole rings, as well as eight individual signals for the methyl groups of the lig-

and. The 1H NMR resonances of the phenyl ring of the substrate are shifted upfield com-

pared to free phenyl isocyanate. 

It was possible to grow single crystals of the reaction product at room temperature 

from a mixture of CH2Cl2 and toluene which were used for SCXRD measurements (Figure 

3.26B). The addition reaction takes place across the C=O double bond and the N-phenyl 

imidato aluminate [61]− is formed as its tetraphenylphosphonium salt. The imine group 

is Z-configurated in the solid state with a C=N bond length of 128.15(15) pm which is 

longer compared to the one in 51 (125.0 pm, cf. Figure 3.25A).230 The newly formed Al-O 

bond has a length of 184.72(9) pm (cf. 184.8(3) pm for the Al-O bond in the addition prod-

uct of CO2 to the aluminate).89 
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Figure 3.26: Reactivity of calix[4]pyrrolato aluminate with phenyl isocyanate. A) Synthetic scheme. B) 
Solid-state molecular structure of the addition product as found by SCXRD analysis. The counter cation, a 
cocrystallized toluene molecule, and the hydrogen atoms are omitted. Thermal displacement ellipsoids are 
presented at a probability level of 50%. 

The reaction of calix[4]pyrrolato aluminate with phenyl isothiocyanate was tested as 

well under the identical reaction conditions as applied for the reaction with phenyl iso-

cyanate. According to 1H NMR spectroscopy, the dearomatization of a pyrrole ring is oc-

curring within 24 h at 60 °C. Additional signals (rather weak in intensity) were observed 

indicating occurring side reactions. 

Reaction of the calix[4]pyrrolato aluminate with nitrogen monoxide 

Meso-octaethylcalix[4]pyrrolato aluminate ([PPh4][34]) was reacted at room temper-

ature with nitrogen monoxide gas (1 bar) using CD2Cl2 as solvent (Figure 3.27A). Immedi-

ately after exposure, the reaction mixture turned dark red. The acquired 1H NMR spectrum 

showed the transformation of the starting material toward a new C1 symmetric, diamag-

netic product featuring a dearomatized pyrrole ring. Characteristic splitting patterns as 

just described for the phenyl isocyanate addition product were found. 

The analysis of the reaction mixture with ESI(−) mass spectrometry pointed to a re-

action product with an m/z ratio of 593.3804, which fits the expectations for the addition 

of one NO molecule to the aluminate. The expected m/z ratio with two nitrogen monoxide 

moieties is 623.3660. However, mono addition would result in an open-shell species of 

doublet multiplicity due to the uneven number of electrons introduced to the system by 

NO. This is inconsistent with the observed 1H NMR spectrum, which clearly ascribes dia-

magnetism to the reaction product.  
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Figure 3.27: Reactivity of calix[4]pyrrolato aluminates with nitrogen monoxide. A) Synthetic scheme. B) 
Solid-state molecular structure of the addition product as found by SCXRD analysis. The counter cation, a 
cocrystallized diethyl ether molecule, and the hydrogen atoms are omitted. Thermal displacement ellipsoids 
are presented at a probability level of 50%. The numbers in green (top) are bond lengths in pm, the values 
in black and brackets (bottom) are Wiberg bond indices (calculated for the methyl substituted ligand) ob-
tained at the PBE0/def2-TZVPP computational level. C) Gibbs free reaction energies (kJ mol−1) for the addi-
tion reaction, calculated at the RI-DSD-PBEB95-D3(BJ)/def2-QZVPP, COSMO-RS(CH2Cl2)//PBEh-3c level 
of theory. Values with insignificant deviation were obtained with other methods. 

SCXRD measurements caried out with single crystals obtained from a THF/diethyl 

ether solution resolved the contradiction and revealed the formation of N-nitrosohydrox-

ylaminato aluminate [62]− due to aluminum-ligand cooperativity-induced dimerization 

of NO (Figure 3.27B). The Al-O bond length in the reaction product is 185.0(2) pm. In its 

solid-state low-temperature structure, the NO-dimer shows a NO bond length of 

112(2) pm.258-260 Within [62]−, the analogous distance in the terminal N=O cap is with 

125.3(3) pm significantly larger. The N-nitrosohydroxylaminato group adopts a coplanar 

s-cis structure with an O-N-N-O dihedral angle of 1.8(4)°. The N-N distance (130.1(3) pm) 

is significantly shortened compared to the cis-NO dimer (218(6) pm)258-260, but it is larger 

than that of a typical N=N double bond (approximately 124 pm).261 

To gain further understanding of the reaction, it was studied with quantum chemical 

calculations at the RI-DSD-PBEB95-D3(BJ)/def2-QZVPP, COSMO-RS(CH2Cl2)//PBEh-3c 

level of theory (Figure 3.27C). The initial step toward the observed product is assumed to 
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be the aluminum-ligand cooperative addition of one NO molecule to give [Int-63]•−. This 

is slightly endergonic by 5 and 9 kJ mol−1 for the methyl and ethyl-substituted version of 

the ligand. Only upon the formation of the N-nitrosohydroxylaminato group the reaction 

becomes exergonic (ΔGr = −80 kJ mol−1 for both ligands). The binding of the first NO equiv-

alent to the aluminates primes the systems to form stable N-N bonds with bond dissoci-

ation enthalpies of around 140 kJ mol−1. The Wiberg bond index of the N-N bond was cal-

culated to 1.343, which indicates N-N double bond character. 

Reaction of the calix[4]pyrrolato aluminate with nitrosobenzene 

The putatively formed intermediate [Int-63]•− in the reaction of calix[4]pyrrolato alu-

minate with nitrogen monoxide bears a highly reactive center due to the unpaired elec-

tron. It was therefore tested how an analogous substrate with a closed valence electron 

shell would react, for which nitrosobenzene was considered. 

The reaction between nitrosobenzene and meso-octamethylcalix[4]pyrrolato alumi-

nate ([PPh4][21]) in CD2Cl2 at room temperature yielded a yellow solution, which was an-

alyzed with 1H NMR spectroscopy. The quantitative conversion to a new species was ob-

served, astonishingly though, with higher symmetry as expected. The 1H NMR spectrum 

showed four signals for the ligand’s methyl groups, one set of resonances for the sub-

strate’s phenyl ring, three aromatic pyrrole rings (around 5.5 ppm, three signals), and one 

pyrrole ring significantly different from the others at 6.62 and 7.58 ppm. Overall, these 

findings indicate the presence of a mirror plane within the product’s effective molecular 

structure on 1H NMR time scale and unambiguously rule out the formation of a [Int-63]•−-

type molecule (cf. Figure 3.27C). 

Fortunately, the reaction product ([PPh4][64]) readily crystalized from a CH2Cl2/tolu-

ene/n-pentane solution. The SCXRD analysis uncovered a ligand rearrangement reaction. 

The reacted pyrrole ring is indeed dearomatized, however, not due to the common reac-

tivity pattern (cf. Figure 3.2, Figure 3.11, Figure 3.26, Figure 3.27) but because of the dual 

inclusion of its 5‑position within the macrocyclic ligand structure. A planar [3.3.0]bicyclic 

substructure containing the central aluminum atom is formed, which also defines the 

above-mentioned mirror plane. The Al(III) atom is in almost ideal trigonal pyramidal 

N4O-coordination environment. The Al-O distance amounts to 188.40(7), the N-O dis-

tance to 140.47(10) pm (cf. 135.9(3) pm in [62]−, see Figure 3.27B). The compound is stable 

at room temperature when being dissolved in CD2Cl2. 
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Figure 3.28: Reactivity calix[4]pyrrolato aluminate with nitrosobenzene. A) Synthetic scheme. B) Solid-
state molecular structure of the addition product as found by SCXRD analysis. The counter cation and the 
hydrogen atoms are omitted. Thermal displacement ellipsoids are presented at a probability level of 50%. 

To understand the rearrangement reaction mechanism, quantum chemical simula-

tions using the RI-DSD-PBEB95-D3(BJ)/def2-QZVPP, COSMO-RS(CH2Cl2)//PBEh-3c com-

putational method were carried out (Figure 3.29). The initial addition reaction to the a 

priori expected reaction product [Int-65]− is with −60 kJ mol−1 strongly exergonic. From 

there, the reaction is suggested to proceed by cleavage of one of the extra-pyrrolic C-C 

bonds. This leads to the rearomatization of the initially dearomatized pyrrole ring while 

one of its neighboring rings loses aromaticity. This is in analogy to the proposed reactivity 

of the O2 addition product of the aluminate (cf. Figure 3.24) and of the ligand-protonated 

calix[4]pyrrolato gallate, which is presented in Chapter 3.6 (cf. Figure 3.36). After that, the 

experimentally observed product is formed by restoration of the macrocyclic structure 

through C-C bond formation. This second step is the rate-determining one with a Gibbs 

free activation barrier of 88 kJ mol−1 relative to the proposed intermediate [Int-65]−. This 

agrees with the observation of the reaction at room temperature. Overall, the reaction can 

be perceived as C-C bond metathesis. It is exergonic by 14 kJ mol−1. 
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Figure 3.29: Mechanistic studies on the addition reaction of nitrosobenzene to calix[4]pyrrolato aluminate. 
A) Computed reaction profile for the rearrangement reaction, obtained at the RI-DSD-PBEB95-
D3(BJ)/def2-QZVPP, COSMO-RS(CH2Cl2)//PBEh-3c level of theory. The NBO calculation was done with 
PBE0/def2-TZVPP. B) Transition structures. All hydrogen atoms were omitted in the depictions. 

In [Int-65]−, the nitrogen atom of the added nitrosobenzene is trigonal pyramidal. Ac-

cordingly, its lone-pair has 20% s-character and a natural population of 1.845 (PBE0/def2-

TZVPP). This is markedly different in the product. There, the said nitrogen atom is within 

a trigonal planar environment, and its lone-pair is of pure p-character with an occupancy 

of 1.594. This means the driving for of the rearrangement is the extension of π-conjuga-

tion to the nitrogen’s lone-pair which stabilizes the system. In case of the nitrogen mon-

oxide addition product [62]− (cf. Figure 3.27), the respective lone pair is already delocalized 

within the N-nitrosohydroxylaminato group (coplanar ONNO unit). Therefore, the anal-

ogous rearrangement of [62]− (as it was observed for nitrosobenzene as substrate) is en-

dergonic by 23 kJ mol−1 and does not take place. 
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Conclusion 

The aluminum-ligand cooperative reactivity of meso-octamethylcalix[4]pyrrolato 

aluminate toward phenyl isocyanate, nitrogen monoxide, and nitrosobenzene was inves-

tigated. All reaction products were crystallographically characterized. They go along with 

the dearomatization of one of the pyrrole rings. Notably, especially the reactions with 

phenyl isocyanate and nitrosobenzene proceed with very high selectivity and exclusively 

form a single product. 

For phenyl isocyanate, 1,2-addition of the C=O rather than the C=N bond was ob-

served. A conceivable further reaction of the formed N-phenyl imidato aluminate, or more 

generally, of the imidato aluminates, is the reduction of the exposed C=N double bond, 

e.g., through hydroboration. The chemoselective hydroboration of isocyanates is a current 

field of study – primarily worked on with transition metal catalysts.262-264 

With nitrogen monoxide as reagent, the aluminum-ligand cooperativity-induced di-

merization of the substrate was found to give a N-nitrosohydroxylaminato group. This 

functional group is a potent entity for complexation of transition metals, which could be 

explored in further studies.265-266 Likewise, iron-based flavoproteins are known to catalyze 

the reduction of nitrogen monoxide. They potentially bind 2 NO molecules as N-nitro-

sohydroxylaminato group. Studying the similarities and differences of the two systems 

(calix[4]pyrrolato aluminate versus enzyme) certainly would be worthwhile.267 

Nitrosobenzene induces a C-C bond metathesis within the calix[4]pyrrolato ligand 

which was rationalized with DFT calculations. Further experimental investigations could 

be carried out to underpin the theoretical findings on the rearrangement, e.g., low-tem-

perature NMR measurements to potentially detect the putative intermediate. 

The herein presented results widened the scope of aluminum-ligand cooperative re-

activity of calix[4]pyrrolato aluminates. They should serve as starting point for further 

investigations. Within the next two chapters, the chemistry of the calix[4]pyrrolato lig-

ands is expanded to gallium. 
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3.5 Synthesis and Characterization of Calix[4]pyrrolato 
Gallates 

The results presented within this chapter were previously published and can be found un-

der: L. M. Sigmund, E. Engels, N. Richert, and L. Greb, “Calix[4]pyrrolato gallate: square pla-

nar-coordinated gallium(III) and its metal-ligand cooperative reactivity with CO2 and alco-

hols”, Chem. Sci. 2022, 13, 11215-11220. This chapter was written based on the mentioned 

publication. Some of the results shown below were generated in collaboration with ELIANE EN-

GELS and NICK RICHERT. 

Introduction and background 

n advance of the work presented herein, the calix[4]pyrrolato ligands were already com-

bined with aluminum140, 142, silicon139, 141, germanium146, tin143, antimony144, and various 

transition metals.15, 123-124, 137-138, 268 Hence, it was desired to expand the scope of the ligand 

family to gallium, the heavier homolog of aluminum, as group 13 elements are the arche-

typical building blocks for Lewis acids. 

The synthesis of calix[4]pyrrolato aluminates is accomplished with the free and pro-

tonated ligand and with lithium aluminum hydride, which combines the base for ligand 

deprotonation and the source of aluminum in one reagent (cf. Figure 1.11A in the Intro-

duction). The analogous lithium gallium hydride is commercially not available. Therefore, 

an alternative route was chosen, which comprises first ligand deprotonation, and second 

gallium installation. 

Synthesis and isolation of calix[4]pyrrolato gallium complexes 

Meso-octamethyl- and meso-octaethylcalix[4]pyrrole were chosen as ligand system 

and were prepared as described in the literature.114, 148-149 Initially, the ligands were depro-

tonated with n-butyllithium to obtain their lithiated versions, which were treated with 

gallium trichloride. This resulted in the successful installation of gallium in the ligand, 

but only incomplete precipitation of lithium chloride was observed. Also, it was not pos-

sible to quantitatively exchange the lithium counter cation of the formed gallates against 

the non-coordinating tetraphenylphosphonium. Quantitative salt metathesis was not 

achieved as proved by the continuous observation of resonances in the 7Li NMR spectrum 

of the materials. 

Therefore, sodium bis(trimethylsilyl)amide (NaHMDS) was chosen as base for ligand 

deprotonation.129 The sodium salts Na4(thf)4[69] and Na4(thf)4[70] were obtained by 

I
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dissolving the ligands in THF followed by treatment with NaHMDS at room temperature. 

In the case of the methyl ligand, the product precipitated and was separated from the 

liquid phase by filtration. It was purified by washing with THF. In the case of the ethyl 

ligand, no precipitation was observed. Therefore, the solvent was removed under reduced 

pressure after the reaction was complete, and the obtained solid was washed with n-hex-

ane. Redissolving in THF and precipitation with n-pentane gave the desired deprotonated 

ethyl ligand.  

As gallium(III) source, tetraphenylphosphonium tetrachloridogallate ([PPh4][GaCl4]) 

was selected, which was prepared according to the literature.269 This allowed the complete 

avoidance of lithium in the system. The reactions of the tetrasodium salt of the respective 

ligand with [PPh4][GaCl4] in DME at room temperature over 3 h resulted in colorless pre-

cipitates (Figure 3.30A). The solids were separated from the solutions by filtration, were 

washed with DME and n-pentane, and were subsequently suspended in CH2Cl2. It was 

again filtered, and the extraction of the solid phases with CH2Cl2 allowed the isolation of 

[PPh4][71] and [PPh4][72] as pale rose solids in fair yields (69 and 57%, here and in the 

following, the data for the methyl version is given first).  

Characterizations 

The 1H NMR spectra of the obtained substances showed a singlet at around 5.7 ppm 

and two sets of aliphatic resonances from the methyl and ethyl groups, respectively (Fig-

ure 3.30C). These characteristics indicate effective D2d molecular symmetry in solution, 

which is consistent with a square planar environment around the gallium atoms. Single 

crystals obtained from CH2Cl2/n-pentane mixtures at −40 °C suitable for SCXRD analyses 

proved the NMR spectroscopical data and unveiled the square planar arrangement of the 

N-donor sites enclosing the gallium(III) atoms (Figure 3.30A). The mean distances be-

tween the four nitrogen donors and gallium are 193.8(1) and 195.0(1) pm. This is larger 

compared to the analogous aluminum compounds (189.3(2) and 188.3(1) pm).140, 142 The 

average trans- and cis-N-Ga-N angles are 178.7(1) and 178.7(1)° and 90.0(1) and 90.0(1)°, 

respectively. The τ4 value270 for both gallates was calculated to 0.02, which indicates per-

fect square planarity in the solid state. [PPh4][71] and [PPh4][72] were also characterized 

by 13C{1H} and 31P{1H} NMR spectroscopy, elemental analysis, mass spectrometry, and in-

frared spectroscopy. 
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Figure 3.30: Gallium(III) in square planar coordination environment. A) Synthetic scheme for the prepara-
tion of meso-octamethyl- and meso-octaethylcalix[4]pyrrolato gallate as their tetraphenylphosphonium 
salts. B) Solid-state molecular structures of the gallates as found by SCXRD analysis. The counter cations, 
cocrystallized solvent molecules, and the hydrogen atoms are omitted. Thermal displacement ellipsoids are 
presented at a probability level of 50%. CSD identifier: NEMDUI, NEMDOC. C) 1H NMR spectrum (600 MHz, 
CD2Cl2, 295 K) of [PPh4][71]. The signal of CHDCl2 and of residual CH2Cl2 is marked with a red asterisk.149 

The peculiar square planar structural arrangement was analyzed by quantum chemi-

cal techniques. Structure optimization of [71]− with DFT (r2-SCAN-3c) confirmed the 

square planar structure as the energetic global minimum. Constrained structural optimi-

zation of [71]−
 with the valence angles around gallium set to 109.5° gave a conformer 

which is 581 kJ mol−1 higher in electronic energy as the fully relaxed structure (Figure 
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3.31C). By contrast, constraining the non-cyclic tetrapyrrolato gallate, which has an effec-

tively tetrahedral structure in its ground state, to square planarity costs 166 kJ mol−1 (Fig-

ure 3.31B). This illustrates the strong support of the macrocyclic calix[4]pyrrolato ligand 

and its electronic properties (σ-accepting, π-donating)271 as crucial for the experimental 

realization of the square planar configuration. 

[71]−
 features an energetically low-lying LUMO (1.48 eV, r2SCAN-3c, Figure 3.31A), 

having its largest coefficient (0.754 within a natural atomic orbital basis) for the 4pz orbital 

of the central gallium atom. By contrast, the HOMO is entirely located in the ligand back-

bone. This spatial separation of the frontier molecular orbitals should impart the isolated 

gallates with biphilic character. This is discussed in the following chapter. 

 
Figure 3.31: Calix[4]pyrrolato gallate investigated by quantum chemical calculations. A) Kohn-Sham fron-
tier molecular orbital representations of meso-octamethylcalix[4]pyrrolato gallate (r2SCAN-3c). Hydrogen 
atoms are omitted. Structural deformation of B) tetrapyrrolato gallate into square planarity and C) of [71]− 
into a tetrahedral conformation around gallium. The given numbers are electronic energies in kJ mol−1 cal-
culated at the RI-DSD-PBEP86/2013-D3(BJ)/def2-QZVPP//r2SCAN-3c level of theory.149 
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To probe the global Lewis acidity of the gallates, their FIAsolv values (CH2Cl2) were 

computed as described in Chapter 1.4 and in the literature.68 Values of 149 kJ mol−1 and 

132 kJ mol−1 were obtained (RI-DSD-PBEP86/2013-D3(BJ)/def2-QZVPP//r2SCAN-3c, 

COSMO-RS(CH2Cl2)). These are slightly reduced compared to the analogous meso-oc-

tamethylcalix[4]pyrrolato aluminate (196 kJ mol−1), still substantial though, given the an-

ionic charge state of [71]− and [72]−. For comparison, the FIAsolv value of the tetrahedral 

tetrapyrrolato gallate is 58 kJ mol−1. This corresponds to an increase in Ga-F bond 

strength of 90 kJ mol−1 mainly based on geometric effects due to square planarity around 

gallium. 

Conclusion 

Meso-octamethyl- and meso-octaethylcalix[4]pyrrolato gallate ([71]− and [72]−) were 

successfully synthesized, isolated, and characterized as their tetraphenylphosphonium 

salts. Their square planar structure around the central gallium atoms was proved in solu-

tion and in the solid state, and it was thoroughly investigated with quantum chemical 

calculations. The calix[4]pyrrolato gallates represent the first examples for gallium(III) (in 

anionic form) with ideal square planar, anti-van't-Hoff-Le-Bel configuration. In the fol-

lowing chapter, the reactivity of the two gallates is presented. 

 

 

 

 

 

 

 

 

 

 

 

 



RESULTS AND DISCUSSION – REACTIVITY OF CALIX[4]PYRROLATO GALLATES 

78 

3.6 Reactivity of Calix[4]pyrrolato Gallates 

Some of the results presented within this chapter were previously published and can be 

found under: L. M. Sigmund, E. Engels, N. Richert, and L. Greb, “Calix[4]pyrrolato gallate: 

square planar-coordinated gallium(III) and its metal-ligand cooperative reactivity with CO2 

and alcohols”, Chem. Sci. 2022, 13, 11215-11220. This chapter was written based on the men-

tioned publication. Some of the results shown below were generated in collaboration with ELI-

ANE ENGELS and NICK RICHERT.  

Introduction and background 

n the previous chapter, the synthesis, isolation, and characterization of two calix[4]pyr-

rolato gallates(III) was presented. In the here following section, their reactivity as Lewis 

acids and in a metal-ligand cooperative manner is discussed.  

Compared to other p-block elements, gallium-ligand cooperativity (GaLC) is less ex-

plored.19 Examples come from dinuclear Ga(II) species, which cooperatively bind al-

kynes,105-106 isocyanates,108 and others substrates19, 107, 272-274. GaLC of mononuclear com-

plexes with amidophenolato275 or deprotonated β-diketiminato276 ligands is also known 

(Figure 3.32). Calix[4]pyrrolato gallate expands this series of examples. 

 
Figure 3.32: Examples for gallium-ligand cooperativity.149 

At the end of the chapter, an oxidation reaction of the gallate is presented as well. As 

alluded to in the introduction, the calix[4]pyrrolato ligand can be oxidized either by two 

or four electrons, concomitant with the formation of one or two cyclopropane rings within 

the ligand backbone (cf. Figure 1.10D in the Introduction). Compared to research on the 

redox activity of transition metal calix[4]pyrrolato complexes, p-block atom calix[4]pyr-

rolato complexes are much less investigated in this regard. One example is the oxidation 

of the calix[4]pyrrolato antimonite(III) anion to yield the respective cationic stibe-

nium(III) cation (cf. Figure 1.14B in the Introduction).144 

 

 

I 
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Lewis acidity of calix[4]pyrrolato gallates 

At first, the Lewis acidic reactivity of the gallates was probed. Quantum chemical cal-

culations showed that the FIAsolv of the gallates is substantial (see Chapter 3.5). Therefore, 

[PPh4][71] was reacted with one equivalent of the fluoride ion donor tetrabutylammonium 

difluorotriphenylsilicate (TBAT) in acetonitrile at room temperature (Figure 3.33, right 

reaction). This resulted in a pale-orange solution to which diethyl ether was added. Fur-

ther addition of n-pentane resulted in the formation of an orange oil which was separated 

by centrifugation. Washing with n-pentane and drying at reduced pressure gave the final 

product in 80% yield ([PPh4][n-Bu4N][73]). The corresponding 1H NMR spectrum showed 

two doublets for the pyrrolic β-protons and four signals for the methyl groups. Interest-

ingly, the signal of the endo-methyl groups next to the fluoride is split into a doublet (cou-

pling constant: 3.1 Hz). This indicates through-space fluorine-proton spin-spin coupling. 

The doublet splitting was also found for the signal of the carbon atom of the respective 

methyl groups (coupling constant: 18.3 Hz). The 19F NMR spectrum showed a resonance 

at −146 ppm, significantly broadened due to the discussed coupling.140 In total, this is con-

sistent with the formation of the dianionic fluoride adduct of [71]−. Mass spectrometry 

confirmed this conclusion. The results also agree with the calculated lower FIAsolv of 

fluorotriphenylsilane (85 kJ mol−1) in comparison to the value of [71]− and further with the 

overall negative solution-phase Gibbs free reaction energy of −65 kJ mol−1 for the fluoride 

transfer from difluorotriphenylsilicate to [71]−
 in acetonitrile. 

 
Figure 3.33: Reactivity of calix[4]pyrrolato gallate as Lewis acid. Reaction scheme for the reaction with 
TBAT to form the fluoride adduct of the gallate (right) and solid-state molecular structure as found by 
SCXRD analysis of [PPh4][71] crystallized from a THF solution (left). Thermal displacement ellipsoids are 
presented at a probability level of 50%. The counter cation and the hydrogen atoms are omitted. CSD iden-
tifier: NEMFAQ.149 

Additional experimental proof for the Lewis acidic behavior of the gallate was ob-

tained when [PPh4][71] was crystallized from THF as solvent (Figure 3.33, left reaction). A 

THF molecule coordinating to the gallium atom was observed in the solid-state structure 

obtained though SCXRD with a Ga-O distance of 202.30(8) pm ([PPh4][74]). The computed 
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solution-phase affinity toward THF as Lewis base is low for both gallates ([71]−: 0, [72]−: 

−4 kJ mol−1). This explains why the quantitative removal of THF during the isolation of 

the gallates was possible (cf. Chapter 3.5). 

Reactivity of calix[4]pyrrolato gallates with carbon dioxide 

After the Lewis acidity of the gallates was established, it was tested if their properties 

that arise from the square planar-coordinated Ga(III) atoms can serve to facilitate reac-

tions with other substrate molecules. The calix[4]pyrrolato aluminates showed manifold 

reactivity with carbonyl-containing compounds in an aluminum-ligand cooperative man-

ner.89 Therefore, both gallates were dissolved in CD2Cl2 and reacted with carbon dioxide 

(CO2, Figure 3.34A). In general, binding of CO2 by ELC is a widely studied reaction with 

various transition metal95-97, 232, 277-279 and p-block atom-based molecules230, 280-287 and was 

also investigated in small molecule contexts other than ELC.276, 288-294 

After the exposure to CO2 (5 bar) at room temperature for 10 hours, the reaction mix-

tures turned intensively yellow within several hours. Such a color change indicates the 

dearomatization of one pyrrole moiety and was already previously observed with the ca-

lix[4]pyrrolato aluminates. The collected 1H NMR spectra showed the clean emergence of 

new C1 symmetric molecular species (Figure 3.34B). Together with mass spectrometric in-

vestigations, the reaction products were unambiguously identified as the gallium-ligand 

cooperative addition products of CO2 to the gallates ([75]− and [76]−), respectively.  

The starting material conversion to [75]− (methyl ligand) was found almost quantita-

tive (96%), whereas a 2:1 ratio of free gallate to addition product was observed for the 

ethyl case under the applied reaction conditions. The Gibbs free activation energy for the 

addition of CO2 to the free gallate [71]− was calculated to 90 kJ mol−1, and the overall Gibbs 

free reaction energy to 6 kJ mol−1 (RI-DSD-PBEP86/2013-D3(BJ)/def2-QZVPP//r2SCAN-

3c). This is in line with the experimental observations. Further, the computational simu-

lations also reproduced the decreased binding strength of CO2 to [72]− (ΔGr = 18 kJ mol−1). 

This can be rationalized by the slightly decreased Lewis acidity on the FIAsolv scale of the 

gallium atom in [72]−. Moreover, a larger stabilization of [75]− in CH2Cl2 solution is sug-

gested by COSMO-RS calculations (−220 for the methyl versus −200 kJ mol−1 for the ethyl 

gallate). 
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Figure 3.34: Reactivity of calix[4]pyrrolato gallates with CO2. A) Reaction scheme for the addition and elim-
ination of CO2 to/from the gallates. The given ratios were obtained in the presences of 5 bar of CO2 (addition 
reaction). The elimination proceeds quantitatively when the excess CO2 is removed. B) 1H NMR spectrum 
(600 MHz, CD2Cl2, 295 K) of [PPh4][71] in the presence of CO2 (5 bar, top) and after three cycles of vacuum 
application (bottom). The signal of CHDCl2 and of residual CH2Cl2 is marked with a red asterisk.149 

Inspired by the computational results, the removal of CO2 from the gallates was at-

tempted. The application of multiple cycles of reduced pressure to solutions of [PPh4][75] 

and [PPh4][76] over several hours at room temperature resulted in the quantitative re-

moval of CO2 from both systems and in the selective reformation of [PPh4][71] and 

[PPh4][72] (Figure 3.34B). The described reaction represents the first example for reversi-

ble CO2 fixation by a Ga(III) platform. This is achieved by the balanced energetics due to 

dearomatization/rearomatization of one of the pyrrole rings of the calix[4]pyrrolato lig-

ands. 
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Reactivity of calix[4]pyrrolato gallates with protic substrates and Brønsted acids  

Next, protic substrates, namely alcohols, came into focus as their activation by meso-

octamethylcalix[4]pyrrolato aluminate ([PPh4][21]) was already noticed. It is described in 

detail in Chapter 3.1. Upon mixing one equivalent of isopropanol with [PPh4][71] and 

[PPh4][72], respectively, in CD2Cl2 no reaction occurred as found by 1H NMR spectroscopy 

(cf. Figure 3.37, left reaction), contrasting the behavior of the corresponding aluminates. 

This means that the gallates cannot activate and bind alcohols strong enough for an over-

all macroscopic binding to be detectable by NMR spectroscopy. It was reasoned that pro-

tonation of the ligand backbone might significantly increase the reactivity of the gallates 

by second sphere reactivity modulation. Such tactics are well-known in an alternative sce-

nario295, for example, applied by the COREY group in enantioselective catalysis of Diels-

Alder reactions.296-298 

To probe this hypothesis, the α-pyrrole-protonated, neutral 77 was optimized by DFT, 

and its electronic structure was examined (Figure 3.35). The α-position is the most basic 

site in [71]−. The HOMO is now located almost exclusively in the pyrrole unit opposite to 

the protonated pyrrole ring, which itself is hosting the LUMO. The LUMO+1 resembles the 

former LUMO and is dominated by the contribution of the 4pz orbital of the gallium atom. 

The calculated FIAsolv (CH2Cl2) of 77 is 191 kJ mol−1. This value is more than 40 kJ mol−1 

higher as the one for the parent, anionic gallate, hence pointing to an augmentation of 

Lewis acidity within the system. 

 
Figure 3.35: Electronic structure of protonated calix[4]pyrrolato gallate. A) Lewis structure of the α-pyr-
role-protonated, neutral derivative of the anionic gallate [71]−. B) Kohn-Sham frontier molecular orbital 
representations of 77 calculated at the r2SCAN-3c level of theory.149 

Based on the computational results, [PPh4][71] and [PPh4][72] were treated with 

bis(trifluoromethyl)sulfonimide (HNTf2), which is a strong Brønsted acid, in CD2Cl2 as sol-

vent at room temperature. The subsequently collected 1H NMR spectra of the two reaction 

mixtures showed unselective reaction outcomes. The observed decomposition was further 

investigated with quantum chemical simulations (Figure 3.36). An energetically low-lying 

(67 kJ mol−1 relative to [71]−) and at room temperature well-accessibly transition state 
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(TS-78), which accounts for the cleavage of the exopyrrolic C-C bond originating from the 

proton-bearing carbon atom, was found. The subsequently obtained molecule Int-79 is 

essentially Gibbs free isoenergetic with 77. Starting from Int-79, in which the macrocyclic 

ligand is ruptured, further decomposition may take place. 

 
Figure 3.36: Computational investigation of the reactivity of protonated calix[4]pyrrolato gallate. All given 
numbers are Gibbs free energies in kJ mol−1 and were calculated at the RI-DSD-PBEP86/2013-D3(BJ)/def2-
QZVPP, COSMO-RS(CH2Cl2)//r2SCAN-3c level of theory. The isomer of Int-80 with the thf donor syn to the 
additional proton was calculated to have a Gibbs free energy of −34 kJ mol−1 relative to 77. This gives rise to 
the overall activation barrier of 131 kJ mol−1 mentioned in the main text. The depicted arrows are the scaled 
displacement vectors of the single imaginary mode.149 

By contrast, a selective transformation took place when [PPh4][71] was treated with 

HNTf2 in THF-d8. The collected 1H NMR data revealed the dearomatization of one of the 

pyrrole rings, besides an additional singlet resonance at 5.02 ppm, which is assigned to 

the new proton in the α-position of the dearomatized pyrrole ring. This is explained with 

the Lewis basic properties of THF which suppress the undesired decomposition pathway. 

Indeed, when the C-C bond cleavage transition state was remodeled in the presence of an 

explicit THF molecule coordinating to the gallium center in Int-80, a significant increase 

in Gibbs free activation energy to 131 kJ mol−1 was obtained (Figure 3.36). When the reac-

tion of [PPh4][71] with HNTf2 was repeated in a mixture of CD2Cl2 and diethyl ether 

(2:1 %vol), the same 1H NMR characteristics as detected for the reaction in THF-d8 were 

found. This supports the Lewis base stabilization rationale. 
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Figure 3.37: Reactivity of calix[4]pyrrolato gallate with isopropanol.149 

Having the protonation of the calix[4]pyrrolato ligand backbone under control, the 

reaction with isopropanol was repeated with the in situ generated 77 in the CH2Cl2/diethyl 

ether mixture (Figure 3.37, right reaction). After stirring the reaction mixture at room 

temperature for 1 min, the solvents were removed. Extraction with n-pentane/diethyl 

ether (4:1 %vol), gave a pale-yellow solid in 72% yield. The compound’s 1H NMR spectrum 

showed the formation of a symmetric species having two dearomatized pyrrole rings due 

to protonation at their respective 2-positions. Also, the resonances of an iso-propyl group 

with shifted signals compared to the free substrate were contained. These observations 

unequivocally point to the formation of the neutral O-H bond addition product 82 by a 

gallium-ligand cooperative mechanism. Whereas the anionic parent gallate [71]− on its 

own is not able to split the O-H bond through gallium-ligand cooperativity, the proto-

nated, neutral 77 (Lewis base-stabilized) instantaneously adds isopropanol. This confirms 

the hypothesis that the reactivity of calix[4]pyrrolato gallates, and molecules including a 

calix[4]pyrrolato ligand in general, can be enhanced by protonation of the ligand back-

bone. These insights can be used in future research efforts to further develop the concept 

of Lewis acidity enhancement through ligand backbone protonation. 

Oxidation of the calix[4]pyrrolato gallate 

To close this chapter, the reactivity of meso-octamethylcalix[4]pyrrolato gallate with 

an oxidant, viz., ferrocenium hexafluorophosphate (FcPF6) is presented (Figure 3.38A). The 

reaction was carried out in THF-d8 as solvent at room temperature. A dark brown reaction 

solution was immediately obtained, which was analyzed with 1H NMR spectroscopy. A se-

lective transformation was observed. For the protons of the pyrrole rings, a set of four 

doublets was found which all had the same integration value. They appeared at 8.44, 7.46, 

6.17, and 6.15 ppm, which indicates the dearomatization of two of the four pyrrole units. 

For the methyl groups, six singlet resonances were found. 
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Figure 3.38: Reactivity of calix[4]pyrrolato gallate with ferrocenium hexafluorophosphate. A) Synthetic 
scheme. B) Solid-state molecular structure of the reaction product as found by SCXRD analysis. The counter 
anion, a cocrystallized THF molecule, and the hydrogen atoms are omitted. Thermal displacement ellipsoids 
are presented at a probability level of 50%. 

It was possible to grow single crystals suitable for SCXRD measurements from a 

THF/diethyl ether solution at −40 °C (Figure 3.38B). They identified the reaction product 

as the hexafluorophosphate salt of the delta-calix[4]pyrrolato gallium cation in form of 

its bis-thf-adduct ([83][PF6]). The central gallium atom is in a distorted octahedral coor-

dination environment. The oxygen-gallium distances measure 210.2(5) and 234.2(5) pm 

with the thf donor syn to the cyclopropane ring is more closely bound. The mean Ga-N 

distances are 205.0(6) for the two dearomatized pyrrole rings and 192.1(6) pm for the ar-

omatic pyrrole moieties. The newly formed C-C bond (cyclopropane ring) has a bond 

length of 154.7(9) pm. 

The obtained results show the significant increase in Lewis acidity upon oxidation of 

the ligand. While the anionic calix[4]pyrrolato aluminate only loosely interacts with one 

equivalent of THF as Lewis base as described above, the cationic species captured two THF 

donors. This is underlined by the computed FIAsolv value (CH2Cl2, cf. Figure 1.8 in the In-

troduction) of the free cation which is 243 kJ mol−1, corresponding to an increase of 

94 kJ mol−1 with respect to the parent gallate (149 kJ mol−1). Compared with backbone pro-

tonation, ligand oxidation appears as a more powerful handle for Lewis acidity enhance-

ment based on the FIAsolv scale (vide supra). 

Conclusion 

The reactivity of calix[4]pyrrolato gallates was researched. It emerges from the Lewis 

acidic central Ga(III) atom. The Lewis adducts of the gallate with the fluoride anion and 

THF were synthesized. Carbon dioxide was found to reversibly bind to both studied gal-

lates, and the equilibrium constant is dependent on the substituents in the meso-position. 
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The addition of CO2 can be fully reversed to regenerate the free gallates. This contrasts 

the reactivity of the analogous aluminates for which CO2 elimination from the respective 

addition product was only possible after the addition of more strongly binding sub-

strates.89 The protonation of the ligand backbone was discovered as a lever to increase the 

Lewis acidity and thereby the reactivity of calix[4]pyrrolato gallates, though it also intro-

duces instability to the ligand backbone. In fact, the cleavage of one of the exopyrrolic C-

C bonds is also part of the rearrangement reaction mechanisms presented in Chapters 3.3 

and 3.4. Generally, the propensity of the calix[4]pyrrolato ligand system to undergo reac-

tions initialized by the cleavage of the said C-C bond substantiates. Ultimately, the redox 

chemistry of the calix[4]pyrrolato gallate was initially studied. Similar to ligand protona-

tion, ligand oxidation also transpires to increase the Lewis acidity of the gallate. This lays 

the basis for furth explorations in this direction. 

p-Block atoms in their highest oxidation state and within a square planar coordina-

tion environment are definitely the exception compared to the much more common tet-

rahedral arrangement of the substituents around the central atom. If accessible with the 

help of structurally constraining ligand frameworks, unique reactivity patterns can be ex-

plored as it was demonstrated in the preceding six chapters. The following two chapters 

aim to provide an in detail understanding of the electronic structure of “square planar p-

block atoms” on the basis of quantum chemical simulations which is essential for the fur-

ther development and application of anti-van’t-Hoff-Le-Bel species. 
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3.7 Tetrasubstituted p-Block Atoms in Square Planar 
Structure 

The results presented within this chapter were previously published and can be found un-

der: L. M. Sigmund, R. Maier, and L. Greb, “The inversion of tetrahedral p-block element com-

pounds: general trends and the relation to the second-order Jahn–Teller effect”, Chem. Sci. 

2022, 13, 510-521. This chapter was written based on the mentioned publication. Some of the 

results shown below were generated in collaboration with ROUVEN MAIER. 

Introduction and background 

he tetrahedron dominates the structural chemistry of the p-block’s elements, e.g., 

that of carbon, aluminate anions, silanes, or ammonium cations. It constitutes the 

fundamental building block for the molecular architecture of our bio- and geosphere. For 

species with eight valence electrons and four substituents, the tetrahedral preference is 

well-founded by molecular orbital theory, as it was showcased with full details in Chapter 

1.2 in the Introduction.21, 299 Within this chapter, the investigations on the square planar 

state of small p-block atom-based molecules encompassing six elements and ten different 

substituents are presented (Figure 3.39A). 

Generally, the square planar structures have been perceived to correspond to high-

energy states of only theoretical interest. However, in recent years, several "anti-van't-

Hoff-Le-Bel" species (i.e., isolated square planar states), such as planar aluminates, silicon 

compounds, or phosphonium ions, were realized experimentally.140, 147, 182, 300-311 Hence, the 

knowledge on square planar p-block atoms is transforming from fundamental to applied 

interest. This is why it was decided to incorporate quantum chemical simulations on 

square planar and related structural states into this dissertation project. 

 
Figure 3.39: Stereoinversion in p-block atom-based molecules.7  

T 
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In fact, the square planar states can serve as transition structures for stereochemical 

inversion of respective molecules, and they were previously discussed in this context (cf. 

Chapter 3.8).26 Also, for SiF4 and PF4
+, analogies with the edge inversion mechanism appli-

cable to trigonal group 15 compounds with electronegative substituents were found (e.g., 

PF3, Figure 3.39B).30-31 Less electronegative groups attached to trivalent group 15 centers 

typically lead to the trigonal inversion pathway (Figure 3.39C), which was heavily studied 

in the past.312-314 Different approaches to the inversion of ER3 molecules, like perturba-

tional molecular orbital theory,21, 50, 315-316 the second-order Jahn-Teller effect (SOJTE),51-54 

or recoupled pair bonding317 were pursued, which widened our understanding of chemical 

bonding in main-group element chemistry.318-319 

Applied computational methods 

The data which is shown in the following was obtained at the DLPNO-CCSD(T)/cc-

pVQZ//B97M-D3(BJ)/cc-pVTZ theoretical level.320 If not stated otherwise, the numbers 

are given as relative electronic energies. 270 of the 276 attempted transition state calcu-

lations were successful. This was confirmed by numerical Hessian evaluations and IRC 

computations. The applied DLPNO-CCSD(T) method was benchmarked against 

CCSD(T)/CBS data, and a MAE of 1.3 kJ mol−1 was found. The influence of diffuse basis 

functions was investigated as well (aug-cc-pVQZ) and was found minor. On average, in-

version energies were 2.2 kJ mol−1 lower as with cc-pVQZ. For a selected number of mole-

cules, the HOMO-LUMO gap of the inversion transition state (as the key value of the 

study) was compared to the respective vertical excitation energy to the lowest energy ex-

cited singlet state obtained by time-dependent DFT (TD-DFT). Good correlations were 

obtained justifying the use of the HOMO-LUMO gap. The references to used software, 

methods, and basis sets are given in Chapter 5.2. 

Trends and effects due to mono-substitution 

The comparison of the inversion barriers of mono-substituted EH3Rn molecules with 

the value of EH4
n allowed to assess the influence of the respective substituent R (Figure 

3.40). The stabilization energies range from around 10 (methyl) to 180 kJ mol−1 (amino) 

with respect to the barriers of the unsubstituted EH4
n. For the group 13 halide anions 

EH3R− (R = F, Cl, Br, I), the transition state energy gets increasingly lowered for the heavier 

halides. For the neutral group 14 molecules and the group 15 cations, fluoride, and iodide 
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substituentsc stabilize more efficiently than chloride and bromide. The stabilizing effect 

of the hydroxy group is larger than that of the halogen ligands in groups 14 and 15. In 

general, the amino group has the most powerful impact of all considered substituents (up 

to 180 kJ mol−1 in PH3(NH2)+ versus PH4
+). The ligands without the electronic ability for π-

donation (methyl, nitrile, and ethynyl) stabilize less effectively but still substantially (up 

to 40 kJ mol−1). 

 
Figure 3.40: Mono-substitution effects on inversion barrier heights. The inversion barriers (deformation 
energy toward the square planar state) were calculated at the DLPNO-CCSD(T)/cc-pVQZ//B97M-
D3(BJ)/cc-pVTZ level of theory. The label on each bar gives the respective absolute inversion barrier of 
EH3Rn. No inversion transition state was found for AsH3(CH3)+.* The transition structure optimization con-
verged to a dissociative structure (GaH3 and R−). ** The inversion barriers were obtained with NEVPT2/cc-
pVQZ//CASSCF(8,8)/cc-pVTZ (see Chapter 3.8 for more details).7 

The effect of substitution is more pronounced for groups 14 and 15 than for group 13. 

Also, it has more influence on third period-based compounds compared to the fourth pe-

riod analogs (Figure 3.40). Regarding the central element, the inversion barriers increase 

significantly when going from left to right in the periodic table (Al<Si<P and Ga<Ge<As), 

with the group 15 element cations showing the largest stereoinversion barriers. When 

comparing the third- and fourth-period elements within one group, the trend of the in-

version barrier is Al < Ga, Si < Ge but P > As. As expected, the difference between the 

periods 3 and 4 is less pronounced than that between the individual groups, and it is often 

outmatched by additive substitution effects. 

 

 

 

 
c The terms “ligand” and “substituent” are used interchangeably within this chapter. 
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Additive substituent effects 

The consecutive replacement of the hydrogen substituents against R groups revealed 

additive ligand effects on the inversion barrier heights. For the series of the halogens and 

the amino group, EH4-yRy
n

 (R = F, Cl, Br, I, NH2), the largest stabilization is reached with 

two substituents in trans-arrangement, as shown for the silicon halides in Figure 3.41A. 

The stereoisomeric cis-EH2R2
n

 transition states are roughly 50 kJ mol−1 higher in elec-

tronic energy than the trans-versions. The trend along the transition EH2R2
n ⟶ EHR3

n ⟶ 

ER4
n depends on the central element. For the period three elements (E = Al, Si, and P), the 

barriers rise, ultimately reaching energies like found for the monosubstituted EH3Rn (Fig-

ure 3.41A). This means that counter-stabilizing effects occur upon addition of more than 

two R groups. For the fourth-period cases, the trend is different: the barriers remain in-

variant along two, three, and four substituents, i.e., the stabilizing and destabilizing effect 

cancel (Figure 3.41B). 

 
Figure 3.41: Additive substituent effects. Stereoinversion barrier heights of A) SiH4-yRy,  
and B) GeH4-yRy, with R = F, Cl, Br, and I, of C) AlH4-y(OH)y

− and GaH4-y(OH)y
−, and of  

D) EH4-yRy, with E = Si, Ge and R = CN, CCH. The inversion barriers (deformation energy toward the 
square planar state) were calculated at the DLPNO-CCSD(T)/cc-pVQZ//B97M-D3(BJ)/cc-pVTZ level of the-
ory.7 

Interestingly, the molecules with hydroxy groups show no saturation effect; excep-

tions are silicon and phosphorus, which show minor saturation. For the other cases, the 

four-fold substituted E(OH)4
n have the lowest energy transition states (E = Al, Ga, Ge, As, 

Figure 3.41C). This deviation may be explained by hydrogen bonding, which is especially 

efficient in the transition structures (Figure 3.42). A comparison of different transition 
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state conformers of the EH(OH)3
n class of molecules allowed to estimate the transition 

state stabilization for the individual elements to approximately 5 (E = Al), 10 (E = Ga), 12 

(E = Si), 15 (E = Ge), and 21 (E = P, As) kJ mol−1 per hydrogen bond. When, TS1-EH(OH)3
n 

was compared with TS2-EH(OH)3
n and TS3-EH(OH)3

n with TS4-EH(OH)3
n (cf. Figure 

3.42), it was found that the two energy differences are of comparable size, and the mean 

values were taken as the approximate stabilization influence.  

The absence of a saturation effect with increasing degree of substitution was also 

found for the nitrile and ethynyl ligands (Figure 3.41D). The inversion barrier heights 

steadily drop with each additional substitution. They find a minimum for the four-fold 

substituted derivatives ER4
n

 (R = CN, CCH). 

 
Figure 3.42: Conformational space of GaH(OH)3

− in square planar configuration.7 

Low activation barriers for stereochemical inversion 

Some molecules possess barriers for stereoinversion that are exceedable at ambient 

conditions. One example are the di-substituted group 13 anions (EH2R2
−). They show un-

expectedly low inversion barriers; e.g., trans-AlH2(NH2)2
−, with a value of 103 kJ mol−1. This 

corresponds to a configurational stability half-live at 298.15 K of less than two hours cal-

culated from the corresponding Gibbs free activation energy for stereoinversion which is 

106 kJ mol−1. Likewise, the experimentally accessible Al(NH2)4
− has a barrier for stereo-

chemical inversion of ΔG‡ = 122 kJ mol−1. Most remarkably, the stereoinversion of Al(OH)4
− 

has a Gibbs free activation energy of 130 kJ mol−1. Tetrahydroxo aluminate is a well-

known anion which is formed during worldwide aluminum production (BAYER process).321 

Process temperatures of around 200 °C correspond to a tetrahedron inversion half-life for 

Al(OH)4
− of approximately 15 seconds. Thought-provokingly, a tetrahedral inversion pro-

cess is most likely happening since more than 130 years at gigatonne scale. The hydroxide 

ion affinity (on ΔG scale) of Al(OH)3 was calculated to 394 kJ mol−1 in the gas phase and 

173 kJ mol−1 in aqueous solution, which is significantly larger than the stereoinversion 

activation energy. 
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MO considerations 

In the following, the intrinsic reaction coordinate (IRC) which is connecting the Td 

symmetric ground state with the inversion transition state (D4h symmetry) is analyzed for 

SiH4, SiF4, and Si(CN)4 (Figure 3.43). The comparative analysis among those three com-

pounds illustrates the effects of π-donor or σ-acceptor substituents on the orbital ener-

gies. For the D4h symmetric states of the element hydrides EH4
n

 (E = Al-, Si, Ga-, Ge), the 

Kohn-Sham molecular orbitals agree with the qualitative MO-picture given in Figure 1.2 

in the introduction: a HOMO of b1g and LUMO a2u symmetry. This situation is quantita-

tively illustrated for SiH4 in Figure 3.43A. In fact, SiH4 possesses a rather small frontier 

molecular orbital (FMO) gap of 1.1 eV in its square planar state. Contrastingly, for mole-

cules with σ-acceptor/π-donor substituents, e.g., SiF4 (Fig. 5B), the energetic spacing be-

tween the FMOs (6.7 eV in the case of SiF4) is much wider in the D4h state than it is for the 

hydride analog. This difference is the consequence of the following points.  

 
Figure 3.43: Molecular orbital energies during stereoinversion. Kohn-Sham frontier molecular orbital en-
ergies along the inversion reaction coordinate and the corresponding isodensity plots of the square planar 
inversion transition state shown for A) SiH4, B) SiF4, and C) Si(CN)4. The data was obtained at the B97M-
D3(BJ)/cc-pVTZ level of theory.7 
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The a2u orbital in square planar SiH4 is non-bonding, whereas its counterpart in the 

tetrahedral ground state (2t2) is fully anti-bonding. Therefore, it drops considerably by 

5.3 eV due to planarization. For SiF4, this drop is reduced to 4.1 eV, as the a2u orbital re-

mains slightly anti-bonding in the D4h state because of the π-donor interaction of the 

central silicon with its fluoride substituents (π-donor effect). All the highest occupied mo-

lecular orbitals of the square planar states are ligand-based. Hence, they are substantially 

lower in energy in case of SiF4 (electronegative fluoride substituents) than for SiH4 (σ-

acceptor effect).  

The described effects increase the FMO gap in the D4h symmetric state and influence 

the energetic ordering of the orbitals as well. The diminished energy drop of the empty 

a2u orbital in SiF4 during approaching square planarity causes the LUMO to be of a1g sym-

metry. The a2u molecular orbital is the LUMO+1 (Figure 3.43B). 

The MO-situation for Si(CN)4 can be regarded as a mixture of the hydride and fluoride 

case (Figure 3.43C). As it was found for SiH4, the a2u orbital drops substantially, though the 

occupied orbitals remain little affected, resembling the situation of SiF4. These character-

istics reflect the σ-acceptor character of the nitrile group but the inability for π-donation, 

which would prevent the a2u orbital from getting lowered in energy (as is the case for SiF4). 

Analysis with respect to the second-order Jahn Teller effect 

As alluded to in the introduction of this dissertation (cf. Chapter 1.3), the SOJTE ap-

plies to the rationalization of the instability of the square planar states in case of the 

element-hydrogen compounds.55 So, it was probed how the SOJTE’s approximate FMO 

interpretation (cf. Equation 1.5) relates to the planarization energies – also for substitu-

ents other than hydrogen.  

For the element hydrides, EH4
n, a perfect linear correlation is obtained when the elec-

tronic inversion barrier is plotted against the HOMO-LUMO gap of the square planar state 

(Figure 3.44A). The smaller the FMO gap, the larger the inversion activation barrier. PH4
+ 

and AsH4
+ were excluded from the analysis as their electronic structure in the D4h sym-

metric state differs significantly from that of the group 13 and 14-based molecules, which 

is discussed in Chapter 3.8 (vide infra). 

As shown in Figure 3.44I and J, also systems with σ-acceptor substituents (nitrile and 

ethynyl) show this excellent correlation, indicating that these molecules also obey the 

SOJTE-model. It even holds well for the entire set of EH4−yRy
n (R = CN, CCH, see Figure 

7.18 in the Appendix). The combination of the data for the hydrogen, nitrile, and ethynyl 
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substituents in one graph gives an offset between the two groups (see Figure 7.19 in the 

Appendix). This is most likely because of differences in the further contributions to the 

overall SOJTE (cf. Equations 1.3) which are not captured by the simplified FMO approach. 

Interestingly, the ethynyl and nitrile data align well – both ligands bind through sp-hy-

bridized carbon atoms to the central atoms (see Figure 7.19 in the Appendix). 

 
Figure 3.44: The frontier molecular orbital approximation of the second-order Jahn-Teller effect applied to 
square planar p-block atom-based molecules. The inversion barriers (deformation energy toward the square 
planar state) were calculated at the DLPNO-CCSD(T)/cc-pVQZ//B97M-D3(BJ)/cc-pVTZ level of theory and 
orbital energies were extracted from the B97M calculations. The HOMO-LUMO gap of the square planar 
states (ΔEHOMO-LUMO) is plotted for the molecules of constitution ER4

n (n = −1 for E = Al, Ga, n = 0 for E = Si, 
Ge, n = +1 for E = P, As).7 
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Overall, these findings can be contextualized as follows. The LUMO (a2u symmetry) is 

localized at the central atom whose electronegativity largely influences its orbital en-

ergy.21 A high electronegativity causes a lower a2u orbital energy which leads to a smaller 

HOMO-LUMO gap. Consequently, the inversion barrier increases with the electronegativ-

ity of the central atom. On the other hand, the HOMO (b1g symmetry) is located at the 

substituents. Thus, its energy is heavily influenced by the substituents’ (group) electro-

negativity. An increasing ligand electronegativity lowers the HOMO energy and, there-

fore, the energy gap between HOMO and LUMO. Consequently, the inversion barrier de-

creases with the electronegativity of the substituents. 

Indeed, the electronegativity increases from left to right in the periodic table, as does 

the planarization energy (Al<Si<P, Ga<Ge<As). Likewise, the electronegativity increases 

from period three to period four, which also is in line with the observed trend of inversion 

barriers between the periods (Al<Ga, Si<Ge, P≈As). If the HOMO-LUMO gap becomes too 

small in the D4h symmetric state, as for the most electronegative central atoms P and As, 

multiconfigurational approaches are needed for an accurate description (see the following 

chapter). 

Next, the difference of (group) electronegativities of central atom and substituents as 

a descriptor for the inversion barrier was probed. For the non-π-donor ligands (H, CH3, 

CN, CCH), proper linear correlations were found (Figure 3.45). Again, an offset occurs be-

tween the different sets of ligands. Interestingly, the group electronegativities of the ni-

trile (3.3) and ethynyl (3.3) group are identical.322 Accordingly, their data aligns very well 

in the plot in Figure 3.45, and their effect on the inversion barriers is almost the same (cf. 

Figure 3.40 and Figure 3.41). 

 
Figure 3.45: The relationship of the barrier for stereoinversion to electronegativity differences between 
substituents and central atom. The inversion barriers (deformation energy toward the square planar state) 
were calculated at the DLPNO-CCSD(T)/cc-pVQZ//B97M-D3(BJ)/cc-pVTZ level of theory. Molecules of con-
stitution ER4

n (n = −1 for E = Al, Ga, n = 0 for E = Si, Ge, n = +1 for E = P, As) were investigated. Pauling 
(group) electronegativities are given in parenthesis in the legend.7 
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Lastly, the approximate SOJT model was applied to π-donor cases. For the fluoride 

substituted derivatives, EF4
n, the SOJT-correlation breaks down entirely (Figure 3.44B). 

There is no linear relation between the planarization energies and the FMO gap in the 

square planar state. Within the FMO-SOJT model this can be explained with the absence 

of the b1g symmetric occupied MO among the highest occupied ones (cf. Figure 3.43B). For 

D4h symmetric SiF4, the b1g orbital is the HOMO−6 which is separated from the a2u 

(LUMO+1) orbital by 10.0 eV – a massive energetic gap. For GeF4, the b1g-a2u separation is 

8.0, for AlF4
− 8.7, for GaF4

− 7.5, for PF4
+ 9.3, and for AsF4

+ 7.5 eV. These values are all signif-

icantly larger as they are for cases in which a SOJT correlation was observed (FMO gaps 

below 5 eV). The model recaptures its validity along the series Cl<Br<I with a steady in-

crease in the correlation coefficient (Figure 3.44C to E). Here, the energetic separation be-

tween occupied and unoccupied MOs is considerably lower. For example, the HOMO-

LUMO gap in square planar SiI4 is 1.8 eV, and the b1g-a2u separation is 3.2 eV. Interestingly, 

the data is clearly separated with respect to the row of the periodic table in which the 

central atom is located, and the separation diminishes along Cl, Br, I. 

For the OH and NH2 substituted cases the expected correlation was not found (Figure 

3.44F and G). Instead, the inversion barrier even tends to increase with increasing HOMO-

LUMO gap, though only with very poor linear dependency. Again, it was found that the 

energetic separation between the b1g and a2u FMO, which are the basis for the approximate 

SOJT model, is larger – for Si(NH2)4 it is 9.1 eV. In the case of the OH ligands, the influence 

of the hydrogen bond stabilization in the square planar state as an additional factor might 

contribute to the absence of the SOJT correlation. 

In summary, for π-donor substituted systems, additional factors cause deviations 

from the SOJTE-FMO model and simple HOMO-LUMO gap investigations are not suffi-

cient. Additional lone electron pairs introduced by the substituents disturb the basic FMO 

picture with the b1g and a2u MO as the HOMO and LUMO, respectively, thereby increasing 

their energetic separation. Somewhat comparable observations have been made for the 

trigonal inversion of group 15 pyramids with halogen substituents.51 

Conclusion 

The stereoinversion of ER3 molecules through a planar trigonal or T-shaped inversion 

structure is a well-studied process, and the obtained knowledge has been used in various 

applied contexts (e.g., phosphines can serve as chiral ligands whereas amines cet. par. 

cannot). In contrast, the inversion of ER4 species and their configurational stability is 
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much less explored. Within this chapter, accurate barrier heights for p-block tetrahedron 

inversions through square planar transition states were presented. Barriers increase for 

molecules from group 13 to group 15 (of the periodic table) and decrease with π-donor/σ-

acceptor substituents.26 The increasing introduction of substitution was studied, and sub-

stituent dependent trends were found. Remarkably low inversion barriers were uncovered 

for a subgroup of the considered dataset, e.g., for disubstituted aluminates or Al(OH)4
−. 

Given the obtained results, the stereochemical inversion of p-block atom-based tetrahe-

drons as it was studied is an indeed happening process. 

A HOMO-LUMO gap approximation to the full second-order Jahn-Teller theorem (cf. 

Chapter 1.3) was applied to the calculated planarization energies. Correlations well-fol-

lowing the theory were obtained for hydrogen and σ-acceptor substituted systems. The 

fluoride, hydroxide, and amine cases are exceptions to the FMO-SOJT model. The other 

molecules with halogen ligands follow the model again, though with a separation of the 

data due to the grouping of the central atoms in two different rows of the periodic table. 

The following mnemonics substantiate for the conceptual cogitation on p-block atom 

planarization and tetrahedron inversion (Figure 3.46): electronegative central atoms 

lower the LUMO energy; the inversion barrier increases. For more electronegative substit-

uents, the HOMO energy is lowered – the inversion barrier decreases (σ-acceptor effect). 

π-Donor substituents increase the LUMO energy – the inversion barrier decreases (π-do-

nor effect).26 The findings should be applied with awareness of the significant approxima-

tions induced. 

 
Figure 3.46: Simplified presentation of the factors that determine the barrier height for stereoinversion 
via a square planar transition structure of tetrahedral p-block atom-based molecules.7 
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3.8 Stereochemical Inversion of Tetrahedral p-Block Ele-
ment Hydrides  

The results presented within this chapter were previously published and can be found un-

der: L. M. Sigmund, C. Ehlert, G. Gryn’ova, and L. Greb, “Stereoinversion of tetrahedral p-block 

element hydrides”, Chem. Phys. 2022, 156, 194113. This chapter was written based on the 

mentioned publication. The CASSCF and MRCI+Q calculations for the square planar struc-

tures and the mHEAT+ calculations were conducted by DR. CHRISTOPHER EHLERT.  

Introduction and background 

The previous chapter addressed the square planar state of 270 small p-block atom-

based molecules. They were identified as transition structures for the square planar ste-

reoinversion mechanism (cf. Figure 3.39 and Chapter 3.7). During these studies, it was rec-

ognized that the hydrogen-substituted p-block atoms (element hydrides) have a more in-

tricate electronic structure in the square planar and other, lower-symmetrical states. 

Therefore, they were investigated separately with both, ab initio and DFT quantum chem-

ical simulations, which is presented in the following. 

Tetracoordinate carbon atoms are configurationally stable; a paradigm that is at the 

heart of (bio)organic chemistry; e.g., it allows for the construction of enzymes with precise 

structure-activity relationships with the homochiral feedstock of the naturally occurring 

amino acids. The prototypical carbon atom with four substituents, methane, was inten-

sively studied concerning its stereochemical inversion.24, 323-330 It was shown that stere-

oinversion might occur via a Cs symmetric transition state with a high inversion barrier 

(cf. Chapter 1.2 in the Introduction).28-29 Importantly, the planarization of methane is en-

ergetically even more demanding than the distortion to the Cs symmetric transition struc-

ture. Furthermore, the D4h state is a higher-order saddle point on the potential energy 

surface (PES), ruling out the stereoinversion of methane via a square planar transition 

structure. Generally though, the C-H bond dissociation enthalpy (439.3 ± 0.4 kJ mol−1)331-

332 is considered prohibitive for CH4 inversion by approximately 20 to 30 kJ mol−1.28-29 

The obtained results are portioned into two sections. The first one discusses the 

square planar states of the element hydrides, EH4
n, of the second through the sixth period 

of the periodic table based on calculations at the CASSCF and MRCI+Q level (Figure 3.47). 

The electronic configuration of the lowest energy structures is identified (cf. Figure 1.2 in 

Chapter 1.2). Also, their harmonic vibrations and their relevance as inversion transition 

states is discussed. In the second part, non-planar structures of all element-hydrogen 
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compounds and their potential role in alternative inversion mechanisms are inspected. In 

particular, the Cs inversion found for methane is probed for the other molecules. All pos-

sible inversion mechanisms are weighed against each other and competing reactions, for 

example, E-H bond dissociation or the elimination of H2. 

 
Figure 3.47: Stereoinversion of p-block element-hydrogen compounds. Square planar (D4h) and distorted 
square pyramidal (Cs) structure. The scaled displacement vectors of the imaginary mode (stereoinversion of 
CH4) are shown in blue.25 

Applied computational methods 

To cover all electronic configurations of the square planar structures (D4h symmetry), 

a state-specific multiconfigurational level was applied. Structure optimizations and fre-

quency calculations were carried out with the complete active space self-consistent field 

method (CASSCF). The active space was defined to include the entire valence space 

(CAS(8e,8o)). The aug-cc-pwCVQZ basis set was employed for B, C, N, Al, Si, and P atoms. 

For hydrogen atoms, aug-cc-pVQZ was used. For all heavier elements, Stuttgart-Köln 

MCDHF RSC effective core potentials (ECPs) were applied with the respective ECP-based 

aug-cc-pwCVQZ-PP basis set. Final single point electronic energies were obtained from 

multireference configuration interaction calculations, including the Davidson correction 

for unlinked quadruples (MRCI+Q). The same basis sets and ECPs as for the CASSCF cal-

culations (which were also used as multiconfigurational reference) were deployed.  

Coupled cluster calculations including singles and doubles with perturbative triples 

corrections (CCSD(T)) were used to investigate lower symmetric inversion mechanisms, 

competing side reactions, and other structures on the respective PESes. The same basis 

set and ECP settings as for the MRCI+Q calculations were employed. Only the structure 

optimizations and the computations of harmonic frequencies were done with the respec-

tive triple-ζ basis sets (aug-cc-pwCVTZ(-PP)). The obtained numbers were compared to 

experimentally determined values, and good agreement was found (MAE of 4.4 kJ mol−1, 

cf. Table 7.1 in the Appendix). 

The correct nature of located transition structures was verified by the presence of a 

single imaginary mode of desired symmetry and by applying IRC calculations. Relative 
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energies are given as enthalpies at 298.15 K and in kJ mol−1, if not stated differently. FMO 

considerations were carried out based on data obtained with the B97M-D3(BJ)/def2-

QZVPP computational level. The references to applied software, methods, and basis sets 

are given in Chapter 5.2.  

Evaluation of D4h symmetric structures 

The structures of the square planar p-block element-hydrogen compounds were op-

timized with a D4h symmetry constraint in four considered electronic configurations (cf. 

Figure 1.2 in the Introduction). Table 3.1 lists the results, and the lowest energy states are 

highlighted in green. The following discussion is done based on electronic energies, as 

some structures are higher-order saddle points on the respective PES. Also, in some cases, 

root-flipping occurred for the displaced structures during the numerical calculation of vi-

brational frequencies with the CASSCF method, that could not be suppressed. The results 

of these calculations are not given (np for “not possible” in Table 3.1). Fortunately, this 

issue did not occur for the lowest energy states. 

For square planar BH4
−, the triplet state (476 kJ mol−1) is more favorable, though it is 

only slightly below the open-shell singlet configuration (477 kJ mol−1). They possess two 

and three imaginary frequencies, respectively. Owing to the enormous energetic demands 

to achieve square planar BH4
− and the absence of a single imaginary mode of B2u symmetry 

for both lowest energy electronic configurations, the stereoinversion of the tetrahy-

dridoborate anion through a square planar transition structure can be ruled out.  

For methane, the results of GORDON and SCHMIDT28 were qualitatively reproduced. CH4 

preferentially occupies the 2 1A1g electronic configuration in the square planar state, 

which is characterized by four imaginary vibrational modes. However, with the 

MRCI+Q/aug-cc-pwCVQZ//CASSCF(8e,8o)/aug-cc-pwCVQZ computational procedure, 

which is more elaborate, significantly lower planarization energies were obtained com-

pared to the previous ones (e.g., 571 vs. 663 kJ mol−1 at the SOCI/6-31G(d,p) computational 

level for the 2 1A1g state). 

For the ammonium cation, it is also concluded that square planar inversion is not 

possible. As in the case of CH4, the lowest energy singlet state (485 kJ mol−1) represents a 

higher-order saddle point on the PES. The same is true for the triplet state (three imagi-

nary modes). Additionally, it is associated with an exorbitant increase in electronic energy 

(923 kJ mol−1). 
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Table 3.1: Square planar element hydrides and their electronic configurations. Energies, enthalpies, and 
bond lengths of the four different square planar states relative to the tetrahedral ground state (GS) calcu-
lated at the MRCI+Q/aug-cc-pwCVQZ(-PP)//CASSCF(8e,8o)/aug-cc-pwCVQZ(-PP) computational level. If 
only one number is given, the electronic energy is meant. For certain configurations, the reliable calculation 
of numerical frequencies was not possible (np).25 

 State Energy | enthalpy / kJ mol−1 Bond length / pm Imag. modes 

BH4
− GS 0.0 126 0 

 1 1A1g (δ) 534.9 140 np 

 2 1A1g (π) 532.3 121 np 

 1B2u 477.3 133 3; B2u, Eu 

 3B2u 475.5 131 2; Eu 

AlH4
− GS 0.0 167 0 

 1 1A1g (δ) 222.3 | 215.4 172 1; B2u 

 2 1A1g (π) --- --- --- 

 1B2u 417.6 170 np 

 3B2u 421.1 169 3; Eu, A2u 

GaH4
− GS 0.0 166 0 

 1 1A1g (δ) 279.7 | 268.0 175 1; B2u 

 2 1A1g (π) 359.9 161 np 

 1B2u 397.8 169 np 

 3B2u 404.1 168 3; Eu, A2u 

InH4
− GS 0.0 184 0 

 1 1A1g (δ) 235.0 | 225.5 193 1; B2u 

 2 1A1g (π) 310.9 177 np 

 1B2u 359.0 186 np 

 3B2u 365.8 185 3; A2u, Eu  

TlH4
− GS 0.0 185 0 

 1 1A1g (δ) 246.8 | 233.7 199 1; B2u 

 2 1A1g (π) --- --- --- 

 1B2u 324.7 186 np 

 3B2u 330.4 185 4; A2u, Eu, B1g 

CH4 GS 0.0 110 0 

 1 1A1g (δ) 727.2 128 np 

 2 1A1g (π) 571.4 110 4; B2u, A2u, Eu 

 1B2u 674.6 120 2; B2u, B1g 

 3B2u 680.0 119 1; B1g 

SiH4 GS 0.0 150 0 

 1 1A1g (δ) 376.6 | 369.5 155 1; B2u 

 2 1A1g (π) 384.1 155 np 

 1B2u 482.6 156 np 

 3B2u 482.2 155 3; A2u, Eu 
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GeH4 GS 0.0 155 0 

 1 1A1g (δ) 419.1 | 407.3 164 1; B2u 

 2 1A1g (π) 456.5 157 np 

 1B2u 463.3 161 np 

 3B2u 468.5 161 3; A2u, Eu 

SnH4 GS 0.0 173 0 

 1 1A1g (δ) 333.5 | 323.9 182 1; B2u 

 2 1A1g (π) 466.5 175 np 

 1B2u 409.1 179 np 

 3B2u 416.7 178 3; A2u, Eu 

PbH4 GS 0.0 178 0 

 1 1A1g (δ) 326.6 | 313.6 192 1; B2u 

 2 1A1g (π) --- --- --- 

 1B2u 381.7 183 np 

 3B2u
 387.5 183 3; A2u, Eu 

NH4
+ GS 0.0 103 0 

 1 1A1g (δ) --- --- --- 

 2 1A1g (π) 485.4 105 4; B2u, A2u, Eu 

 1B2u
 906.8 117 np 

 3B2u
 923.0 116 3; B1g, Eu 

PH4
+ GS 0.0 141 0 

 1 1A1g (δ) 604.9 146 np 

 2 1A1g (π) 611.4 148 np 

 1B2u
 518.5 | 481.0 148 1; B2u 

 3B2u
 519.7 148 3; A2u, Eu 

AsH4
+ GS 0.0 150 0 

 1 1A1g (δ) 598.6 160 np 

 2 1A1g (π) 611.2 156 np 

 1B2u
 493.5 158 3; B2u, Eu 

 3B2u
 501.1 158 3; A2u, Eu 

SbH4
+ GS 0.0 168 0 

 1 1A1g (δ) 454.8 178 np 

 2 1A1g (π) 472.2 174 np 

 1B2u
 426.0 176 4; B2u, Eu, A2u 

 3B2u
 435.9 176 3; A2u, Eu 

BiH4
+ GS 0.0 175 0 

 1 1A1g (δ) 423.9 191 np 

 2 1A1g (π) 452.1 179 np 

 1B2u
 401.4 183 4; B2u, Eu, A2u 

 3B2u
 409.5 183 3; A2u, Eu 
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To summarize the so far discussed results, distortion of the second-period element 

hydrides to D4h symmetry comes with massive energy demands and does not provide a 

feasible pathway for stereochemical inversion of the respective molecules.  

This significantly changes for the heavier homologs of groups 13 and 14 (EH4
n with 

En = Al−, Ga−, In−, Tl−, Si, Ge, Sn, and Pb). All of them are characterized by a lowest energy 

1 1A1g electronic configuration; the other configurations are clearly higher in energy. Fur-

thermore, they all feature a single imaginary mode of B2u symmetry. Therefore, the square 

planar structures correspond to inversion transition states, which was indicated previ-

ously for some of the herein investigated molecules.7, 24, 30 Group 14 atom-based molecules 

invert at higher enthalpies as the group 13 cases do. Within a given group, the inversion 

energy barriers are highest for the fourth-period central atoms (GaH4
−, GeH4). 

The lowest energy configurations for the square planar states of the heavier element 

hydrides with group 15 central atoms (EH4
n with En = P+, As+, Sb+, and Bi+) were identified 

as open-shell singlets, slightly below the triplet states. The respective planarization en-

ergies are very high, surpassing those observed for group 13 and 14 atom-based com-

pounds. Frequency analyses revealed a single imaginary mode of B2u symmetry for PH4
+ 

and thus a proper inversion transition state with an activation enthalpy of 481 kJ mol−1. 

Importantly though, for all EH4
n except AlH4

−, the square planar structures do not corre-

spond to the lowest energy transition states (vide infra). 

Evaluation of inversion processes along lower symmetry pathways and a compari-

son with competing reactions 

The investigations of the square planar structures on the multiconfigurational level 

identified inversion transition states for nine of the 15 considered element hydrides. To 

probe if the processes via the square planar transition structure (“D4h-inversion”) indeed 

are the lowest energy possibility, structures of lower symmetry were considered next. 

Also, the identification of the energetically most favorable pathways for stereoinversion 

for the remaining species was targeted. To allow for general statements on the feasibility 

of stereoinversion, reaction and activation enthalpies of dissociative processes were eval-

uated as well (Figure 3.48).26 The entirety of the obtained data is given in the Appendix in 

Table 7.1. The most critical results are discussed in the following. 
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Figure 3.48: Competition reactions for stereoinversion processes of the p-block element-hydrogen com-
pounds. n: charge of the species.25 

A transition state of Cs symmetry was obtained for BH4
− (Table 3.2). Its structure fea-

tures two markedly different pairs of hydrogen atoms and can therefore be interpreted as 

a complex of the dihydroboryl anion with side-on coordinating H2. The analysis of the 

harmonic frequencies and IRC calculation confirmed that the structure corresponds to an 

inversion transition state with ΔH‡ = 361 kJ mol−1. However, the low hydride affinity of BH3 

in the gas phase (calculated to 307 kJ mol−1, experimental value: 310 ± 12 kJ mol−1)333-334 

rules out stereoinversion of BH4
−. Consequently, a non-dissociative stereoinversion of the 

tetrahydridoborate anion in the gas phase is unlikely. 

For the NH4
+ cation, the transition structure optimization converged to a square py-

ramidal structure (C4v symmetry, Table 3.2). IRC computations as well as the calculation 

of the harmonic frequencies validated the inversion transition structure. It exhibits a high 

activation enthalpy of 405 kJ mol−1. Nevertheless, it is significantly lower in energy than 

all potentially competing reactions (cf. Figure 3.48, the homolytic bond cleavage has the 

lowest reaction enthalpy; 520 kJ mol−1). Consequently, the intramolecular stereoinversion 

of the ammonium cation is enthalpically feasible. Interestingly, the C4v symmetry of the 

inversion transition structure of the ammonium cation was already briefly mentioned by 

PEPPER et al. in their seminal work on methane, but got never further elaborated.29 

Subsequently, the inversion barrier of methane via the Cs symmetric transition state 

was investigated. GORDON and SCHMIDT as well as PEPPER et al. concluded from their com-

putations that the stereoinversion of CH4 is impossible because of the homolytic C-H 

bond dissociation enthalpy (439.3 ± 0.4 kJ mol−1)331-332. They found it to be lower than the 

barrier for inversion. Herein, an activation energy of 436 kJ mol−1 was obtained from the 

CCSD(T)/aug-cc-pwCVQZ//CCSD(T)/aug-cc-pwCVTZ computational method which is al-

ready below the C-H bond dissociation enthalpy. However, as this value is still within the 

error range of the bond dissociation (given the accuracy of the applied computational 

procedure), an even more precise barrier height for the stereochemical inversion of CH4 
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was determined. This was done with the modified high-accuracy extrapolated ab initio 

thermochemistry protocol (mHEAT+).335-339 An activation enthalpy of 434.2 kJ mol−1 was 

obtained – 5.1 kJ mol−1 (1.22 kcal mol−1) below the experimentally determined C-H bond 

dissociation enthalpy. Based on these results, the intramolecular stereoinversion of CH4 

via the Cs symmetric transition state appears enthalpically feasible. It is not prohibited by 

the strength of the C-H bond. Importantly, the mHEAT+ procedure predicts the C-H bond 

dissociation enthalpy to 439.4 kJ mol−1. 

Table 3.2: Stereochemical inversion of BH4
−, CH4, and NH4

+. Inversion transition structures with scaled dis-
placement vectors of the single imaginary vibrational mode, their energy and enthalpy relative to the tetra-
hedral ground states, and selected structural parameters. Energies (given in kJ mol−1) were obtained at the 
CCSD(T)/aug-cc-pwCVQZ//CCSD(T)/aug-cc-pwCVTZ computational level. “Lowest energy competition re-
action” means the lowest energy reaction among those given in Figure 3.48, and “D4h minimum” the lowest 
energy of a square planar structure along with its electronic configuration (cf. Figure 1.2 in the Introduc-
tion).25 

 
 BH4

− CH4 NH4
+ 

Inversion barrier (ΔE‡/ ΔH‡) 368.3 / 361.1 457.9 / 436.0 439.1 / 404.8 

Lowest energy competition 
reaction (ΔE/ΔH) 

320.0 / 307.1 
(loss of H−) 

469.4 / 436.4 
(loss of H•) 

558.1 / 519.9 
(loss of H•) 

D4h minimum (ΔE‡) 475.5 (3B2u) 571.4 (2 1A1g) 485.4 (2 1A1g) 

Molecular point group Cs Cs C4v 
Ground state bond  
length / pm 

123.6 108.8 102.2 

Transition state bond  
lengths / pm 

122.8 / 145.3 111.3 / 121.1 106.9 

d1 / pm 80.4 91.6 134.9 
trans-valence angle / ° 105.4 110.1 126.4 

 

Next, the Cs symmetric inversion transition structures were probed for the heavier 

homologs (Table 3.3). Except for GaH4
−, structures of Cs symmetry were located for all 

heavier p-block element hydrides. The IRCs were followed in both directions along the 

imaginary mode (A’’ symmetry). Without exception, the IRC calculations did not converge 

to the tetrahedral ground states, as it was expected and found for CH4, but instead to a 

new structure (Int-A, Table 3.3), also of Cs symmetry. These minimum structures, which 
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were verified by minimum structure optimizations, can be viewed as σ-complexes of mo-

lecular hydrogen coordinating to the EH2
n fragments. Indeed, structures of Int-A-type of 

the group 14 atom-based molecules were debated as intermediates in the context of re-

ductive elimination of H2 from the tetrahedral EH4 or as pre-complexes during the oxida-

tive addition of dihydrogen to EH2.340-351 MERINO et al. compared the calculated scaled 

harmonic vibrations they obtained (B3LYP/LANL2DZ+dp) of the Int-A structure of SiH4 

and GeH4 with previously unassigned bands in IR spectra from matrix isolation experi-

ments and found remarkable agreements.345 The calculations presented herein now sug-

gest such intermediates, also for the isoelectronic group 13 and group 15 compounds, and 

for the first time as intermediates during stereoinversion (vide infra). In order to reach Int-

A from the tetrahedral ground states, the reductive elimination transition states, TS-A, 

need to be traversed. It was possible to optimize the respective transition structures for 

all considered cases (Table 3.3). 

The combination of the three stationary points (TS-A, Int-A, and TS-B) leads to a new 

mechanism for the stereoinversion of tetrasubstituted p-block elements, which is called 

stepwise Cs-inversion. The mechanism begins at the tetrahedral ground state, which en-

gages in the rate-determining reductive semi-elimination of H2 (TS-A) to give Int-A, in 

which H2 remains bound. The following rotation of the H2 fragment in the coordination 

sphere of EH2
n (TS-B) proceeds via a low activation barrier. The final oxidative-addition-

type step (TS-A) furnishes the inverted molecule.  

The barrier height for the rate-determining H2 semi-elimination decreases within a 

given group of the periodic table with increasing atomic number (cf. Table 3.3, entry 1). 

Following the Bell-Evans-Polanyi principle,352-354 this agrees with the increasing stability 

of the lower oxidation state for the heavier elements. The lowest activation enthalpies 

were calculated for the group 15 atom-based molecules (211 – 134 kJ mol−1), followed by 

the group 13 species (227 – 160 kJ mol−1), and compounds with central atoms from group 

14 (236 – 157 kJ mol−1). The numbers agree well with those of Merino et al. obtained for 

the group 14 element hydrides.345 
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Table 3.3: A stepwise mechanism for stereoinversion. All given energies and enthalpies are relative to the 
respective tetrahedral ground states (GS). Entry 4 gives the barrier heights for the oxidative addition of the 
H2 fragment, entry 5 the dissociation energy and enthalpy of the Int structures into H2 and the EH2

n fragment, 
and entry 6 the energy and enthalpy of the lowest D4h symmetric structures. If not mentioned otherwise, all 
numbers were obtained at the CCSD(T)/aug-cc-pwCVQZ(-PP)//CCSD(T)/aug-cc-pwCVTZ(-PP) computa-
tional level and are given in kJ mol−1.25 

 
 State AlH4

− GaH4
− InH4

− TlH4
− 

1 TS-A (ΔE‡ | ΔH‡) 234.7 | 227.4 211.7 | 203.1 200.9 | 193.2 168.3 | 159.9 
2 Int-A (ΔE | ΔH) 196.4 | 196.8 152.2 | 149.4 91.6 | 89.8a 11.8 | 9.1a 
3 TS-B (ΔE‡ | ΔH‡) 200.7 | 196.5 not found 93.4 | 91.3 13.2 | 10.4 

4 
Int-A ⟶ TS-A  
(ΔE‡ | ΔH‡) 

38.3 | 30.6 59.5 | 53.7 109.3 | 103.4 156.5 | 150.8 

5 
Int-A ⟶ H2 + 
1[EH2

n] (ΔE | ΔH) 
10.1 | 3.2 10.2 | 4.3 7.6 | 5.2 7.6 | 5.4 

6 
D4h minimum  
(ΔE‡ | ΔH‡) 

222.4 | 215.3 
(1 1A1g) 

280.5 | 268.2 
(1 1A1g) 

235.9 | 225.5 
(1 1A1g) 

248.7 / 234.4 
(1 1A1g) 

 State SiH4 GeH4 SnH4 PbH4 
1 TS-A (ΔE‡ | ΔH‡) 248.1 | 235.8 218.6 | 206.3 207.2 | 196.8 167.6 | 157.1 
2 Int-A (ΔE | ΔH) 222.7 | 217.4 155.0 | 148.7 81.8 | 79.2 −22.4 | −24.0 
3 TS-B (ΔE‡ | ΔH‡) 236.0 | 226.2 160.6 | 150.5 84.1 | 78.5 −21.2 | −25.5 

4 
Int-A ⟶ TS-A  
(ΔE‡ | ΔH‡) 

25.4 | 18.4 63.6 | 57.6 125.4 | 117.6 190.0 | 181.1 

5 
Int-A ⟶ H2 + 
1[EH2

n] (ΔE | ΔH) 
33.6 | 21.6 22.7 | 13.3 14.9 | 8.0 13.1 | 7.1 

6 
D4h minimum  
(ΔE‡ | ΔH‡) 

378.6 | 371.0 
(1 1A1g) 

421.3 | 408.6 
(1 1A1g) 

335.7 | 325.2 
(1 1A1g) 

329.5 | 315.2 
(1 1A1g) 

 State PH4
+ AsH4

+ SbH4
+ BiH4

+ 
1 TS-A (ΔE‡ | ΔH‡) 226.1 | 210.7 196.2 | 181.7 189.4 | 177.1 146.7 | 133.9 
2 Int-A (ΔE | ΔH) 217.5 | 208.9 145.1 | 138.7 68.3 | 65.8 −42.6 | −43.3 
3 TS-B (ΔE‡ | ΔH‡) 239.2 | 227.9 154.7 | 145.0 72.4 | 66.9 −40.7 | −44.1 

4 
Int-A ⟶ TS-A 
(ΔE‡ | ΔH‡) 

8.6 | 1.8 51.1 | 43.0 121.1 | 111.3 189.3 | 177.2 

5 
Int-A ⟶ H2 + 
1[EH2

n] (ΔE | ΔH) 
133.5 | 119.2 94.3 | 82.0 59.1 | 49.8 47.8 | 39.9 

6 
D4h minimum  
(ΔE) 

518.5b 
(1B2u) 

493.5b 
(1B2u) 

426.0b 
(1B2u) 

401.4b 
(1B2u) 

(a) Structure has a single imaginary frequency. (b) Calculated at the MRCI+Q/aug-cc-

pwCVQZ(‑PP)//CASSCF(8e,8o)/aug-cc-pwCVQZ(-PP) level of theory. 
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Interestingly, the comparison of D4h-inversion pathway (Table 3.3, entry 6) with the 

reductive semi-elimination/H2-rotation/oxidative addition process (stepwise Cs-inversion) 

renders the latter as the favored pathway for stereoinversion for most of the element hy-

drides. The planarization enthalpies, either toward the 1 1A1g (EH4, E = Al−, Ga−, In−, Tl−, Si, 

Ge, Sn, Pb) or 1B2u (EH4, E = P+) electronic configuration, are considerably larger as the 

barrier heights of the stepwise Cs-inversion (e.g., for SiH4 the enthalpy difference is 

135 kJ mol−1, for PH4
+ it is 270 kJ mol−1). They increase when going from left to right in the 

periodic table, contrasting the findings for the square planar stereoinversion. Conse-

quently, only for AlH4
− the D4h-inversion outcompetes the stepwise Cs-inversion by 

12 kJ mol−1. Notably, the D4h-inversion of AlH4
− is also preferred over all considered com-

peting reactions (cf. Figure 3.48), including H− expulsion (315 kJ mol−1) or the elimination 

of dihydrogen (activation enthalpy of 227 kJ mol−1). Thus, it can be concluded that tetra-

hydrido aluminate can undergo stereochemical inversion via transition state of D4h sym-

metry with an activation enthalpy of 215 kJ mol−1. 

Having established the stepwise Cs-inversion, it was further compared to the inver-

sion pathway via the square planar transition structure. This was done with TS-A and the 

D4h symmetric transition structure (TSD4h) of SiH4 and AlH4
−. The IRC paths were followed 

toward the tetrahedral ground state, and orbital energies were calculated for selected IRC 

structures on the B97M-D3(BJ)/def2-QZVPP level of theory (Figure 3.49). In both cases, 

the deformation toward the transition structure increases the energy of one of the MOs 

of the triply degenerate fully occupied t2 representation. For the aluminate (Figure 3.49A), 

this increase is slightly stronger for the Cs path (2.61 vs. 2.15 eV) but is counterbalanced 

by the stabilization of the three other valence MOs (−4.16 eV in total). In the square planar 

TSD4h of AlH4
−, this stabilizing effect is less pronounced (−0.45 eV). Overall, both paths are 

energetically very similar, with the square planar inversion being marginally favored. For 

the silane (Figure 3.49A), the transformation toward the Cs symmetric TS-A leads to a di-

minished increase of the occupied orbital energies compared to the path to D4h symmetry 

(2.68 vs. 3.44 eV). Concomitantly, the stabilization of the other orbitals remains substan-

tial (−2.47 eV) which further supports TS-A. The stabilizing contribution found for TSD4h 

is only −0.93 eV. This explains that the semi-elimination of H2 from SiH4 is energetically 

more favorable than the ascent of the square planar inversion transition state by 

131 kJ mol−1 in electronic energy (ΔΔH‡ = 135 kJ mol−1). Similar findings were made for the 

other investigated element hydrides. 
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Figure 3.49: The stepwise and square planar inversion mechanism in comparison. Kohn-Sham frontier mo-
lecular orbital energies of individual IRC structures of the transformation of the tetrahedral ground state to 
the D4h (TSD4h) or Cs symmetric (TS-A) transition state for A) AlH4

− and B) SiH4. The relative electronic energy 
is shown as dashed line. Stationary points are marked with red stars. The IRC structures were obtained with 
CCSD(T)/aug-cc-pwCVTZ, molecular orbital energies were calculated at the B97M-D3(BJ)/def2-QZVPP 
computational level.25 

After the comparison of the Cs and D4h pathway, it was investigated if the stepwise Cs-

inversion can compete with the alternative reactions given in Figure 3.48. In all cases the 

elimination of H2 from EH4
n to yield singlet EH2

n is the enthalpically most favorable com-

petition reaction for the third to sixth-period element hydrides (cf. Table 7.1). If the H2 

fragment in Int-A leaves the coordination sphere of EH2
n or rotates and undergoes oxida-

tive (re)addition depends on whether these two reaction steps (H2 rotation and oxidative 

addition) are enthalpically more favorable than the dissociation of Int-A into 1[EH2
n] and 

H2 (Int ⟶ EH2
n + H2). The comparison (Table 3.3, entry 4 vs. entry 5) shows that the step-

wise Cs-inversion is likely for PH4
+ and AsH4

+. The differences between dissociation 
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enthalpy and oxidative addition activation enthalpy are large and favor the reformation 

of the tetrahedron over the dissociation. For SiH4, the two enthalpies are similar (18 versus 

22 kJ mol−1), though slightly in favor of the inversion. For the rest of the considered ele-

ment-hydrogen compounds, the elimination of dihydrogen is more favorable than the ox-

idative addition by at least 40 kJ mol−1. Based on the presented results, it can be stated 

that the tetrahedral hydrides of Ga, Ge, In, Sn, Sb, Tl, Pb, and Bi cannot undergo intramo-

lecular stereochemical inversion. 

Evaluation of further structures 

As an exhaustive understanding of the PESes of the considered p-block element-hy-

drogen compounds was sought, the pyramidal and the sawhorse structural motive was 

surveyed in the end (Table 3.4). These structural arrangements are of relevance for reac-

tivity enhancement of p-block atom-based molecules by structural constraints (vide in-

fra).89, 188, 307, 355-359 

Generally, the pyramids with a triplet electronic configuration are higher in energy 

than their singlet counterparts, with differences ranging from 29 kJ mol−1 for AlH4
− to up 

to 197 kJ mol−1 for BiH4
+. The second-row atom-based triplet pyramids are not stable, and 

the respective structural optimization resulted in planarization. The pyramidal structures 

with singlet electronic configuration are between 469 and 155 kJ mol−1 higher in elec-

tronic energy than the tetrahedral ground states. The pyramidalization energy decreases 

along a given group and from left to right within the periodic table. Compared to the D4h 

symmetric structures, the group 13 pyramids are higher in energy, whereas for groups 14 

(except for CH4) and 15, the pyramidalization of the square planar structure results in 

energy lowering. This is in agreement with previous results for methane, silane, and ger-

mane on the Hartree-Fock and DFT computational level.24 The harmonic frequencies of 

the singlet pyramids were computed. Except for the ammonium cation, which has only 

one imaginary vibration (cf. Table 3.2), either two or three imaginary modes were ob-

tained. 

The sawhorse (SH) configurations demand much less energy than the pyramidal ar-

rangements and are only between 246 and 117 kJ mol−1 higher in electronic energy than 

the tetrahedral ground states. They do not represent stationary points on the respective 

PESes. The non-linear trans-valence angles are around 100°. As it was found for the py-

ramidal configurations, the energy demand for the deformation to the SH structure de-

clines from top to bottom and left to right within the p-block of the periodic table. Of 
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note, the SH configurations have lower electronic energies in comparison to the lowest 

energy square planar states. 

Table 3.4: The deformation of p-block atom hydrides toward the sawhorse and pyramidal structure. Mo-
lecular structures and electronic energies of the sawhorse and the pyramidal configuration. All numbers 
(kJ mol−1) are relative to the respective tetrahedral ground states and were obtained at the CCSD(T)/aug-
cc-pwCVQZ(-PP)//CCSD(T)/aug-cc-pwCVTZ(-PP) computational level.25 

 

 
 

 BH4
− AlH4

− GaH4
− InH4

− TlH4
− 

SH  194.3 172.8 167.5 145.1 116.8 
1P 426.1 360.0 326.3 301.2 228.1 
3P  planarization 388.9 375.4 335.3 301.5 

 CH4 SiH4 GeH4 SnH4 PbH4 

SH 233.0 211.2 196.2 169.2 144.2 
1P 468.7 351.2 303.1 277.4 188.2 
3P planarization 451.8 432.9 374.0 332.2 

 NH4
+ PH4

+ AsH4
+ SbH4

+ BiH4
+ 

SH 245.9 223.1 204.8 179.0 154.7 
1P 439.1 318.1 267.5 246.1 154.5 
3P planarization 506.7 476.9 399.0 351.9 

 

To investigate whether the structural deformation toward the SH structure might en-

able likewise beneficial electronic effects (in terms of reactivity enhancement, cf. Chap-

ter 1) as planarization does, the orbital energies of the SH configurations were investi-

gated. The blue bars in Figure 3.50A present the LUMO lowering that occurs when the 

structure is deformed from the tetrahedral ground state to the SH configuration 

(ΔLUMOGS⟶SH) relative to the change that occurs when going from the ground to the 

square planar state (ΔLUMOGS⟶planar). The orange squares depict the analogous relation 

for the electronic energy penalties (ΔEGS⟶SH divided by ΔEGS⟶planar).  

In all cases, the relative deformation energy is lower than the relative LUMO lowering. 

In the case of SiH4, for example, the deformation to the SH configuration is associated 

with an energy increase of 211 kJ mol−1 which corresponds to 56% of the energy demand 

for complete planarization (379 kJ mol−1). At the same time, the LUMO of the SH structure 
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(Figure 3.50B) has already reached 80% of the lowering achievable through the D4h sym-

metric structure. The observed effect is more pronounced for group 14 than for group 13-

atom-based compounds. The results predict a more straightforward experimental reali-

zation of molecules with SH structurally constrained p-block atoms while maintaining 

large parts of the “electronic benefits” from complete planarization. The SH arrangement 

of carbon was already experimentally reported360 and computationally investigated.361 

 
Figure 3.50: Comparison of the square planar and sawhorse deformation. A) LUMO lowering for the SH 
configuration relative to the LUMO lowering achievable through full planarization (blue bars) and defor-
mation energy required for the distortion to the SH structure relative to the planarization energy (orange 
squares) for EH4

n, E = Al−, Ga−, In−, Tl−, Si, Ge, Sn, and Pb. B) Kohn-Sham LUMO of the SH structure of SiH4. 
The MO energies were calculated with B97M-D3(BJ)/def2-QZVPP, the deformation energies with 
CCSD(T)/aug-cc-pwCVQZ(-PP).25 

Conclusion 

The potential energy surfaces of 15 anionic, neutral, and cationic p-block atom-based 

element-hydrogen compounds (EH4
n, En = B−, Al−, Ga−, In−, Tl−, C, Si, Ge, Sn, Pb, N+, P+, As+, 

Sb+, and Bi+) was investigated with quantum chemical calculations at the MRCI+Q and 

CCSD(T) level of theory. Special emphasis was placed on the square planar states as well 

as on the possibility of stereoinversion. A new stepwise mechanism for stereoinversion 

was discovered. Ultimately, the results were related to reactions competing with the in-

version process. The key findings for each compound are as follows (Figure 3.51): 
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Figure 3.51: Stereochemical inversion of p-block element-hydrogen compounds? The numbers specify the 
activation enthalpy of the rate-determining step of the lowest energy inversion mechanism in kJ mol−1. The 
calculations were done at the CCSD(T)/aug-cc-pwCVQZ(-PP)//CCSD(T)/aug-cc-pwCVTZ(-PP) level of the-
ory, except for CH4, for which the mHEAT+ procedure was applied.25 

 A non-planar single-step Cs inversion transition state was found for BH4
−. However, 

the molecule preferentially expels a hydride, prohibiting stereoinversion.  

 Strikingly, the inversion of methane seems not to be forbidden by CH-bond rup-

ture. The single-step Cs inversion is an enthalpically feasible process with an acti-

vation enthalpy of 434.2 kJ mol−1. 

 The ammonium cation can undergo inversion via a unique C4v symmetric transi-

tion state, which is not prevented by other pathways. 

 AlH4
− is the only tetrahedral p-block element hydride that may invert via a square 

planar transition structure.7 

 SiH4, PH4
+, and AsH4

+ can invert through a stepwise Cs symmetric process that can 

be described as a partial reductive elimination, rotation of the H2 fragment, and 

oxidative readdition sequence. For the three mentioned molecules, this process is 

enthalpically favored over H2 expulsion and square planar inversion. 

 The unimolecular stereoinversion of GaH4
−, InH4

−, TlH4
−, GeH4, SnH4, PbH4, SbH4

+, 

and BiH4
+ is enthalpically not feasible because H2 elimination is preferred instead. 
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Lastly, pyramidal and sawhorse configurations were considered. The sawhorse con-

straint affects orbital energies in a similar fashion as complete planarization to D4h sym-

metry at a significantly reduced energetic expense. This finding may guide new experi-

mental approaches for ligand design regarding frontier molecular orbital engineering. 
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3.9 Automated Construction of a Fluoride Ion Affinity Da-
taset 

By the time this dissertation was written, the results presented within this chapter were 

submitted for peer review: L. M. Sigmund, S. Sowndarya S. V., A. Albers, P. Erdmann, R. S. 

Paton, L. Greb, “Predicting Lewis Acidity: Machine Learning the Fluoride Ion Affinity of p-

Block Atom-based Molecules”. This chapter was written based on the mentioned paper draft. 

Some of the results shown below were generated in collaboration with ANDREAS ALBERS and 

PHILIPP ERDMANN. The generated FIA dataset and all developed Python code was published on 

GitHub (https://github.com/GrebGroup/fia-gnn) and figshare (https://figshare.com/pro-

jects/FIA-GNN/187050). 

Introduction and background 

he fluoride ion affinity (FIA) obtained through quantum chemical calculations is one 

of the most popular global scales for Lewis acidity (cf. Chapter 1.4) and simulated FIA 

values have been applied in many Lewis acidity-related studies. KIRSCHNER et al. used the 

FIA of organoboranes and developed phase transfer catalysts for nucleophilic fluorination 

reactions.362 The group of LIST correlated FIA values with the activity of their Lewis acidic 

organocatalysts.363-364 FIAs are also widely considered in studies on weakly coordinating 

anions69, 365 and in the closely related field of Lewis superacidity.17, 58, 366-385 The FIA has 

further been compared to other Lewis acidity scales, such as the global electrophilicity 

index (GEI)60-61 or others.386-389 

In this chapter, the computational workflow for the automatic generation of a FIA 

dataset, denoted FIA44k, is described. The FIA44k dataset has 44,877 datapoints. The en-

tire workflow, based on a modular design principle, was implemented using the 

cheminformatics package RDKit within the Python programming language.390 The result-

ing software package was termed autoPAMS (automatic generation of p-block atom-based 

molecular structures). 

Dataset composition 

The FIA44k dataset consists of quantum chemical data of Lewis acids (LA) and their 

fluoride adducts (FA). Although not all LA molecules might be classified as a “Lewis acid” 

in the sense of the IUPAC definition (cf. Chapter 1.4 in the Introduction), nevertheless, this 

part of the dataset is termed LA regardless of that fact for the sake of simple nomenclature 

T 



RESULTS AND DISCUSSION – AUTOMATED CONSTRUCTION OF A FLUORIDE ION AFFINITY DATASET 

116 

and classification. Only neutral LAs were used, which results in monoanionic FAs. Bond 

rearrangements due to FA formation were excluded from the dataset (vide infra). 

 
Figure 3.52: Molecular structure taxonomy for the construction of the FIA44k dataset. “CA” stand for cen-
tral atom. A) 21 central atom classes. B) Nine donor atom classes. C) Three denticity classes which are 
further divided into ligand classes in the case of bi- and tridentate ligands (three and nine, respectively). D) 
Two sub-denticity classes (single, double) with three and six categories, respectively, relevant for molecules 
with bidentate ligands. E) Seven mini-ligand classes. The mini-ligands were used to fill remaining free va-
lences during structure generation. F) Three ligand cap classes with ligand substituents X (applies also to 
the ligand cores). G) Three ligand substituent classes. The substituents of aromatic rings and the general 
substituents are shown in Figure 3.53. 

Molecules are considered as a combination of a central atom to which the ligands are 

connected. Each ligand consists of a ligand core to which a certain amount of ligand sub-

stituents is attached to form the final ligand. To allow for a clear and understandable 
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presentation, the logic with which the dataset was constructed (Figure 3.52) is now pre-

sented in bullet points. 

 FIA44k is defined by 21 different central atom classes, coming from groups 13 to 

16 of the periodic table (Figure 3.52A). Low- and high-valent central atoms are 

included for groups 14 and 15, e.g., P(III) and P(V). The central atom is the posi-

tion to which the fluoride anion is attached. Each molecule contains one central 

atom only. 

 Ligand atoms were allowed to be H, C, N, O, S, F, Cl, Br, and I. These atom types 

were connected by single, aromatic, or double bonds. 

 Bonds between two heteroatoms, for instance, N-O or O-O were not included. 

 The atoms directly binding to the central atom are denoted donor atoms (Figure 

3.52B). A total of 9 different donor atom classes was defined. This was done based 

on the hybridization of the respective atoms in each molecule.  

 The FIA44k dataset includes mono-, bi-, and tridentate ligands (denticity classes, 

Figure 3.52C). The maximum size of the ligand was limited to 20, 50, and 70 atoms 

(including hydrogen atoms) for mono-, bi-, and tridentate ligands, respectively. 

 The denticity class “mono” was not further subclassified. For the other two den-

ticity classes (“bi” and “tri”), subclassification though ligand classes was imple-

mented. The “bi” class was further divided into three, the “tri” class into nine dif-

ferent ligand classes (Figure 3.52C). The ring size that is formed when the bi- and 

tridentate ligand, respectively, is attached to the central atom was used as the 

classification criterion. 

 The introduction of sub-denticity classes was necessary for molecules of the ligand 

class “bi” (Figure 3.52D) because multiple bidentate ligands were attached to cer-

tain central atoms. The defined sub-denticity classes are either of type “single” or 

“double”. “Single” refers to the attachment of one bidentate ligand, “double” to 

the attachment of two. The number of “single” sub-denticity classes is equal to 

the amount of available “bi” ligand classes, which is three. The number of “dou-

ble” sub-denticity classes is six. This results from the combination of all ligand 

classes with each other.  

 Bidentate and tridentate ligands were not combined, e.g., at central atoms of va-

lency five. 
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 Free valences at central atoms, e.g., after the attachment of a bidentate ligand to 

a central atom of valency three, were filled with so-called mini-ligands (Figure 

3.52E). Mini-ligands were introduced to avoid steric overloading of the molecules, 

which could for example happen if a bulky tridentate ligand would be attached to 

a central atom and would then be combined with one or two bulky monodentate 

ligands. Seven different mini-ligand classes were defined, six of them only have 

one member. 

 In general, the generation of homoleptic LAs (e.g., for molecules of the “mono” 

denticity class) was not enforced; though, it can happen randomly. 

The described taxonomy defines the general structure of the FIA44k dataset and pro-

vides rules for keeping it balanced (vide infra). It also provides the requirements for an 

automatic ligand generation routine. This is presented in the following sections of this 

chapter. 

Building blocks of the dataset 

For the automatic assembly of ligands, five different pools of information were com-

piled manually. The individual building blocks and their classification were obtained with 

the help of the ChemDraw software. To connect individual building blocks in a well-de-

fined manner, a wildcard atom system was developed. Connectable building blocks pos-

sess mutually matching wildcard atoms (identical atom map numbers) which were re-

moved after the actual chemical bond was formed. At the end of this chapter, a concrete 

example of a ligand and molecule assembly process is presented. 

1) The ligand cores are the anchor point for the construction of a ligand (Figure 

3.52C). They express attachment positions for caps and ligand substituents (vide 

infra). All cores are part of a hierarchical classification system of depth four. The 

first rung has three categories, corresponding to the three ligand classes “mono”, 

“bi”, and “tri” (vide supra). The second tier maps the donor atom classes in case of 

the monodentate ligands and the ligand classes in case of the bi- and tridentate 

ligands (vide supra). The third and fourth rung server for further chemical catego-

rization. For example, the “mono” core class has the C(sp3) subclass. This subclass 

is divided into “methyl” and “ethyl”, whereby the “methyl” class is further divided 

into “alkyl” and “heteroatom”. The “ethyl” class is split into “alkyl” and “vinyl”. A 

total of 1,682 different ligand cores was used. 

 



RESULTS AND DISCUSSION – AUTOMATED CONSTRUCTION OF A FLUORIDE ION AFFINITY DATASET 

119 

2) The ligand caps provide the donor atoms which make the connection to the cen-

tral atom (Figure 3.52F). They were classified in a hierarchical system of depth 

three. The first rung has three categories which were implemented based on the 

amount of atoms a given ligand cap extends a ligand core (separation between 

central atom and ligand core). Extensions by one, two, or three atoms are possible. 

The second rung represents the donor atom classes (vide supra). The third rung 

serves for further chemical categorization. For example, the 2-extension cap class 

has the C(sp2) subgroup. This subgroup is divided into “chain”, “chain-vinyl-exo”, 

“chain-vinyl-endo”, “ring-phenyl”, and “ring-heteroaryl”. Caps were required 

only for the construction of bi- and tridentate ligands as the ligand cores of mono-

dentate ligands are equipped with a donor atom. A total of 735 different ligand 

caps was used. 

The final three ligand building block pools contain substituents, which are attached 

to the ligand cores and caps. 

3) The aromatic ligand substituents allow for the introduction of aromatic substitu-

ents, for example, of a phenyl group (Figure 3.52G). They were categorized into a 

“phenyl” and “heteroaryl” subclass. A total of 62 aromatic ligand substituents was 

included. 

4) With aromatic ring substituents (Figure 3.53A), chemical variation of the just de-

scribed aromatic ligand substituents and all other aromatic portions of respective 

molecules is possible (Figure 3.52G). 15 substituents of that kind were used which 

were categorized into the three groups: “monoatomic”, “carbon-based”, and “het-

eroatom-based”. 

5) The 49 general substituents (Figure 3.53B) provide all other required substituents. 

Substituents for C(sp3), C(sp2) (either to form a new double bond or a vinylic 

bond), and heteroatoms (N, O, and S) are considered (Figure 3.52G). Some of them 

appeared in multiple of the four subclasses. 
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Figure 3.53: Molecular structures of ligand building blocks. A) Substituents of aromatic rings. B) General 
substituents. The six green structures (marked with an asterisk) were used for constructing less functional-
ized ligands (see main text for further details). Ar stands for an aryl group. 

Python implementation 

The so far described molecular logic of the FIA44k dataset was implemented in four 

separate Python modules: 

 autoPAMS (automatic generation of p-block atom-based molecular structures) 

 autoPAMS_LG (automatic generation of p-block atom-based molecular structures 

– ligand generation) 

 autoPAMS_F (automatic generation of p-block atom-based molecular structures 

– fluoride adduct) 

 autoPAMS_DM (automatic generation of p-block atom-based molecular structures 

– dataset manager). 
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autoPAMS_LG implements a generate_ligand(denticity_class, ligand_class, 

max_ligand_size) function. It is prompted with the desired denticity and ligand class as 

well as with the maximum ligand atom count. It returns a ligand SMILES string. The de-

sired donor atom classes are not passed to generate_ligand. This keeps the auto-

PAMS_LG code more concise and consistent across all denticity classes. Ligand caps are 

chosen randomly, and autoPAMS_LG keeps getting called until the donor atoms of interest 

are contained in the generated ligand. Within autoPAMS_LG, the individual ligand build-

ing blocks are chosen randomly from the building block hierarchies (vide supra) under the 

constraint of the requested denticity and ligand class. 

autoPAMS implements a generate_la_structure(central_atom, ligands, 

name) function. It is prompted with the desired central atom, the list of ligands, and the 

name string of the datapoint for identification. autoPAMS firstly assembles the individual 

building blocks of the molecule and secondly attempts the calculation of an initial three-

dimensional molecular structure. If the 3D embedding is successful, the datapoint is 

added to the raw dataset along with general molecular information as well as a 

<name>.xyz file, which stores the three-dimensional structure of the LA. In case the 3D 

structure generation fails, the LA structure generation process is retriggered until suc-

cessful embedding is achieved. 

autoPAMS_F is responsible for the generation of the starting structure of the fluoride 

adducts (FAs). For that, a generate_fa_structure(path_to_la_structure_file) 

function was implemented, which takes as input the file path to the structurally optimized 

Lewis acid structure and uses that to calculate a FA three-dimensional starting structure. 

autoPAMS_F constrains the Euclidian distance between the central atom and the new flu-

orine atom to a central atom-specific approximate value. After that, the atomic position 

of the fluorine is optimized by maximizing the distance between the fluorine atom and all 

other atoms in the structure. This circumvents a second RDKit embedding step, as this 

step is prone to failure. The obtained FA structure is saved in a <name>__F.xyz file, which 

has the fluoride atom in last atomic position. The Lewis acidic central atom is always at 

the first position. 

The autoPAMS_DM module is used to provide the main functionality for the generation 

of the dataset. It allows the generation of a new or the extension of an existing dataset. 

autoPAMS_DM is responsible for keeping the dataset balanced (vide infra). It requests lig-

ands with certain properties (denticity and ligand class) from autoPAMS_LG and passes 

the output to autoPAMS. If all processes conclude as expected, and all criteria are satisfied, 
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the corresponding molecule, along with its structural information, is included in the raw 

dataset. Subsequently, the quantum chemical workflow is initiated with separate routines. 

Notably, autoPAMS_DM is responsible for the selection of the donor atoms within the gen-

erated ligands according to the following two criteria. 

i) The least populated donor atom class (cf. Figure 3.52B) in the currently treated 

subset of the dataset must be present in the ligand. 

ii) The ligand must not include the two most populated donor atom classes in the 

currently treated subset of the dataset. 

Generation of the FIA44k dataset 

The described autoPAMS workflow was initialized three times to construct the FIA44k 

dataset. This was done to generate structures with varying degree of chemical complexity. 

The three subsets of FIA44k are: 

 The normal subset (14,599 datapoints); it was generated with the full set of build-

ing blocks. 

 The partially simplified subset (16,077 datapoints); it was generated with a re-

duced set of building blocks by limiting the used general substituents to those 

marked with an asterisk in Figure 3.53B. 

 The simplified subset (14,201 datapoints); it was generated with an even further 

reduced set of building blocks. In addition to the limited set of general substitu-

ents of the partially simplified subset, hydrogen was used as the only aromatic 

ring substituent (Figure 3.53A). 

Concrete example for the generation of a LA and FA molecular structure 

In this section of the chapter, the autoPAMS routines are illustrated with a concrete 

example (Figure 3.54). The LA starting structure generation process gets prompted as 

given in Figure 3.54A. This causes an inquiry of autoPAMS_DM to autoPAMS_LG to return a 

SMILES string corresponding to a bidentate ligand of ligand class “6”. This is done until a 

ligand with an O(sp2) donor atom is generated. O(sp2) is in this example the lowest-popu-

lated donor atom class of the currently treated subset of the dataset (central atom class: 

Si(IV), denticity class: bi, sub-denticity class: single, ligand class: 6). C(sp3) and N(sp2) are 

the two highest-populated donor atom classes and must not be contained in the gener-

ated ligand. 
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In the example, autoPAMS_LG selects an imine-type core that expresses three wild-

card atoms (Figure 3.54B). The wildcard atom labeled with “200” requests to be substituted 

with a cap that extends the core by two atoms. Accordingly, the label “100” of the other 

wildcard atom asks to be substituted with a cap that brings a one-atom extension. The 

request of these specific kinds of ligand caps ensures that a ligand is generated that will 

form a six-membered ring with the central atom when being attached. As 1-extension cap, 

autoPAMS_LG pics an oxygen atom, as 2-extension cap a carbothioic S-acid type cap (Fig-

ure 3.54B). 

The wildcard atom labeled with “13” requests to be exchanged against a substituent 

for a sp2-hybridized, per se, non-aromatic carbon atom by forming a single bond – a meth-

ylene bridge is picked (Figure 3.54B). The methylene group contains a wildcard atom la-

beled with “13” (connection to the core) and one labeled with “1000”. The latter requests 

an aromatic ligand substituent, which, in the chosen example, is a 1,3,5-trisubstituted 

benzene ring. This aromatic ligand building block has a wildcard atom labeled with “1000” 

(connection to the core, cap, or other general ligand substituent, respectively) and one 

labeled with “2”. This triggers the request of a substituent for an aromatic ring. A chlorine 

atom is chosen for that. It has only one wildcard atom (labeled “2”) which is used for the 

connection to the aromatic ligand building block. Due to that, the building block selection 

is terminated, and the individual pieces are assembled recursively. Finally, the ligand (in 

form of its SMILES string) is obtained as shown in Figure 3.54B. It is the result of the ligand 

generation process. 

autoPAMS_DM selects two mini-ligands (methyl and bromine) to complete Si(IV)’s va-

lence and passes them together with the generated bidentate ligand to autoPAMS. Now, 

the entire molecule is assembled, a three-dimensional starting structure is calculated, and 

the structure and the structural data are saved and get added to the raw dataset. After the 

quantum chemical workflow (vide infra) is completed for the LA, the optimized structure 

is given to autoPAMS_F. It generates the FA starting structure, which is also submitted to 

the quantum chemical workflow. 
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Figure 3.54: Workflow for the automated starting structure generation for the compilation of the FIA44k 
dataset. A) Prompt that is passed to the Python modules (light-gray boxes). B) Structure generation process 
for Lewis acid (LA) and fluoride adduct (FA). 

Mechanisms to keep the dataset balanced 

To conclude the presentation of how the FIA44k dataset was constructed, its individ-

ual categories and their relative proportion are described. In general, autoPAMS_DM en-

sures that molecules of the denticity classes “mono”, “bi”, and “tri” are represented in 

equal portions. Low-valent group 14-based molecules have an overall lower absolute 

count in the dataset as it is not possible to attach tridentate ligands to the respective 

central atoms while having the molecule remain neutral. 
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The molecules of denticity class “mono” were not categorized into further subgroups. 

Hence, autoPAMS_DM requests ligands from autoPAMS_LG such that the nine donor atom 

classes (cf. Figure 3.52B) are equally populated.  

The denticity class “bi” was divided into its ligand and sub-denticity classes (Figure 

3.52C/D). For each of these 3-tuples (e.g., central atom class: Si(IV), denticity class: bi, 

ligand class: 5), autoPAMS_DM works toward an as balanced as possible donor atom distri-

bution. Furthermore, it distributes the overall one third share of the denticity class “bi”: 

the sub-denticity classes “single” and “double” are equally represented (1/6 each). The 

ligand classes obtain equal shares within each sub-denticity class. In total, nine different 

ligand classes are obtained, which are grouped into two different sub-denticity classes. 

The denticity class “tri” was divided into its nine ligand classes, for which balanced 

donor atom distributions were sought. The one third share of the denticity class “tri” was 

equally divided between the nine ligand classes. 

Given the chosen chemical space, autoPAMS_DM keeps track of 291 individual donor 

atom distributions (“mono”: 21, “bi”: 117, and “tri”: 153) defined by the central atom, the 

denticity, and the ligand class. 

Quantum chemical workflow 

To close this chapter, the applied quantum chemical workflow for the construction of 

the FIA dataset is presented. Conformational searching was done with the CREST algo-

rithm (conformer-rotamer ensemble sampling tool) using GFN2-xTB. Structure optimiza-

tions and frequency calculations were done at the PBEh-3c level of theory. For final single 

point energy calculations RI-DSD-BYLP-D3(BJ)/def2-QZVPP was used. The COSMO-RS 

scheme for CH2Cl2 (298.15 K) was applied to implicitly account for solvent influences dur-

ing the calculation of the solution phase FIA (FIAsolv). The references to utilized software, 

methods, and basis sets are given in Chapter 5.2. Thermochemical corrections were ob-

tained at 298.15 K and 1 bar. Gas phase FIA values (FIAgas) were calculated with the 

fluorotrimethylsilane anchoring system (cf. Figure 1.8 in the Introduction). FIAsolv was ob-

tained with 

 
퐹퐼퐴 = 퐹퐼퐴 − ∆퐻 (퐹퐴) − ∆퐻 (퐿퐴) − ∆퐻 (퐹 ) , (3.1) 

in which ΔHcorr refers to the individual solvent corrections to enthalpy values. 
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The first step toward a FIA datapoint was the conformational searching and structure 

optimization for LA. The lowest energy conformer based on the ordering provided by the 

GFN2-xTB level of theory was used in the PBEh-3c calculation. After structure optimiza-

tion, the atom connectivity of the optimized structure was compared to the expected one 

based on the known SMILES string. This was done with a modified version of xyz2graph 

(https://github.com/zotko/xyz2graph, last accessed on January 02, 2024). If the two con-

nectivity arrays were found identical, the frequency calculation was done, if not, the data-

point was eliminated from the dataset. In case the frequency calculation resulted in the 

presence of at least one imaginary vibrational mode, the structure was displaced along 

this mode and was reoptimized, and the frequency calculation was repeated. This was 

done for a maximum of 30 cycles. If it was possible to remove the imaginary mode, the 

atom connectivity of the final optimized structure was checked again as described above.  

If a LA structure with zero imaginary modes and expected atom connectivity was ob-

tained, the FA starting structure was generated with the autoPAMS_F module. It was sub-

mitted to the same routine as the LA starting structure. If both an LA and FA structure 

with zero imaginary modes and expected atom connectivity were obtained, the final single 

point energy and COSMO-RS calculations were done. If they were successful, the data-

point was added to the dataset, if not, it was eliminated. 

The deformation energies for all datapoints of the constructed FIA dataset were com-

puted (cf. Chapter 3.11). 107 datapoints with a negative deformation energy were removed. 

The deformation energy is defined as the difference in electronic energy of the relaxed LA 

structure and the structure of the LA in the FA but with the fluoride anion removed (Figure 

1.7 in the Introduction). 

Conclusion 

Large and chemically diverse datasets as well as their efficient generation are crucial 

for the successful development of statistical models. By applying the developed Python 

routines (autoPAMS) and quantum chemical workflows presented within this chapter, a 

FIA dataset holding 44,877 unique datapoints was obtained (FIA44k). The collected data 

is of RI-DSD-BLYP-D3(BJ), COSMO-RS(CH2Cl2)/def2-QZVPP//PBEh-3c quality. The anal-

ysis of FIA44k is discussed in Chapter 3.11. To train, test, and apply machine learning 

models for FIA regression, the FIA44k dataset was expanded to the final FIA49k dataset, 

which has 48,986 datapoints. These expansions are described in the following chapter. 

 

https://github.com/zotko/xyz2graph,
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3.10 Augmentation of the FIA44k Dataset 

By the time this dissertation was written, the results presented within this chapter were 

submitted for peer review: L. M. Sigmund, S. Sowndarya S. V., A. Albers, P. Erdmann, R. S. 

Paton, L. Greb, “Predicting Lewis Acidity: Machine Learning the Fluoride Ion Affinity of p-

Block Atom-based Molecules”. This chapter was written based on the mentioned paper draft. 

Some of the results shown below were generated in collaboration with PHILIPP ERDMANN. The 

generated FIA dataset and all developed Python code was published on GitHub 

(https://github.com/GrebGroup/fia-gnn) and figshare (https://figshare.com/projects/FIA-

GNN/187050).  

Introduction and background 

n the previous chapter, the FIA44k dataset, its taxonomical details, and the underlying 

Python routines were presented. In this chapter, five extensions to FIA44k are intro-

duced to yield the final FIA49k dataset with 48,986 datapoints. The extensions are as fol-

lows. 

 FIA2k-CSD has 2,389 datapoints and contains examples which were extracted 

from the Cambridge Structural Database (CSD). 

 FIA911-ring4 includes 911 datapoints. It is composed of molecules which all have 

the central atom embedded within a four-membered ring. This structural motive 

is not contained in the FIA44k dataset. 

 FIA763-bimacro spans 763 datapoints. This subset contains structures which all 

feature a bidentate macrocyclic ligand (such as for example in 9-BBN). This struc-

tural motive is also not part of the FIA44k dataset. 

 FIA31-cat has 31 datapoints (Figure 3.59). All molecules of the FIA31-cat subset 

have perfluoro- or perchlorocatecholato ligands. These ligands have been applied 

in multiple studies to prepare strong neutral p-block atom-based Lewis acids.379-

381, 391-393 

 FIA15-PTCat encompasses 15 datapoints which are differently substituted bo-

ranes (Figure 3.60). Some of the included molecules were investigated by 

KIRSCHNER et al. as phase transfer catalysts for fluoride anions.362 

 

 

I
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FIA2k-CSD dataset 

The Cambridge Structural Database was consulted to search for additional molecules 

for the enlargement of the FIA44k dataset. This was done using the 2022.3.0 CSD software 

portfolio, leveraging its Python application programming interface (API), version 

3.0.14.394 The CSD was searched complying with the in Chapter 3.9 formulated dataset 

construction rules. The concrete criteria to search the CSD were: 

 All database entries classified as being polymeric were excluded. 

 All entries classified as having at least one charged atom were excluded.  

 Allowed ligand atoms were H, C, N, O, S, F, Cl, Br, and I (cf. Figure 3.52B). 

 Only entries that have exactly one atom of the 21 different options as shown in 

Figure 3.52A were considered. These atoms are the central atom to which the flu-

oride anion binds in the fluoride adduct. 

 Only the heaviest component of each entry was considered, and only if it was pos-

sible to obtain it as SMILES string representation. This was done to exclude co-

crystallized solvent molecules. 

For the actual search, the SMARTSSubstructure class of the ccdc.search module 

was used. The provided smarts were of the form 

“[<central_atom>X<valency>v<valency>]-[#6,#7,#8,#16]”, 

in which “central_atom” was the central atom symbol (e.g., “Al”) and valency its oxida-

tion state (e.g., “3”) as given in Figure 3.52A. The described workflow resulted in 16,969 

hits. The obtained SMILES representations were further filtered using RDKit: 

 Hits with unpaired electrons at ligand atoms were removed. It was ensured that 

there are no unpaired electrons at central atoms except for lone electron pairs 

which are classified as unpaired by RDKit (e.g., at Si(II) central atoms). 

 Hits with triple bonds were removed. They are not part of the dataset. 

 Hits with ligands which were not mono-, bi-, or tridentate were removed. 

 Hits with heteroatom-heteroatom bonds (e.g., S-S or N-O bonds) were removed. 

 Hits with deuterium labels were removed. 

 Hits with more than 120 atoms were removed. 
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These restrictions narrowed down the CSD dataset to 12,572 entries (Figure 3.55A). 

The distribution of hits among the central atom classes is highly unbalanced. It ranges 

from eleven hits for Si(II)-based molecules to 4,607 for compounds with Si(IV). This would 

be problematic when statistical models are trained with such a dataset as a significant 

bias toward the highly populated central atom classes would be introduced. 

 
Figure 3.55: FIA dataset of molecules from the Cambridge Structural Database. A) Distribution with respect 
to the 21 different central atom classes (cf. Figure 3.52A) after filtering the entire database. B) Distribution 
of the successfully obtained FIA values (FIA2k-CSD dataset). 

As it would be computationally to demanding to attempt the FIA calculation of all 

12,572 molecules, a third selection step was implemented. For that, the maximum number 

of datapoints per central atom class was restricted to 500. If less than 500 datapoints were 

found in a given central atom class, all were selected for the submission to the quantum 

chemical workflow (cf. Chapter 3.9). If it was more than 500, a MinMax picking strategy 

(based on Tanimoto similarities395 and Morgan fingerprints396) was followed to reduce the 

number of molecules. 

In a final step, three-dimensional starting structures were calculated from the list of 

selected SMILES strings. This was done with the ConformerGenerator class of the 

ccdc.conformer module. Ultimately, 4,735 datapoints were subjected to the quantum 

chemical workflow of which 2,389 made it to the final FIA2k-CSD dataset (Figure 3.55A). 

The final distribution of successful datapoints still resembles the unbalanced situation of 

the initial filtering result, though to a lesser extent (Figure 3.56). The unbalanced situation 
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also transpires when analyzing FIA2k-CSD with respect to the three denticity classes 

“mono”, “bi”, and “tri”, whereat the latter is clearly underrepresented (Figure 3.56B). The 

donor atom distribution (atom binding to the central atom, Figure 3.56C) is dominated by 

the carbon-based donor classes, while especially the two sulfur classes are clearly un-

derrepresented. 

 
Figure 3.56: The FIA2k-CSD dataset. Composition of the dataset with respect to A) the 21 different central 
atom and three denticity classes, B) the overall distribution among the three denticity classes, and C) the 
atom types directly binding to the central atoms. 
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FIA911-ring4 dataset 

The starting structures of the FIA911-ring4 dataset were obtained by composing 122 

different ligands in ChemDraw, and the structure assembly functionality of autoPAMS (cf. 

Chapter 3.9) was used to build up the final three-dimensional starting structures. 80 start-

ing structures were generated for each of the 21 central atom classes by randomly picking 

ligands from the pool of the available 122 bidentate ligands. Free valences at the central 

atoms after attaching the bidentate ligand were saturated with mini-ligands (Figure 

3.52E). 

Within FIA911-ring4, all central atom classes are represented, while the Al(III) and 

Pb(IV) subgroups are slightly underpopulated (Figure 3.57A). The donor atom distribution 

shows a significant presence of C-, N-, and S-donors (Figure 3.57B). The O(sp2) subclass is 

underrepresented compared to the other non-monoatomic classes because only a small 

number of the 122 chosen bidentate ligands had sp2-hybridized oxygen atoms. 

 
Figure 3.57: The FIA911-ring4 dataset. Composition of the dataset with respect to A) the 21 different central 
classes and B) the atom types directly binding to the central atoms. 
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FIA763-bimacro 

The starting structures of the FIA763-bimacro dataset were obtained by composing 

88 different ligands in ChemDraw, and the structure assembly functionality of autoPAMS 

(cf. Chapter 3.9) was used to build up the final three-dimensional starting structures. 60 

starting structures were generated for each central atom class by randomly picking lig-

ands from the ligand pool. Free valences after attaching the bidentate ligand were satu-

rated with mini-ligands (Figure 3.52E). 

All central atom classes are represented equally. Only the low-valent group 14 classes 

are slightly underrepresented (Figure 3.58A). Regarding the donor atom distribution, the 

O(sp2) and S(sp2) class are not populated as it is not possible to construct macrocyclic bi-

dentate ligands with these atom types (Figure 3.58A). The populations of the respective 

sp3 classes stem from the mini-ligands. 

 
Figure 3.58: The FIA763-bimacro dataset. Composition of the dataset with respect to A) the 21 different 
central classes and B) the atom types directly binding to the central atoms. 
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FIA31-cat dataset 

 
Figure 3.59: The FIA31-cat dataset. 

 

 



RESULTS AND DISCUSSION – AUGMENTATION OF THE FIA44K DATASET 

134 

FIA15-PTcat dataset 

 
Figure 3.60: The FIA15-PTcat dataset. 

Conclusion 

In this chapter, the expansion of the FIA44k dataset (44,877 datapoints) to the final 

FIA49k dataset with 48,986 datapoints was presented. Five additional subsets were added, 

introducing molecules, for instance, from the CSD, from outside the structural scope of 

FIA44k, or from catalysis research from the literature. Most importantly, these expansions 

will allow an ample testing of ML models for FIA regression as it is described in Chap-

ter 3.12. Before this was carried out, the FIA44k dataset, which is the major source of data, 

was analyzed. The obtained results are the subject of the following chapter. 
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3.11 Analysis of the FIA44k Dataset 

By the time this dissertation was written, the results presented within this chapter were 

submitted for peer review: L. M. Sigmund, S. Sowndarya S. V., A. Albers, P. Erdmann, R. S. 

Paton, L. Greb, “Predicting Lewis Acidity: Machine Learning the Fluoride Ion Affinity of p-

Block Atom-based Molecules”. This chapter was written based on the mentioned paper draft. 

Some of the results shown below were generated in collaboration with ANDREAS ALBERS. The 

generated FIA dataset and all developed Python code was published on GitHub 

(https://github.com/GrebGroup/fia-gnn) and figshare (https://figshare.com/projects/FIA-

GNN/187050).  

Introduction and background 

n the previous two chapters of this dissertation, the generation of FIA49k, a FIA dataset 

of p-block atom-based molecules with 48,986 datapoints, was presented. The major 

portion of FIA49k is the FIA44k subset with 44,877 datapoints. In Chapter 3.12, it is de-

scribed how FIA49k was used to train, test, and deploy ML models for FIA regression. For 

the development of any ML model, it is essential to gain an as detailed as possible under-

standing of the used data. Therefore, the FIA44k dataset as the main source of training 

data for the developed statistical models is analyzed in detail within this chapter. This is 

done based on some of its underlying design principles (cf. Chapter 3.9). In the second part 

of this chapter, correlations and trends within the extracted data are investigated. 

Composition and chemical balance 

The FIA44k dataset is evenly distributed among the central atom classes (Figure 

3.61A). The P(III) and Pb(IV) classes are slightly underrepresented. This is because the FIA 

calculations for these central atom classes were more prone to failure. P(III)-based mole-

cules intrinsically show low FIA values, often resulting in dissociation of the fluoride ad-

duct. Molecules with Pb(IV) central atoms tended to undergo reductive elimination to 

give Pb(II) compounds. Because the low-valent group 14 molecules cannot have triden-

tate ligands, they contribute less to FIA44k. Moreover, the compiled dataset is evenly dis-

tributed among the denticity classes “mono”, “bi”, and “tri” with relative shares of 32, 40, 

and 28%, respectively (Figure 3.61B). 

Figure 3.61C shows the distribution of atoms directly binding to the central atoms. An 

even distribution of the non-monoatomic cases exists. During the construction of the da-

taset, the monoatomic ligands (hydrogen, halogens) were treated within a general 

I
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“monoatomic” class from which ligands were sampled. Due to that, they have a lower ab-

solute contribution. The reason for that is that monoatomic ligands bring much less po-

tential for molecular complexity and diversity compared to polyatomic groups. Therefore, 

it was decided to include monoatomic ligands to a lesser extent. The molecules of the 

FIA44k dataset possess a diverse set of functional groups in their ligands. 5,265 different 

substructures and 2,987 different ring systems were identified.  

 
Figure 3.61: Composition of the FIA44k dataset. Distribution of the dataset with respect to A) the 21 central 
atom and three denticity classes, B) the overall denticity classes, and C) the atom types directly binding to 
the central atoms. 

Trends and correlations 

The FIAgas values of FIA44k span a total range of 753 kJ mol−1. The minimum value is 

10, the maximum value 763, and the mean value 309 kJ mol−1. For FIAsolv, the range is with 

744 kJ mol−1 virtually identical compared to the gas phase data, with the extrema at −201 

and 543 kJ mol−1. The observed shift toward lower affinities is due to solvation damping. 

The mean FIAsolv value is 124 kJ mol−1. Because FIAgas and FIAsolv are strongly linearly cor-

related, the following discussion is limited to FIAgas. 

In general, the FIA distributions get sharper when going down a group of the periodic 

table (Figure 3.62A). The highest FIA values are found for group 13 molecules, with alu-

minum-based molecules being the most Lewis acidic (on the FIA scale) – the Al(III) cen-

tral atom class has an average FIAgas of 471 kJ mol−1. B(III), as the only central atom of the 
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second period of the periodic table, is clearly separated from the other group 13 molecules 

toward lower FIA values.397  

For molecules with group 14 centers, the low-valent central atom classes have higher 

FIA values compared to the high-valent cases. In general, the FIA decreases with increas-

ing atomic number. This is an interesting observation, since previous research on neutral 

group 14 Lewis acids primarily focused on the high-valent congeners. For molecules with 

central atoms from group 15, the situation found for group 14 is inverted. The low-valent 

central atom classes have lower FIAs compared to their high-valent counterparts. Like-

wise, the FIA increases with the atomic number. When the FIA values were analyzed with 

respect to the three denticity classes, an increase in FIA as well as an increasingly wider 

distribution with higher ligand denticity was found (Figure 3.62B). Hence, the highest FIA 

values are achieved for molecules with tridentate ligands. 

 
Figure 3.62: The distribution of FIA values within the FIA44k dataset. Violin plots for the calculated FIAgas 
values with respect to A) the 21 different central atom classes and B) the three denticity classes. Low-valent 
group 14 molecules were omitted in B) because they cannot have tridentate ligands. The calculations were 
done at the RI-DSD-BYLP-D3(BJ)/def2-QZVPP//PBEh-3c level of theory. The numbers below the violins are 
the class-specific mean values. 

Next, the correlation of the FIA with other intrinsic Lewis acidity descriptors was in-

vestigated. As already mentioned above, the linear correlation between FIAgas and FIAsolv 

is with an r2 value of 0.921 high (Figure 3.63A). On average, FIAsolv (calculated for CH2Cl2 

as solvent) is 185 kJ mol−1 lower than FIAgas. The line of best fit in the FIAsolv versus FIAgas 

plot has a slope of 0.9077. This means that by trend high FIAgas values get more strongly 

damped when converted to FIAsolv. Accordingly, relatively low FIAgas values experience a 

less strong reduction. A practical estimate of FIAsolv (± 16 kJ mol−1) can be obtained from 

FIAgas with 
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퐹퐼퐴  =  0.9077 ⋅  퐹퐼퐴  −  157 푘퐽 푚표푙 . (3.2) 

Lastly, the FIAgas values were related to descriptors obtained for the Lewis acids from 

the DFT calculations: the LUMO energy (Figure 3.63B), the GEI (Figure 3.63C), and the 

Mulliken charge of the central atom (Figure 3.63D). There is no linear correlation between 

any of these quantities and FIAgas when considering the entire FIA44k dataset at once. 

This clearly distinguishes the FIA as a distinctive scale encoding more chemical infor-

mation than the electronic descriptors. However, when the FIA and GEI were evaluated 

separately with respect to the central atom classes, r2 values of up to 0.698 were found. 

Such correlations were noticed before by others for much smaller subsets of Lewis acids.60-

61 

 
Figure 3.63: The linear correlation of the FIA with other quantum chemical descriptors. Relation of FIAgas 
to A) FIAsolv, B) the LUMO energy, C) the GEI, and D) the Mulliken charge of the central atom of the Lewis 
acid. The DFT descriptors were obtained at the PBEh-3c level of theory. 

Stereochemical considerations 

With respect to stereochemistry, FAs with pentavalent central atoms (e.g., Si(IV)-

based molecules), per se, can adopt two different stereoisomeric conformations depending 

on the position of the added fluoride anion. It can either be in equatorial or apical site 

(Figure 3.64). Within the FIA44k dataset, this scenario applies to Si(IV)-, Ge(IV)-, Sn(IV)-, 

and Pb(IV)-based molecules. 
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apical

equatorial

 
Figure 3.64: The trigonal bipyramid and its two distinct positions. 

For further investigation, the FAs of the four mentioned central atom classes were 

analyzed by determining the maximum fluoride-central atom-X angle (X is any of the four 

other direct neighbors of the central atom). The obtained distribution revealed the coex-

istence of both isomeric forms within the FIA44k dataset, with a preference for the fluo-

ride occupying the apical position (Figure 3.65). The ratio between the two isomeric forms 

is approximately 3:1. This aligns with the apicophilicity of the electronegative fluorine 

atom.398-399 Notably, this distribution “naturally” emerged from the CREST conforma-

tional searches and structure optimizations. It was not specifically controlled whether the 

initial structure of the FA (which was fed to CREST) represented rather the apical or equa-

torial isomer. Given low isomerization barriers, the resulting distribution is expected to 

be valid and not an artifact of the random generation process of the FA starting structures. 

 
Figure 3.65: Stereochemistry of pentavalent fluoride adducts. Maximum angle (fluoride-central atom-X) 
distribution within a subset of the FIA44k dataset (molecules with high-valent group 14 central atoms) with 
respect to A) the denticity classes and B) the central atom classes. 

Intriguingly, when the distribution was divided in half at an angle of 150° and the 

mean FIAgas value was calculated, 327 for the equatorial half and 290 kJ mol−1 for the apical 

half were obtained – a difference of 37 kJ mol−1. This indicates a clear difference between 

the two subgroups of molecules. As the difference between the two mean values is that 

large, it can be assumed that ML models must learn this classification in order to produce 
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accurate results. As shown at the end of Chapter 3.12, there is considerable evidence for 

the herein presented FIA model, FIA-GNN, having adapted to this additional task to a 

significant extent. 

Deformation energy 

The deformation energy (DE) required for fluoride anion binding (cf. Figure 1.7 in the 

Introduction) was calculated for all LAs of the FIA44k dataset at the RI-DSD-BLYP-

D3(BJ)/def2-QZVPP//PBEh-3c level of theory (Figure 3.66). The DE is an important factor 

influencing Lewis acidity of molecules in a universal sense and is important to be consid-

ered during the design of new LAs. The average DE of the FIA44k dataset is 100 kJ mol−1. 

Generally, the mean DE decreases when going down a group of elements of the periodic 

table. It is lowest for molecules with a low-valent central atom from group 14 ranging 

between 54 and 31 kJ mol−1. The highest DEs are found for their high-valent congeners. 

Si(IV)-based molecules have a mean DE of 203 kJ mol−1. The archetypical building blocks 

for Lewis acids, that is, the group 13 elements have DEs between 192 and 68 kJ mol−1, with 

boron being clearly the least flexible in terms of F− binding. 

 
Figure 3.66: Molecular deformation due to fluoride anion binding. Distribution of the calculated defor-
mation energies due to fluoride anion binding of the FIA44k dataset with respect to the 21 different central 
atom classes (cf. Figure 3.52A). 

With increasing ligand denticity, the mean DE decreases from 119 kJ mol−1 for mole-

cules with only monodentate ligands to 111 and 100 kJ mol−1 for bi- and tridentate cases, 

respectively. d  This shows that structural constraint imposed by polydentate ligands 

 
d Molecules with low-valent group 14 central atoms were omitted as they cannot have tridentate lig-
ands. 
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indeed can reduce the energetic cost of structural deformation which contributes to an 

increase in FIA (cf. Figure 3.62B). Figure 3.67 shows that the DEs mostly continuously de-

crease with increasing ligand denticity. Exceptions are for instance Ga(III) and In(III) for 

which molecules with a bidentate ligand on average have higher DEs than molecules with 

monodentate ligands. Simultaneously, group 13-based molecules show the largest drop 

in DE when going from bi- to tridentate ligands. Molecules with a B(III) central atom and 

a tridentate ligand on average require 37 kJ mol−1 less DE than analogous compounds with 

a bidentate ligand. This means that group 13 atoms can effectively capitalize on ligand-

imposed structural constraint, which contributes to high FIA values (cf. Figure 3.62A). 

 
Figure 3.67: Mean deformation energies with respect to the 21 central atom and three denticity classes 
for the FIA44k dataset. 
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Lastly, the DE was directly correlated with the FIA (Figure 3.68). To avoid the influence 

of ligand-induced structural strain as much as possible, the FIA44k dataset was reduced 

to molecules of denticity class “mono” for this analysis. As expected, there is no overall 

linear correlation between the two quantities. This means that the FIA is representing 

more molecular properties (in terms of Lewis acidity) than sole structural flexibility dur-

ing fluoride anion binding. However, Figure 3.68 nicely illustrates the relevance of the DE 

for the FIA. Si(IV)-based molecules show the highest DEs and in turn only reach medium 

high FIA values. Contrastingly, the molecules with Si(II) centers have very low DEs; 

though, other electronic conditions imparted by the low-valent state prevent to reach 

maximum FIA values. At the same time, Al(III) LAs show low to medium large DEs and 

reach the highest FIA values within the FIA44k dataset. 

 
Figure 3.68: The fluoride ion affinity plotted against the deformation energy for the FIA44k dataset. Only 
molecules with monodentate ligands were considered. 

Conclusion 

Large datasets of high quality and an in detail understanding of them are essential for 

the development of ML models. Within this chapter, the FIA44k dataset was thoroughly 

analyzed regarding its composition and linear correlations. Stereochemical aspects were 

discussed, and the DEs for fluoride anion binding of the LAs of the dataset were investi-

gated. Most importantly, the balanced distribution of FIA44k with respect to various pa-

rameters, as it was intended during the construction of the dataset with the autoPAMS 

workflow (cf. Chapter 3.9), was ensured. This is important, for example, for splitting the 

dataset into train, validation, and test portions which is required for the development of 

statistical models. In the following chapter, the construction of different ML models for 

FIA regression is presented, and the best performing models are applied in four different 

case studies. 
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3.12 Machine Learning Models for FIA Regression and their 
Application 

By the time this dissertation was written, the results presented within this chapter were 

submitted for peer review: L. M. Sigmund, S. Sowndarya S. V., A. Albers, P. Erdmann, R. S. 

Paton, L. Greb, “Predicting Lewis Acidity: Machine Learning the Fluoride Ion Affinity of 

p‑Block Atom-based Molecules”. This chapter was written based on the mentioned paper draft. 

The FIA-GNN training was conducted by SHREE SOWNDARYA S. V.. The developed ML models 

and all further Python code was published on GitHub (https://github.com/GrebGroup/fia-

gnn). 

Introduction and background 

n the past decade, data-driven and statistical models have gained increasingly large 

attention in many branches of chemical research.162, 164-166, 400-402 As described in the In-

troduction in Chapter 1.7, ML algorithms like ANNs automatically extract potentially com-

plex patterns from datasets. By that, they simplify or even open up the way to valuable 

information within a fraction of time compared to conventional approaches. ML models 

are thus well-suited to circumvent quantum chemical calculations of molecular or reac-

tion properties.163, 403-404 A huge number of ML regressors was trained for the prediction of 

various quantities, for example, orbital energies405-408, bond dissociation enthalpies173, 409-

412, NMR chemical shifts172, 413-418, atomic partial charges419-421, and others.175, 406, 422-425 Also, 

predictors for Mayr’s electrophilicity parameter426-428 and BF3 affinities of organic Lewis 

bases429 exist. However, a statistical model for the prediction of FIA values, one of the key 

descriptors for Lewis acidity, has not been reported. 

In this chapter, ML models that can predict the gas and solution phase (CH2Cl2) FIA 

values of a chemically diverse set of p-block atom-based molecules comprising 13 differ-

ent elements (B, Al, Ga, In, Si, Ge, Sn, Pb, P, As, Sb, Bi, and Te) are presented. The best-

performing models are GNNs, and they operate with a mean absolute error of around 

14 kJ mol−1 (r2 = 0.93). Decision tree-based models trained with Morgan fingerprint and 

2D molecular descriptor features were also tested and compared to the GNNs. For training 

of the FIA models, the FIA49k dataset was used (see Chapter 3.9 and 3.10). The applicabil-

ity of the best models is demonstrated in four different case studies in the second half of 

this chapter. 

Additional references to used software and version numbers are given in Chapter 5.3. 

I



RESULTS AND DISCUSSION – MACHINE LEARNING MODELS FOR FIA REGRESSION AND THEIR APPLICATION 

144 

Splitting of the dataset 

Before the ML models were trained, the FIA49k dataset was split in train, validate, and 

test portions. The FIA44k section of the entire dataset was randomly split in a 70 : 15 : 15 

ratio into train, validate, and test sets. Next, the FIA2k-CSD dataset was divided into two 

equal portions. The first of which was added to the train and validate set respectively, in 

such a way that the 70 : 15 ratio of train and validate was maintained. The second half was 

held-out for testing the final best performing models. Because the FIA2k-CSD dataset 

shows significant central atom class imbalances (cf. Figure 3.55), it was split randomly but 

stratified by the central atom class label. The models were trained independently to either 

predict FIAgas or FIAsolv and were evaluated with respect to mean absolute error (MAE) and 

squared Pearson correlation coefficient (r2). 

Decision tree-based FIA models 

As baseline models, random forest (RF) regressors154 with 100 trees were trained using 

Morgan fingerprints396 (calculated for the whole molecules) of radius 3 and length 2048 

as features. Baseline models are important as benchmark for further, more sophisticated 

models. A FIAgas RF model that made predictions for the test set of FIA44k with an MAE 

of 32.2 kJ mol−1 (r2 = 0.660) was obtained. The FIAsolv model’s accuracy was marginally 

higher (MAE = 29.8 kJ mol−1, r2 = 0.661). As expected, FIAgas and FIAsolv can be predicted to 

a similar degree of precision. The change to a LightGBM regressor with 2000 boosting 

rounds and early stopping instead of the RF model slightly increased the accuracy for both 

the FIAgas (MAE = 28.3 kJ mol−1, r2 = 0.738) and FIAsolv model (MAE = 27.1 kJ mol−1, r2 = 

0.728). The generated results indicate that molecular fingerprints (the way they were ap-

plied) are features of mediocre quality for FIA prediction. 

Next, all two-dimensional molecular descriptors available in RDKit390 and mordred152 

for the LAs (including hydrogen atoms) of the FIA49k dataset were calculated. After fea-

ture reduction, which was carried out in two rounds, a set of 296 features was obtained. 

Firstly, numerically malformatted (e.g., NaN or infinite values) and linearly correlated fea-

tures were removed. Secondly, LassoCV154 (with FIAsolv as target value) was used to further 

reduce the features. All features with a coefficient below 0.1 were discarded. 

When the LightGBM regressor was retrained with the 296-dimension molecular de-

scriptor feature space, a significant improvement in accuracy was observed. The newly 

obtained FIAgas model made predictions for the test set with an MAE of 17.4 kJ mol−1 

(r2 = 0.899), and the FIAsolv model with an MAE of 15.8 kJ mol−1 (r2 = 0.902). 
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Understanding the 296-dimensional molecular descriptor feature space 

The initial 296-dimensional feature space (vide supra) of the train set was subjected 

to a supervised partial least squares (PLS)154 regression to 25 dimensions (using FIAgas) 

followed by an unsupervised UMAP (Uniform Manifold Approximation and Projection) di-

mensionality reduction into 2D.430 An embedding resulted that shows separation of the 

dataset into the central atom classes and also gathering of central atom classes of the 

same group of the periodic table (Figure 3.69). Moreover, it singularizes the central atom 

classes with the highest (Al(III), Ga(III), In(III)) and lowest (P(III), As(III)) mean FIA val-

ues. This illustrates that clustering of the data occurs primarily based on the central ele-

ment type, which is thus identified as important parameter that influences the FIA as well 

as its prediction. 

 
Figure 3.69: Dimensionality reduction of the molecular descriptor feature space for FIA prediction. Two 
dimensional UMAP embedding of the train and test dataset of FIA44k obtained from a 25-dimensional PLS 
embedding. The reducers were trained with the train set. The supervised PLS regression was done with  
FIAgas. 

SHAP analysis of the LightGBM model 

To get further insights into the influence of the individual features on the FIA predic-

tions of the LightGBM models, which used the 2D molecular descriptor features, SHAP 

(Shapley additive explanations)431 values were calculated using the fitted FIAsolv model. 

The SHAP algorithm is a game theoretical approach which attempts to explain the output 

of ML models. It assigns each used feature an importance value; thus, it allows to better 

understand which part of the feature space was considered “important” by the ML model 

to obtained the results.432 
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For the present application, the by far highest ranked feature was the BCUTpe-1l de-

scriptor. This is the first lowest eigenvalue of the Burden matrix weighted by Pauling elec-

tronegativity. The Burden matrix is a modified adjacency matrix.433 For the FIA49k da-

taset, the BCUTpe-1l descriptor is the central atom Pauling electronegativity adjusted by 

the molecular framework (atom electronegativities and chemical bonds) around it. This 

is because the central atom is the most electropositive one for all molecules within the 

dataset, and therefore it is represented in the lowest eigenvalue of the weighted Burden 

matrix. 

Remarkably, the BCUTpe-1l values of the FIA49k dataset show linear correlation (up 

to r2 = 0.580 for Bi(III)-based molecules) with the Mulliken charges of the central atom. 

The correlation was done central atom class wise. This demonstrates that topological de-

scriptors contain information about quantum chemical properties. Similar conclusions 

can be drawn for the second highest ranked feature (according to the SHAP analysis). It is 

the first highest eigenvalue of the Burden matrix weighted by van-der-Waals volume. Ex-

cept for boron-based molecules, the central atom is the largest atom in each molecule of 

the FIA49k dataset. Overall, this analysis further demonstrates the importance of central 

atom features, namely “electronegativity” and “size” (fine-tuned by ligand influences), for 

FIA predictions with ML models. BCUT descriptors were also used before in previous stud-

ies.434-435 

Graph neural networks for FIA prediction 

To reach even higher predictive accuracy, message-passing graph neural networks 

(GNNs) were considered within the nfp Python package (cf. Chapter 1.7 in the Introduc-

tion).178 Firstly, the two-dimensional molecular graph was transformed to an atom and 

bond token vector, respectively, by following a small number of node and edge classifica-

tion rules: for atoms, the atom symbol and degree (neighbor count) were used; for bonds, 

the participating atoms (start and end atom) and the bond order were applied (Figure 

3.70A). Secondly, each token was used to obtain initial atom and bond embeddings of 

length 128. These embeddings were sequentially updated during six rounds of message 

passing on the molecular graph. Updates were performed in the order bond, atom, and 

finally global (Figure 3.70B). The overall model was also given molecule features. They 

were exploited to provide further information on the central atom: the period and group 

of the central atom in the periodic table, its oxidation state, the number of rings the cen-

tral atom is part of, and the number of ligands that are attached to it were used (Figure 

3.70A). They were passed through the final readout network together with the learned 
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graph embeddings. Models were optimized with the AdamW optimizer for 500 epochs 

with an inverse time decay schedule for learning rate and weight decay and the best of the 

500 obtained models was taken as the final result. A FIAgas model which made predictions 

for the test set with an MAE of 13.1 kJ mol−1 (r2 = 0.931), and a FIAsolv model with an MAE 

of 12.3 kJ mol−1 (r2 = 0.927) were obtained. 

 
Figure 3.70: FIA prediction with message-passing graph neural networks. A) Featurization of molecular 
graphs (obtained from SMILES strings) using atom, bond, and molecule features. B) Model architecture. na 
means number of atoms, nb number of bonds. “Dense I” is a set of three fully connected layers (512, 256, 
and 128 neurons). “Dense II” expands the molecule features to 128 dimensions with a single layer and after 
concatenation provides a set of four fully connected layers for read-out (128, 64, 32, and 1 neuron(s)). 

Ultimately, the FIA GNN models were extended by another input layer taking in a vec-

tor of the shortest bond path length between a given atom and the central atom. This 

provides information on the concentricity of the problem at hand. Potentially, the influ-

ence of a certain atom depending on its distance to the central atom is learned. Indeed, 

this input of additional information resulted in a slight drop in MAE to 12.1 kJ mol−1 

(r2 = 0.939) for FIAgas and 11.7 kJ mol−1 (r2 = 0.935) for FIAsolv. These are the best FIA pre-

dictions which were obtained. The respective model is called FIA-GNN, and its overall 

architecture is depicted in Figure 3.70B. 

To put these results into perspective, the FIA span of the FIA49k dataset is around 

750 kJ mol−1. Hence, the MAEs are less than 2% of this wide range. Also, they are on the 
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same order of magnitude as the error of the quantum chemical procedure (RI-DSD-BLYP-

D3(BJ)/def2-QZVPP//PBEh-3c) which was used to construct the dataset.436At the same 

time, FIA-GNN entirely avoids quantum chemical calculations and processes only SMILES 

strings as input. SMILES strings can be easily obtained, e.g., from ChemDraw. 

The performance of FIA-GNN with respect to the central atom and ligand denticity 

classes was analyzed (Figure 3.71) before it was applied in different case studies (see next 

section of this Chapter). The FIAgas values of datapoints with central atoms from group 13 

(except for boron) and the low-valent group 14 atom-based molecules were most accu-

rately predicted. Here, the MAEs were below 10 kJ mol−1. The largest prediction errors 

showed phosphorus-based molecules (MAE of 19.6 and 18.4 kJ mol−1). LAs with only mono 

or bidentate ligands had lower prediction MAEs (10.6 kJ mol−1) compared to molecules 

with tridentate ligands (MAE = 16.1 kJ mol−1). 

 
Figure 3.71: Performance of the FIA-GNN model. Predictions of FIAgas values of the test set of FIA44k eval-
uated overall, with respect to the 21 different central atom classes, and the three denticity classes (cf. Chap-
ter 3.9). The dashed orange lines mark the overall MAE. The numeric labels at the bars are the central atom 
and denticity class-specific r2 values. 

One way to investigate the operation of GNNs, is the inspection of the learned feature 

representations, which are molecular representations in the context of chemistry. These 

representations are of high dimensionality (up to 128 in the case of FIA-GNN) and cannot 

be visualized offhand. Therefore, dimensionality reduction was applied, and two different 

layer outputs were subjected to a UMAP dimensionality reduction into two dimensions. 
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The activations of the last message-passing block (128-dimensional) as well as the final 

32-dimensional latent space vectors which are fed to FIA-GNN’s output node were se-

lected. The data of the model which was trained to predict FIAgas was used.  

The reduced 128-dimensional embeddings result in a granular data organization sep-

arating the dataset with respect to central atom and ligand denticity classes (Figure 

3.72A). Intriguingly, molecules of ligand denticity class “bi” (cf. Chapter 3.9) were grouped 

in two separate clusters depending on the amount of attached bidentate ligands (either 

one or two). Contrastingly, the UMAP embedding of the 32-dimensional feature vectors is 

continuous (Figure 3.72B). The separation in the individual central atom and denticity 

classes is lost. A counterclockwise ordering of the data with increasing FIAgas is observed 

that unexpectedly places the highest and lowest FIA values close in dimensionality re-

duced latent space. 

 
Figure 3.72: Dimensionality reduction of molecular representations of FIA-GNN. Two dimensional UMAP 
embedding of the 128-dimensional output of A) the final message-passing block and of B) the 32-dimen-
sional output of the penultimate layer of “Dense II”. The reducers were trained with the train set and the 
FIAgas model, and the embedding of the train and test set is shown. 

Application of FIA-GNN 

The FIA-GNN model was applied in four separate case studies. First, it was applied to 

the second half of the FIA2k-CSD dataset, second, molecules from outside of the struc-

tural scope of FIA-GNN’s training dataset were tested, third, results from a catalysis study 

taken from the literature were reproduced, and fourth, influences of catecholato ligands 

on p-block atoms were investigated. 
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Case study I. The FIA values of 1,200 molecules extracted from the CSD were predicted 

with FIA-GNN. FIAgas and FIAsolv were predicted with MAEs of 14.4 (r2 = 0.905) and 

13.5 kJ mol−1 (r2 = 0.895), respectively (Figure 3.73A). This is slightly less accurate in com-

parison to the regressions made for the test set of the FIA44k dataset (cf. Figure 3.71). The 

obtained results demonstrate the model’s applicability to a broad variety of real-world 

examples, which are beyond the training dataset of FIA-GNN. 
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Figure 3.73: Application of FIA-GNN – part I. A) FIA predictions for molecules from the Cambridge Structural 
Database. The explicitly shown molecules were randomly selected from the subset of datapoints which was 
added to the CSD in 2022. All shown numbers are FIAgas values in kJ mol−1. FIA-GNN predictions are given 
in bold and green, the data from the DFT calculations (ground truth) in brackets. The carbon-bound hydro-
gen atoms of the two molecular structures in the lower left section were omitted for clarity. B) FIA predictions 
for molecules with structures outside of the train and validation dataset of FIA-GNN. The FIA911-ring4 
(molecules with the central atom embedded in a four-membered ring) and the FIA763-bimacro (molecules 
with a macrocyclic bidentate ligand) dataset were used (cf. Chapter 3.10). 
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The molecules which showed the largest prediction errors were investigated. It was 

not possible to detect systematic structural features across all the poorly predicted cases. 

However, it was found that five of the 20 molecules with the highest error showed signif-

icant chemical bond rearrangement upon fluoride binding. The extraordinary reorganiza-

tion in chemical bonding stems from a certain degree of hypercoordination of the central 

atom in the Lewis acid (Figure 3.73A). Even though, the observed hypervalencies are 

within the defined cutoff values used for the transformation of the continuous 3D struc-

tures to molecular graphs with discrete edges (chemical bonds) after structural optimiza-

tion (cf. Chapter 3.9), it seems that they are not sufficiently represented in the training set 

of the model to be adequately accounted for during prediction. This means that when 

bond rearrangements are likely to occur after F− binding, results from FIA-GNN could be 

less reliable and must be inspected carefully. 

Case study II. Next, it was investigated how FIA-GNN deals with molecules with struc-

tural motifs that are systematically outside of the training dataset (Figure 3.73B). Struc-

tural properties have a strong influence on the FIA, and therefore, it is important to study 

such examples. Molecules with their central atom embedded in a four-membered ring 

(FIA911-ring4) or which feature a macrocyclic bidentate ligand (FIA763-bimacro) were 

chosen (cf. Chapter 3.10). These two structural characteristics are not present in FIA44k 

and in the training dataset in general. FIA-GNN predicted the data of the FIA911-ring4 

dataset (MAEgas = 17.9 kJ mol−1, r2
gas = 0.897) more accurately compared to the FIA763-

bimacro set of molecules (MAEgas = 24.1 kJ mol−1, r2
gas = 0.847). Generally though, a signif-

icant degree of predictive ability is conserved for both test sets. However, when FIA values 

of molecular structures beyond the training and validation set of FIA-GNN (cf. Figure 3.52) 

are predicted, results always should be interpreted with caution. The analysis of the pre-

diction results for the FIA763-bimacro dataset showed that especially the FIA values of 

B(III)- and Si(II)-based molecules were underestimated by the model (MAEgas of 46.1 and 

44.2 kJ mol−1). For the FIA911-ring4 dataset, molecules with high-valent central atoms 

from group 14 showed the highest prediction errors (MAEgas values of around 32 kJ mol−1). 

Case study III. For the third application of FIA-GNN, a catalysis study conducted by 

KIRSCHNER et al. was used (Figure 3.74A).362 In their research, computed FIAsolv values were 

employed to assist, guide, and provide a rationale for investigations on fluoride anion 

phase transfer catalysis. Their argumentation followed a Sabatier principle-type ap-

proach: catalysts with high FIA values facilitate the efficient removal of F− from the solid 

cesium fluoride phase yet hinder the transfer of the fluoride anion to the substrate in 
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solution, resulting in an overall decrease in performance. Conversely, catalysts with too 

low FIAs are also detrimental, as they fail to extract F− to solution in a sufficient concen-

tration. The study identified triethylborane and a fluoroaryl pinacolatoborane as effective 

phase transfer catalysts and suggests that “[…] boranes with calculated fluoride affinity of 

95-120 kJ mol−1 (vs. Me3Si+) appear to be suitable candidates as nucleophilic fluorination 

catalysts, […].”.362 

 
Figure 3.74: Application of FIA-GNN – part II. FIA-GNN predictions are given in bold and green, the data 
from the DFT calculations (ground truth) in brackets. A) FIA predictions for organoboranes from a fluoride 
anion phase transfer catalysis study by KIRSCHNER et al. All shown numbers are FIAsolv values in kJ mol−1. B) 
FIA predictions of perfluoro- and perchlorocatecholato-substituted p-block atoms. All given numbers are 
FIAgas values in kJ mol−1. The “apical FIA values” in the lower right section are approximate values. 

The FIA values for 15 boranes mentioned in the KIRSCHNER paper were recalculated 

(FIA15-PTCat dataset, Figure 3.60). Despite a notable prediction error (28 kJ mol−1), FIA-

GNN clearly pinpointed BF3 as the most fluorophilic molecule within the specified scope, 

clearly surpassing the desired FIA range for effective catalysis (Figure 3.74A). The model 

correctly characterized BPh3 as relatively strong and Ph-BPin (molecule B in Figure 3.74A) 

as a relatively weak Lewis acid on the FIA scale. Both fall outside the mentioned FIA span 
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and consequently yielded poor experimental results.362 The FIAsolv values for two highly 

effective phase transfer catalysts, namely BEt3 and 3,5-(CF3)2C6H3-BPin (molecule A in 

Figure 3.74A), were predicted very accurately by FIA-GNN. These findings suggest that the 

developed model can aid in optimizing Lewis acid-catalyzed reactions, provided there is 

experimental evidence establishing the correlation between catalyst performance and FIA 

values. Notably, FIA-GNN effectively handled well the distinction between 40% substrate 

conversion after 24 hours and 99% conversion after 8 hours. The difference between the 

two significantly different experimental outcomes is less than 20 kJ mol−1 on the FIAsolv 

scale.362 

Case study IV. The previously presented application studied the influence of different 

ligands on the same central atom (boron). Thus, FIA-GNN was now employed to explore 

the impact of a single ligand system across the different central atom classes. The per-

fluoro- (Fcat) and perchlorocatecholato (Clcat) ligand were chosen for that as they have 

been applied in multiple previous studies to prepare strong neutral p-block atom-based 

Lewis acids (Figure 3.74B).379-381, 391-393 To assemble the test molecules, the maximum num-

ber of catecholato ligands was placed at the central atom. Free valences in molecules with 

an odd central atom oxidation state (e.g., in Ga(III)-based molecules) were saturated with 

methyl groups. For 31 of the 42 different combinations, FIA values were successfully cal-

culated (FIA31-cat dataset, Figure 3.59). FIA-GNN accurately predicted the data of the 

FIA31-cat dataset with MAEgas values of 8.5 (Fcat, r2 = 0.963) and 8.6 (Clcat, r2 = 0.968) 

kJ mol−1. FIAsolv was equally well treated (MAE = 9.4 kJ mol−1, r2 = 0.945). The model de-

tected the Al-based molecules as the strongest fluoride acceptors, and also suggests them 

as Lewis superacids (FIAgas > FIAgas(SbF5) = 495 kJ mol−1).17 

The FIAgas values are on average 9.4 kJ mol−1 higher for molecules with the Clcat ligand 

compared to its fluorine analog, and the values are also higher across the entire board of 

central atoms. When moving to FIAsolv, the difference between the two ligands with re-

spect to the FIA decreases significantly (Δ = 0.8 kJ mol−1). Gratifyingly, the GNN model was 

able to reproduce this fine effect in a qualitative manner (from Δ = 6.0 kJ mol−1 for FIAgas 

to Δ = 3.2 kJ mol−1 for FIAsolv). Also, for compounds with a low-valent central atom from 

group 14, the minor change in the qualitative FIA trend (from Si>Sn>Ge>Pb for FIAgas to 

Si>Ge>Sn>Pb for FIAsolv) when going from FIAgas to FIAsolv was correctly modeled. These 

findings illustrate the effectiveness of FIA-GNN in examining how specific ligand systems 

affect the individual atoms of the p-block, and notably, also in regard of potentially vary-

ing solvent influences. 
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The predictions of FIA-GNN for the FIA31-cat dataset revealed a consistent underes-

timation of FIA values for high-valent group 14 atom-based molecules (Si(IV) and Ge(IV)). 

Pentavalent fluoride adducts can adopt two distinct conformations, with the fluoride lo-

cated either in the equatorial or apical position. The FIA44k dataset was analyzed in this 

regard in Chapter 3.11. SCXRD analyses indicated that bis(catecholato)silanes and -ger-

manes preferentially position fluoride in the equatorial position.391, 437 The "apical FIAgas" 

values for (Fcat)2Si and (Fcat)2Ge were approximately determined and found to be signifi-

cantly lower than their equatorial counterparts (Figure 3.74B). This led to the hypothesis 

that FIA-GNN learned to differentiate between equatorial and apical fluoride acceptance 

during training for the FIA regression task. However, this differentiation potentially pre-

sents an additional challenge for the model when predicting molecules with fluoride ad-

ducts that can have multiple stereoisomers.  

To test this hypothesis, the final 32-dimensional molecular features from FIA-GNN 

(FIAgas model) were used to train a binary linear discriminant analysis (LDA) classifier.154 

A model making classifications with 79% prediction accuracy for the relevant part of the 

FIA44k test set was obtained. This suggests that FIA-GNN has learned information about 

the stereochemistry of high-valent group 14 atom-based fluoride adducts. It is worth not-

ing that FIA-GNN was trained with the SMILES strings of the Lewis acids as input. The 

described apical/equatorial problem is concerned with the fluoride adducts and does not 

apply for most of the training dataset. Interestingly, the LDA model correctly classified all 

four bis(catecholato)tetrels as molecules hosting fluoride anions in the equatorial posi-

tion, which is in line with the experimental findings (vide supra). 

Conclusion 

The FIA is one of the most popular descriptors for global Lewis acidity. However, FIA 

calculations with quantum chemistry, including the important solvation-corrected val-

ues, demand multiple steps with dedicated user input and require substantial computa-

tional power. Therefore, a ML tool (FIA-GNN) was developed that predicts FIAgas and its 

solvation-corrected counterpart FIAsolv (CH2Cl2). FIA-GNN can generate several thousand 

FIA values within one minute with an average mean error of 14 kJ mol−1 (r2 = 0.93) on a 

standard personal laptop. The only necessary input to the model is the Lewis structure of 

the compounds of interest (in form of SMILES strings). The execution of quantum chem-

ical software is entirely avoided. 
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The application of FIA-GNN, exemplified in tasks involving molecules from the Cam-

bridge Structural Database or catalysis research from the literature, has demonstrated the 

model's effectiveness in real-world scenarios. It is essential to highlight that a significant 

portion of FIA-GNN's training data originates from the FIA44k dataset (cf. Chapter 3.9), 

designed to encompass a broad chemical space of p-block atom-based molecules without 

specifically targeting those with exceptionally large FIA values, high halogenation levels, 

or unusually small sizes. Exploring these specific areas should be the focus of future re-

search endeavors. 
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3.13 Dehydrogenation Chemistry of the Borane Adducts of 
hppH Ligands 

Some of the results presented within this chapter were previously published and can be 

found under: L. Kistner, L. M. Sigmund, F. F. Grieser, J. Krauß, S. Leingang, E. Kaifer, L. Greb, 

and H.-J. Himmel, “Metal-Free B-B Dehydrocoupling Reaction of a Simple Borane Adduct: 

Convenient Access to a Nucleophilic Diborane(4)”, Angew. Chem. Int. Ed. 2023, 63, 

e202317463. This chapter was written based on the mentioned publication. All experimental 

work which is presented in the following was done by LUCAS KISTNER. 

Introduction and background 

,3,4,6,7,8-Hexahydro-2H-pyrimido[1,2-a]pyrimidine (hppH) is a bicyclic guanidine 

(84, Figure 3.75B).438 As a strong base, it finds various applications, for example as 

organocatalyst for several different reactions439-440, or, in its deprotonated, monoanionic 

form (hpp−), as ligand in main group441-445, transition metal446-447, and f-block element 

chemistry. 438, 448-449 When hppH is treated with a monoborane source such as H3B·N(CH3)3 

at elevated temperature, the borane-hppH adduct 85 is formed (Figure 3.75A). 

 
Figure 3.75: Dehydrogenation chemistry of borane adducts of hppH ligands. A) Initial adduct formation 
and dehydrogenation as well as the calculated Gibbs free reaction energies (kJ mol−1). B) Applied color 
scheme for the shown Gibbs free energies: the dark red numbers (left) refer to the hpp, the orange numbers 
(right) to the tMehpp system. 

1 
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When 85 is heated in toluene under reflux conditions, dehydrogenative dimerization 

to 86 occurs.442 The loss of a third equivalent of H2 can be induced with the help of a rho-

dium- or iridium-based catalyst.443 This results in the formation of a boron-boron bond in 

87 (Figure 3.75A). B-B bond formation processes via a dehydrocoupling reaction often re-

quire a transition metal catalyst to facilitate the elimination of H2.450-451 Catalyst-free B-

B dehydrocoupling reactions are rare.452 This is because a potential system must be able 

to achieve a certain degree of umpolung of one of the hydridic hydrogen atoms connected 

to boron for the reaction to occur. Only then, sufficiently low activation barriers for H2 

elimination can be expected due the presence of a hydridic and protic hydrogen atom. 

It was found by the HIMMEL group within the Department of Inorganic Chemistry at 

Heidelberg University that the introduction of four methyl groups at the 2- and 8-position 

of the hppH ligand framework (2,2,8,8-tetramethyl-1,3,4,6,7,8-hexahydro-2H-pyrim-

ido[1,2-a]pyrimidine, tMehppH, Figure 3.75A) allows for the catalyst free dehydrocoupling 

of two boron atoms resulting in diborane(4) 87 within 5 days at 120 °C in toluene as sol-

vent. In this chapter, the results of quantum chemical calculations for the suggestion of a 

reaction mechanism for the transformation of hppH·BH3 (85) to 86 and tMehppH·BH3 (85) 

to 87 are presented. All stated molecule index numbers generally refer to both the hpp 

and the tMehpp system. If distinction is required, hpp or tMehpp is prefixed to the respective 

number (e.g., hpp-85 and tMehpp-85, respectively). 

Applied computational methods 

Conformational searching was done with the CREST algorithm using GFN2-xTB. For 

structure optimizations and frequency calculations PBEh-3c and final single point energy 

calculations RI-DSD-PBEB95-D3(BJ)/def2-QZVPP was used. The COSMO-RS scheme for 

toluene (298.15 K) was used to implicitly account for solvent influences. Thermochemical 

corrections were obtained at 298.15 K and 1 bar. All energies mentioned in the following 

sections are Gibbs free energies, given in kJ mol−1. If two energy values (or any other quan-

tity) are given, the number for the hpp system comes always first if not mentioned differ-

ently. The references to used software, methods, and basis sets are given in Chapter 5.2. 
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Overall thermodynamics 

Before the individual elementary steps were investigated, the overall reaction Gibbs 

free energy for the transformation from 85 to 87 was calculated. It is −79 and −16 kJ mol−1, 

respectively (Figure 3.75A). At the same time, the reaction from 85 to 86, corresponding 

to the liberation of only two equivalents of H2 without the formation of the B-B bond, is 

−60 and −17 kJ mol−1. This means that in the case of the tMehpp system, the final dehydro-

coupling is slightly endergonic (+1 kJ mol−1, with respect to the non-dehydrocoupled di-

mer), whereas for the ligand without the methyl groups, the elimination of the third 

equivalent of H2 along B-B bond formation is exergonic by −19 kJ mol−1. Hence, the exper-

imentally observed preferred formation of hpp-86 with the avoidance of B-B bond for-

mation must be kinetically controlled. There must be a reaction pathway irreversibly trap-

ping the hpp system in the non-dehydrogenated state (86). In the tMehpp case, this path-

way is absent or kinetically altered such that dehydrocoupling can occur to yield  
tMehpp‑87. 

In general, the dehydrogenation reactions are much less exergonic for the tMehpp sys-

tem compared to the hpp case (vide supra). This can be ascribed to steric repulsions, which 

are introduced into the molecules by the four additional methyl groups – especially when 

dimerization occurs. This holds throughout the entire discussion following in the next 

sections. Exemplarily, this is illustrated by non-covalent interaction (NCI) plots of 86 and 

87 (Figure 3.76). In situations, in which steric effects only play a secondary role, e.g., dur-

ing the intramolecular dehydrogenation of 85 (vide infra), the absolute and relative dif-

ferences between the two different system are significantly reduced. 
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Figure 3.76: Non-covalent interaction plots of bis-hpp- and tMehpp-ligated diboranes. The plots were gen-
erated with Multiwfn (grid size of 0.116) and VMD (iso value of 0.45) using the electron density calculated 
at the PBEh-3c level of theory. Repulsive interactions are shown in orange-red to olive (marked with dashed 
red circles in C and D), weak van der Waals interactions in green. 

Detailed reaction mechanism: first and second H2 elimination and dimerization 

Initially, the H2 elimination from borane adduct 85 was studied. Importantly, the B-N 

bond in 85 was calculated to be very stable. The dissociation to 84 and BH3 is strongly 

endergonic (155 and 141 kJ mol−1, Figure 3.75A). For the intramolecular elimination of H2 

from 85 an essentially identical activation energy of 123 and 122 kJ mol−1, was found (TS-

88, Figure 3.77A). The reaction to Int-89 is endergonic by 42 and 46 kJ mol−1. Further sta-

bilization by 14 and 32 kJ mol−1, is achieved by intramolecular adduct formation to give 
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Int-90. Also, a transition state was found that accounts for an intermolecular H2 elimina-

tion reaction (TS-91). The associated activation energy is high (181 and 222 kJ mol−1, with 

respect to two isolated 85). Therefore, the intramolecular H2 elimination from 85 to give 

Int-90 is suggested to be the initial step of the reaction sequence. 

Next, the dimerization of Int-90 was investigated (Figure 3.77B). All Gibbs free ener-

gies mentioned in the following are relative to that of two isolated Int-90. The reaction is 

expected to commence with the opening of the four-membered 1,3,2-diazaborete ring in 

one of the two Int-90. This requires an activation energy of 65 and 66 kJ mol−1 (TS-91). 

Adduct formation between Int-89 and Int-90 most likely occurs via the formation of a new 

B-N bond between the Lewis acidic boron atom in Int-89 and one of the nitrogen atoms 

in Int-90. It is endergonic by 12 and 52 kJ mol−1 (with respect to Int-89 + Int-90). 

Starting from Int-93, a brought variety of possible further reaction steps is conceiva-

ble (Figure 3.77C). Five different transition structures were found. The opening of the di-

azaborete in Int-93 via TS-94 to give directly 86 is with a transition state energy of 91 and 

151 kJ mol−1 a high energy process (withing all possibilities). Notably, 86 is the experi-

mentally observed species in the case of the hpp system (no B-B bond formation occurs), 

and it is in either case the energetically most favorable structure among all possibilities 

shown in Figure 3.77C. 

The opening of the diazaborete in TS-95 to form a 1,3,2,4-diazadiboretidine in Int-

96 is also unlikely to occur. In either case, it was not possible to locate the respective 

transition state, TS-95. Interestingly, a transition structure for the direct formation of Int-

96 from two isolated Int-89 was found (TS-97). However, it is thermodynamically unlikely 

that two Int-89 collide in the reaction mixture. Also, there are energetically more favora-

ble pathways (vide infra). 

The formation of a new six-membered ring featuring a B-H-B bridge in Int-99 is pos-

sible through TS-98. The associated energy demand is 78 and 135 kJ mol−1. This reaction 

step is exergonic for the hpp case (−45 kJ mol−1) and only marginally endergonic 

(7 kJ mol−1) for the tMehpp system. Int-99 will be of further relevance below. There is also 

a transition state (TS-100, 98 and 171 kJ mol−1) for the direct formation of Int-99 from 

Int-89 and Int-90. It is in either case not the energetically most favorable option. This is 

due to the lack of stabilization of the uncoordinated borane moiety in TS-100.  
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Figure 3.77: Reactivity scope of borane adducts of the hppH and tMehppH ligand based on quantum chem-
ical calculations – part I. All calculations were performed at the RI-DSD-PBEB95-D3(BJ)/def2-QZVPP, 
COSMO-RS(toluene)//PBEh-3c level of theory. The dark red numbers (left) refer to the hpp, the orange num-
bers (right) to the tMehpp system (see Figure 3.75B). They are Gibbs free energies given in kJ mol−1 (a: Struc-
ture was not found.) A) Dehydrogenation of borane adduct 85. B) Initial reaction steps for the dimerization 
of Int-90. C) Further reactivity of the initial dimerization product Int-93. 
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In the case of the hpp system, the energetically most favorable transition state 

(49 kJ mol−1) connected to Int-93 is TS-101. It accounts for the formation of a new carbon-

nitrogen bond in Int-102. As the following step, diazaborete ring opening was considered 

(TS-103). For both cases (hpp and tMehpp), the transition state energy for this step (81 and 

218 kJ mol−1) is larger than that of the alternative route (vide infra). Therefore, also this 

pathway is not the energetically most favorable. Though, it can be connected to the for-

mation of Int-99. 

Ultimately, the formation of Int-110 is presented. It is exergonic for both cases by −86 

and −12 kJ mol−1, respectively. Two distinct transition structures (TS-108 and TS-109) 

were found connecting Int-93 with Int-110. TS-108 is lower in energy with values of 72 

and 124 kJ mol−1, respectively. Interestingly, TS-108 and TS-100 are closely related, only 

differing in the presence and absence, respectively, of a B-N bond aside the bond reorgan-

ization events of the transition states. 

The results so far can be summarized as follows: starting from borane adduct 85, an 

intramolecular H2 elimination occurs affording diazaborete Int-90. The species can di-

merize after the opening of one diazaborete ring to give Int-93, that subsequently can 

rearrange via TS-108 to 1,3,5,2,4-triazadiborinane Int-110, which is exergonic for both 

considered systems. 

Detailed reaction mechanism: third H2 elimination and product formation 

Next, the subsequent reaction pathways starting out from the triazadiborinane Int-

110 were studied (Figure 3.78). Three different transition states were found. TS-111 ac-

counts for the opening of the six-membered ring to give 86. Its relative energy is 29 and 

107 kJ mol−1. 86 is the experimentally observed compound for the hpp system. Energeti-

cally more favorable is the traversal of TS-112 (5 and 82 kJ mol−1), which is cleaving one 

of the B-N bonds in Int-110 to give short-lived intermediate Int-113. This can relax with 

minimal activation energy (TS-114, 12 and 86 kJ mol−1) to Int-99. Surprisingly, the tran-

sition state for the direct transformation from Int-110 to Int-99 (which was only found 

for the tMehpp case) is significantly higher in energy by more than 50 kJ mol−1 than the 

stepwise path (TS-115). 

Intermediate Int-99 has several options to undergo further transformation (Figure 

3.78). It can rearrange via TS-116 (49 and 132 kJ mol−1) to give 86. In either case, the acti-

vation energy for this step is higher than that for the direct rearrangement from Int-110 

to 86 (29 versus 49 and 107 versus 132 kJ mol−1). Energetically more favorable than 
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traversing TS-116 is the formation of a B-B bond owing to the intramolecular deprotona-

tion of the B-H-B bridge by the free nitrogen atom of Int-99. The associated transition 

state energy is 31 and 74 kJ mol−1 (TS-117). This reaction step to Int-118 is slightly en-

dergonic relative to Int-99 (10 and 3 kJ mol−1). In a final, strongly exergonic reaction step 

(−100 and −54 kJ mol−1), Int-118 can eliminate H2 to form diborane(4) 87 (TS-119, 57 and 

98 kJ mol−1, respectively). Interestingly, the direct dehydrogenation of Int-99 (TS-120, 77 

and 131 kJ mol−1, respectively) is energetically less favorable than the stepwise reaction 

pathway, which makes use of the intramolecularly available base. 

In Int-118, the nitrogen-bound hydrogen atom has a natural charge of +0.470 and 

+0.451, whereas the hydrogen atoms attached to boron in BH3 adduct 85 have a mean 

natural charge of −0.064 and −0.063. This clearly shows the umpolung of one of the hy-

drogen atoms throughout the course of the reaction, which is necessary for the dehydro-

coupling to occur. It also highlights the importance of the hpp ligand system not only to 

allow for dimerization due to its bidenticity and stabilization of the resulting diborane(4) 

substructure but also for the availability of a strong base. The presented conclusions are 

in close agreement with those ROCHETTE et al. drew for the dehydrocoupling occurring 

within the dimer of 2-boraneyl-N,N-dimethylaniline.452 They succeeded in structurally 

characterizing the dimeric structure by SCXRD analysis and found a B-H-B bridge within 

a six-membered azadiboracycle (Figure 3.78). This is structurally closely related to Int-99 

and therefore provides further evidence for the here presented reaction mechanism. 
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Figure 3.78: Reactivity scope of borane adducts of the hppH and tMehppH ligand based on quantum chem-
ical calculations – part II. All calculations were performed at the RI-DSD-PBEB95-D3(BJ)/def2-QZVPP, 
COSMO-RS(toluene)//PBEh-3c level of theory. The dark red numbers (left) refer to the hpp, the orange num-
bers (right) to the tMehpp system (see Figure 3.75B). They are Gibbs free energies given in kJ mol−1 (a: Struc-
ture was not found.). The insert in the lower right shows the dimeric structure which is formed by 2-boraneyl-
N,N-dimethylaniline.452 Its structure is closely related to Int-99. 

Detailed reaction mechanism: summary 

The above-described barrier heights assist in explaining the difference in reactivity of 

the two systems. H2 elimination from adduct 85 requires the same activation energy for 

both systems and is therefore not decisive. Staring from diazaborete Int-90, the formation 

of the thermodynamically favorable Int-110 is the rate-determining step (TS-108) to-

wards 86 and 87, respectively, in both cases and thus also not decisive. Beginning from 

Int-110, the energetically most favorable pathway to 86 is via TS-111, which has an 
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energy of 29 and 107 kJ mol−1 (relative to two separated Int-90). The energetically highest 

lying transition state (rate-determining step starting from Int-110) on the path for dehy-

drocoupling to yield 87 is TS-119. Its energy is 57 and 98 kJ mol−1. This means that there 

is a ΔΔG‡ of −28 kJ mol−1 (29 versus 57 kJ mol−) in favor of the formation of hpp-86. In 

contrast to that, this ΔΔG‡ value for the tMehpp case is +9 kJ mol−1 (107 versus 98 kJ mol−) 

in favor of the dehydrocoupling toward tMehpp-87. Even though dehydrocoupling going 

from 86 to 87 is exergonic by 19 kJ mol−1 for the hpp case, the system gets trapped in the 

state of 86, which is strongly exergonic (−116 kJ mol−1). This is 173 kJ mol−1 below the crit-

ical step for dehydrocoupling, which prohibits the final H2 elimination to happen. For tMe-

hpp, the analogous energetic span is reduced to 143 kJ mol−1. The overall reaction path-

way from 85 to 86 and 87, respectively, which is suggested based on the presented results 

of quantum chemical calculations, is summarized in Figure 3.79. 

H2 activation 

It was experimentally found that when diborane(4) tMehpp-87 is heated in toluene-d8 

at 120 °C under a D2 atmosphere (2 bar) a quantitative transformation to tMehpp-87-d2 

occurs in which the boron-bound hydrogen atoms were exchanged against deuterium at-

oms. Furthermore, the chemical equilibrium could even be slightly shifted back to tMehpp-

90 as observed by NMR spectroscopy. This kind of reactivity is not possible with the hpp 

system. These observations agree with the presented quantum chemical results. For the 

hpp system, the activation energy for H2 activation is 192 kJ mol−1, which is thermally in-

accessible. For the tMehpp case, this barrier is significantly reduced (142 kJ mol−1), which 

allows for slow D2 activation at elevated temperatures. 

From the perspective of H2 activation, the energetically preferred reaction channel is 

the boron-ligand cooperative pathway (cf. Chapter 1.5 in the Introduction) in which the 

H2 substrate inserts into the boron-nitrogen bond (TS-119). It is favored by more than 

30 kJ mol−1 (tMehpp system) over the splitting of H2 at the B-B bond (TS-120, cf. Figure 

3.78). 
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Figure 3.79: Suggested reaction mechanism for the dehydrogenation of borane adduct 85 to 86 and 87, 
respectively, based on quantum chemical calculations. All calculations were performed at the RI-DSD-
PBEB95-D3(BJ)/def2-QZVPP, COSMO-RS(toluene)//PBEh-3c level of theory. The dark red pathway refers 
to the hpp, the orange to the tMehpp system (see Figure 3.75B).453 

To further understand this discrepancy between the two systems, TS-119 (Figure 3.80) 

was analyzed with the activation-strain model by dissecting between the forming H2 frag-

ment and the remaining structure.454 The numbers, which are mentioned in the following, 

are electronic energies. The separation of the H-atoms in the forming H2 in the transition 

structure is 81.2 and 81.6 pm and therefore almost identical. The energy difference 
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between the two different H2 moieties is below 1 kJ mol−1, resulting from activation strain 

energies of 8.1 and 8.9 kJ mol−1. The activation strain energy for the remaining 

bis(hpp)(BH)2 and bis(tMehpp)(BH)2 substructure, respectively, is much larger. It is 150 and 

107 kJ mol−1. This means that the tMehpp system profits from a more than 40 kJ mol−1 re-

duced energy demand to transform 87 to the structure it adopts in TS-119. The reason for 

that is nicely illustrated with an NCI plot of tMehpp-119 (Figure 3.80C). It features a large 

green lobe on the open flank of the structure, which indicates weak attractive interactions. 

Regarding H2 activation, the tMehpp system benefits from a significant destabilization of 

the ground state 87 with reference to Int-90 (−44 kJ mol−1 versus −135 kJ mol−1 for the hpp 

case) as well as from a clearly reduced activation strain energy demand to achieve the 

transition structure for H2 splitting. 

 
Figure 3.80: H2 addition/elimination transition state TS-119 of the tMehpp system. A) Lewis structure. B) 
DFT-optimized molecular structure with selected bond lengths given in pm. Carbon-bound hydrogen atoms 
were omitted for clarity. C) NCI plot. The plot was generated with Multiwfn (grid size of 0.116) and VMD 
(iso value of 0.45) using the electron density calculated at the PBEh-3c level of theory. Repulsive interactions 
are shown in orange-red to olive, weak van der Waals interactions in green (marked with a dashed red 
circle). 

Aluminum and gallium analogs 

A few of the most important calculations presented so far were repeated for the anal-

ogous aluminum- and gallium-based molecules – again for both the hpp and the tMehpp 

ligand (Figure 3.81).455 In general, the dehydrogenation reactions, either with the elimi-

nation of two or three equivalents of H2, are more exergonic compared to the boron sys-

tems. For example, the reaction to digallane Ga-hpp-86 is exergonic by −94 kJ mol−1, 

whereas for the boron case, it was −79 kJ mol−1. Regarding the dehydrocoupling from the 

perspective of the formal precursor 86, the B-, Al-, and Ga-based systems differ signifi-

cantly. While for the boron case, dehydrocoupling is exergonic (hpp, −19 kJ mol−1) or es-

sentially thermoneutral (tMehpp, 1 kJ mol−1), it is strongly endergonic for aluminum by 65 

and 54 kJ mol−1. For gallium, it is exergonic for both ligand systems (−9 and −16 kJ mol−1). 

The intramolecular H2 elimination in TS-88 is a key step for the presented reaction 
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pathways (Figure 3.81B). The activation energies for this step are lower for the Ga- (106 

and 94 kJ mol−1) and even lower for the Al-system (91 and 77 kJ mol−1). Lastly, the H2 acti-

vation transition state (TS-119) was reevaluated starting out from 87 (Figure 3.81C). Also 

here, lower activation barriers were obtained, with the Ga-system having the lowest. H2 

activation with Ga-hpp-86 requires an activation energy of 141 kJ mol−1 which is essen-

tially identical to the value obtained for B-tMehpp-86 (142 kJ mol−1). Thus, the homologous 

Al- and Ga-hpp/tMehpp-systems are predicted to be thermodynamically more stable (rel-

ative to the initial starting material 85) while also having lower activation barriers for 

element-ligand cooperative H2 activation. 

 
Figure 3.81: Group 13 element chemistry of the hppH and tMehppH ligand as predicted by quantum chem-
ical calculations. All calculations were performed at the RI-DSD-PBEB95‑D3(BJ)/def2-QZVPP, COSMO-
RS(toluene)//PBEh-3c level of theory. The dark red numbers (left) refer to the hpp, the orange numbers 
(right) to the tMehpp system (see Figure 3.75B). They are Gibbs free energies given in kJ mol−1. A) Reaction 
energies for the overall dehydrogenation steps. B) H2 elimination from the initial starting material 85. C) H2 
addition activation with 87. 
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Conclusion 

In summary, the dehydrogenation chemistry of hppH·BH3 and tMehppH·BH3 (85) was 

explored with quantum chemical methods. A complex network of elementary steps was 

uncovered. Based on the results, suggestions were made for the explanation of why hpp-

85 preferentially dimerizes to 1,3,5,7,2,6-tetrazadiborocine hpp-86 whereas tMehpp-85 

undergoes dehydrocoupling to finally yield diborane(4) tMehpp-87. A predicted difference 

between the two systems is that in the hpp case the transition state for tetrazadiborocine 

formation (TS-111) is lower than that for the elimination of the final equivalent of H2 (TS-

119). After the tetrazadiborocine has formed, the hpp system is trapped in a deep ther-

modynamic sink, which denies further reactivity. The opposite is the case for the tMehpp 

system. Here, H2 elimination is energetically more favorable and the thermodynamic sink 

of tMehpp-86 is less deep.  

Like hpp-86, also diborane(4) hpp-87 (which can be obtained with the help of a tran-

sition metal-based catalyst) is a thermodynamically very stable molecule. It cannot react 

with dihydrogen to revert the dehydrocoupling step. As found experimentally, this is how-

ever possible for tMehpp-87, which was rationalized with the activation strain model and 

NCI plots. The analogous aluminum and gallium species were studied as well. 
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4 SUMMARY AND OUTLOOK 

ewis acids are molecules that can engage in chemical reactions by the acceptance of 

an electron pair. This dissertation presents various contributions to the chemistry of 

Lewis acids build upon p-block atoms such as aluminum or gallium. In particular, the in-

fluence of structural constraint on the reactivity and properties of respective molecules 

was studied. 

The reactivity of calix[4]pyrrolato aluminates with various functional groups was in-

vestigated. These aluminates feature an aluminum(III) atom within a structurally con-

strained, square planar coordination environment, due to which they react through alu-

minum-ligand cooperativity. It was found that meso-octamethylcalix[4]pyrrolato alumi-

nate reacts with alcohols and carboxylic acids by splitting the O-H bond, which can be re-

versed by temperature change or through the addition of strong Lewis bases (Figure 4.1A). 

The reaction mechanism, the property of the products, and further reactivities were re-

searched using NMR spectroscopy, mass spectrometry, deuterium labeling, and quantum 

chemical simulations. 

The reaction of calix[4]pyrrolato aluminate with dioxygen was investigated (Figure 

4.1B). It selectively yields an alkyl peroxido aluminate through aluminum-ligand cooper-

ativity, which is remarkably stable, and which was crystallographically characterized. The 

intersystem crossing, required for the experimentally observed product to be formed, was 

scrutinized with ab initio quantum chemistry. The cooperative reactivity of the aluminate 

– Lewis acidic central atom plus redox active ligand – was revealed essential for the reac-

tion. It allows to separate the two unpaired electrons which in turn leads to the intercon-

version to the singlet potential energy surface. The findings were related to enzymatic 

reactions with dioxygen, for example, within iron porphyrins-containing proteins or fla-

voenzymes. The alkyl peroxido aluminate undergoes a rearrangement reaction that en-

tirely breaks one of the pyrrole rings. An α,β-unsaturated carboxylato aluminate is 

formed, whose structure was elucidated with extensive NMR spectroscopical investiga-

tions including a 13C,13C-INADEQUATE. Based on the results of quantum chemical simu-

lations, a reaction mechanism was suggested. 

 

L
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Nitrogen monoxide was found to dimerize at meso-octaethylcalix[4]pyrrolato alumi-

nate to form a N-nitrosohydroxylaminato group as shown by SCXRD measurements (Fig-

ure 4.1B). The binding of the first NO molecule induces the formation of a N-N bond with 

a computed bond dissociation enthalpy of 140 kJ mol−1 which is more than ten times 

higher than the N-N bond strength in the unsupported NO dimer.  

With nitrosobenzene as substrate, meso-octamethylcalix[4]pyrrolato aluminate is sub-

jected to a ligand rearrangement reaction (Figure 4.1C) – most likely via a similar initial 

addition product as found for the reaction with NO. Further studies should attempt to 

verify this hypothesis which was formulated based on quantum chemical simulations. 

Phenyl isocyanate is selectively added to meso-octamethylcalix[4]pyrrolato aluminate via 

its C=O bond (Figure 4.1C). The C=N bond remains untouched and available for further 

reactions, for example, reductions. Future studies should also address the question on 

why the isocyanate group is chemoselectively added to the aluminate only though its C=O 

bond. 

The synthesis of calix[4]pyrrolato gallates expanded the scope of the ligand family to 

aluminums heavier homolog gallium (Figure 4.1D). The gallates represent the first exam-

ples of Ga(III) atoms within an ideal anti-van’t-Hoff-Le-Bel coordination environment as 

verified by spectroscopy and crystallography. The Lewis acidity of the gallates was demon-

strated with the synthesis of a dianionic fluoride adduct. Also, the fully reversible binding 

of CO2 was discovered which follows a gallium-ligand cooperative reaction mode. Ligand 

backbone protonation was observed as a tool to increase the Lewis acidity of the gallates. 

Ultimately, the exploration of the redox chemistry was initiated by two-electron oxidation 

of the ligand backbone (Figure 4.1D). Generally, the milder Lewis acidity of the gallates 

compared to the analogous aluminates can make reactions thermodynamically more bal-

anced, which can be beneficial for the establishment of catalytic cycles. 

The square planar arrangement of four substituents around a p-block atom in its 

highest oxidation state is generally perceived a high energy configuration which the ca-

lix[4]pyrrolato ligands made experimentally accessible for a range of p-block elements. In 

fact, square planar structures are typically associated with transition states for stereo-

chemical inversion. To gain a deeper understanding of the square planar states, the stere-

oinversion of more than 250 small p-block atom-based molecules was studied with quan-

tum chemical methods (Figure 4.1E). Inversion barriers even exceedable at ambient tem-

peratures were found, rendering the tetrahedron as one of the major building blocks in p-

block element chemistry much more structurally flexible as previously assumed. The 
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activation energies were related to a frontier molecular orbital approximation of the sec-

ond-order Jahn-Teller effect. Generally, a small HOMO-LUMO gap in the square planar 

inversion transition state leads to a larger inversion barrier and vice versa. 

The electronic structure of the square planar element-hydrogen compounds is more in-

tricate than that of their heteroatom-substituted analogs. Therefore, they were studied 

separately with ab initio quantum chemical methods. The lowest energy electronic con-

figuration in the square planar state was identified. Stereoinversion transition structures 

were discovered for BH4
− and NH4

+, which possess non-planar Cs and C4v symmetry. In 

analogy to the second-row-based element hydrides, an alternative, stepwise mechanism 

for stereoinversion was discovered also for the heavier congeners and was revealed an 

energetically more favorable pathway than the square planar inversion mechanism, e.g., 

for SiH4 or PH4
+. The two mechanisms for stereoinversion were weighted against compet-

ing dissociative reaction channels. Only for AlH4
−, stereoinversion through the square pla-

nar state is feasible. Also, the stereoinversion barrier of methane was revisited with the 

mHEAT+ computational procedure, and an activation enthalpy 5 kJ mol−1 below the C-H 

bond dissociation enthalpy was determined. 

The concept of Lewis acids and bases is the overarching paradigm of this work. The 

fluoride ion affinity (FIA) obtained through quantum chemical simulations is one of the 

most popular measures to quantify Lewis acidity. It was used for example to assess the 

calix[4]pyrrolato gallates. Herein, the FIA49k dataset was presented (Figure 4.1F). It in-

cludes in total 48,986 FIA values of neutral molecules based on 13 different p-block ele-

ments. The treatment of the covered chemical space was discussed in detail, and the de-

veloped structural taxonomy was implemented into automatic computational routines 

(autoPAMS) for the generation of the data. General statements on Lewis acidity were ex-

tracted from FIA49k. The dataset was used to train a graph neural network machine learning 

model denoted FIA-GNN that predicts FIA values both for the gas and condensed dichloro-

methane phase. The model operates only based on the Lewis structure of respective mol-

ecules (SMILES string), without the execution of quantum chemical software. It can pro-

cess approximately 5,000 molecules in one minute on a standard personal computer with 

a mean absolute error of around 14 kJ mol−1 (r2 = 0.93). FIA-GNN was trained and tested 

on a FIA range greater than 750 kJ mol−1. The model was applied in four different case 

studies for example to molecules from the Cambridge Structural Database or to catalysis 

research from the literature. 
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In an additional project, related to the main scope of this dissertation, the dehydro-

genation chemistry of BH3 adducts of two different nitrogen Lewis bases (hppH ligands) was 

investigated computationally. A remarkably diverse reaction landscape was discovered 

and related to observations from experiments. In agreement with the experimental work, 

the simulations identified the introduction of methyl substituents to the hppH ligand as 

supportive for the thermal formation of a diborane(4) species without the help of a tran-

sition metal-based catalyst. 

To conclude, this dissertation provided synthesis and reactivity studies of calix[4]pyr-

rolato complexes of aluminum and gallium. At the same time, the electronic structure of 

square planar coordinated p-block atoms was investigated with quantum chemical simu-

lations, and contributions to the dehydrogenation chemistry of BH3 and its Lewis adducts 

with hppH ligands were made. Lastly, a data-driven approach was followed to predict the 

Lewis acidity of p-block atom-based molecules, quantified by their affinity toward a fluo-

ride anion, with a machine learning model. 
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5 METHODS  

5.1 General Remarks on Experimental Work 

Experimental details 

ll reagents, solvents, and further materials were purchased from commercial sources 

and were used as received if not stated differently. Dioxygen, carbon dioxide, and ni-

trogen monoxide gas was obtained from Air Liquide and was used without purification. 

The research group of PROF. DR. LUTZ GADE is acknowledged for providing access to nitro-

gen monoxide. Unless otherwise noted, all manipulations were carried out under an at-

mosphere of dry argon or nitrogen gas. Solvents were degassed prior to use with four 

freeze-pump-thaw cycles and were stored in sealed Schlenk ampulla over activated mo-

lecular sieve (3 or 4 Å, respectively) under a dry argon atmosphere. Acetonitrile was de-

gassed by purging with dry argon gas. 

All reactions on preparative scale were carried out in flame-dried standard laboratory 

glassware under a dry argon or nitrogen atmosphere using Schlenk line techniques and 

were permanently magnetically stirred, if not stated differently. Syringes, magnetic stir-

ring bars, and needles were dried and/or flushed with argon prior to use. Reactions on the 

NMR sample scale were done in dry J. Young NMR tubes. 

Compounds sensitive to ambient conditions were handled and stored in a Sylatech 

glovebox filled with dry nitrogen gas. Removal of solvents in vacuo was performed using a 

Heidolph VV2000 rotary evaporator or a Schlenk line. 

Literature-known compounds were synthesized following published procedures. The 

respective publications are cited below. Analytical data of known compounds were com-

pared to reference data and were found to be consistent. New compounds were character-

ized to the reported structures to the best of knowledge. 
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NMR spectroscopy 

NMR spectra were collected with a Bruker BZH 200/52, a Bruker DPX200, a Bruker 

Avance II 400, or Bruker Avance III 600 spectrometers at 295 K. The measurements with 

the Bruker Avance II 400 and the Bruker Avance III 600 spectrometers were done by the 

staff of the NMR spectroscopy facilities of Heidelberg University. The 600 MHz spectrom-

eters were equipped with a 5-mm 1H{13C/15N/31P} or a 5-mm BBFO z-axis gradient helium-

cooled cryogenic probe. Spectra were acquired with field-frequency lock on the 2H signal 

of the used solvent prior to data collection. Chemical shifts are generally reported in 

parts per million (ppm). Shifts of 1H and 13C nuclei are given relative to the tetrame-

thylsilane resonance; 15N chemical shifts are reported relative to the nitromethane refer-

ence system. 1H and 13C NMR spectra were calibrated on appropriate solvent signals before 

data extraction.456 15N NMR chemical shifts relative to the NH3 reference were extracted 

from 1H,15N HMBC NMR spectra without manual calibration and were converted to the 

nitromethane reference system by subtraction of 380.23 ppm. 19F and 31P chemical shifts 

are reported relative to the trichlorofluoromethane and the H3PO4 (85% aq) reference sys-

tem, respectively. 19F and 31P NMR spectra were not manually calibrated after processing. 
71Ga NMR chemical shifts are reported relative to the signal of Ga(NO2)3 dissolved in D2O 

and were obtained from spectra which were not manually calibrated. 

NMR signal multiplicities are abbreviated as: s = singlet, br s = broad singlet, d = dou-

blet, t = triplet, q = quartet, sept = septet, dd = doublet of doublets, dq = doublet of quartets, 

tq = triplet of quartets, m = multiplet. Where applicable, spin-spin coupling constants are 

given as XJAB (X = number of chemical bonds between coupled nuclei; A, B = coupled nu-

clei). All signals were assigned to respective atoms or atom types, and 1H NMR integration 

values are given. 

The protons of the aromatic pyrrole rings of the calix[4]pyrrolato ligands are denoted 

“β-H”, the directly attached carbon atoms “β-C”. The quaternary carbon atoms of the ar-

omatic pyrrole rings in the ligand are named “Cq-pyrrole”. The atoms of the ligand’s me-

thyl and methylene (in case of the meso-octaethyl ligand) groups are called “α-Me” and 

“α-methylene”, respectively. The quaternary carbon atoms to which they are bound are 

denoted “α-C”. 

NMR spectra were processed with TopSpin (versions 4.0.7 or 4.1.4)457 and plotted with 

MNova (version v14.0.1-23559)458 or TopSpin.  
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Mass spectrometry 

High resolution mass spectrometry (HR-MS) was done with a Bruker ApexQe FT-ICR 

instrument coupled to an electrospray ionization (ESI) source operating in negative ion 

mode. Measurements were carried out by the staff of the mass spectrometry facilities of 

Heidelberg University. Samples were prepared with dichloromethane as solvent under in-

ert conditions with an approximate analyte concentration of c = 10−5 mol L−1. They were 

immediately analyzed after being brought in contact with air. 

UV-Vis spectroscopy 

For UV-Vis absorption spectroscopy, a Varian Cary 5000 device and a quartz cuvette 

equipped with a J. Young valve was used. Measurements were carried out under a dry ni-

trogen atmosphere in dichloromethane as solvent at room temperature with an approxi-

mate analyte concentration of c = 1.5 · 10−4 mol L−1. The maximum wavelengths max (in 

nm) of the respective absorption bands are reported. 

IR spectroscopy 

Fourier-transform attenuated total reflection infrared spectroscopy (FT-ATR-IR) was 

done with an Agilent Cary 630 spectrometer with solid material at room temperature in-

side a dry nitrogen-filled glovebox. The obtained spectra were manually baseline-cor-

rected. The data is reported as: maximum wavenumber 휈  [cm−1] of the respective ab-

sorption band, intensity (s = strong, m = medium, w = weak). 

Elemental analysis  

Elemental analyses for the determination of C, H, and N contents were done with a 

vario EL or vario MICRO cube elemental analyzer. They were carried out by the staff of the 

microanalytical laboratory of the chemical institutes of Heidelberg University. 

Single crystal X-ray diffraction 

After removal from the crystallization sample, crystals were immersed in perfluori-

nated polyether oil (purchased from ABCR). A suitable crystal was picked and fixed on top 

of a CryoLoop. A Bruker D8 Venture dual wavelength Mo/Cu four-circle diffractometer 

with mirror optics as monochromator and an Oxford Cryostream 700 low-temperature 

device was used for φ and ω-scans. Data collection was performed at 100 K using Mo-Kα 

radiation (λ = 0.71073 Å). A strategy for data acquisition was calculated with Bruker’s 

APEX3 or APEX4 software.459-460 The data were integrated with the SAINT program461 and 
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SADABS-2016/2 was used for multi-scan absorption correction.462 Structures were solved 

with direct methods as implemented in the ShelXT 2018463-464 structure solution program. 

Structure refinement was carried out by full matrix least squares minimization on F2 using 

the 2018/3 or 2019/3 version of ShelXL465-468. All non-hydrogen atoms were refined aniso-

tropically. Hydrogen atom positions were calculated geometrically and refined using a 

riding model. Handling of the structural data during refinement was performed with the 

ShelXle (Rev: 1246)469 or Olex2 v1.3470 graphical interface. Data finalization was done with 

FinalCif v104.471 Crystallographic data for the structures reported here have been partly 

deposited with the Cambridge Crystallographic Data Centre. Copies of the data can be 

obtained free of charge from: www.ccdc.cam.ac.uk/structures. 

For data visualization, Mercury was used.472-474 The thermal displacement ellipsoids 

are shown at a probability level of 50%. Data collection and processing including structure 

refinement was carried out by the X-ray team of the HIMMEL and GREB group. 
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5.2 Supplementary Details on Quantum Chemical Simula-
tions 

Structure optimizations and frequency calculations 

hroughout the presented research projects, various DFT and wavefunction-based lev-

els of theory were applied. They are mentioned within each chapter. Generally, mo-

lecular structures were optimized toward minimum or transition structures. The obtained 

structures were verified as stationary points on the respective PES by the calculation of 

harmonic frequencies, either numerically or analytically. It was ensured that for minimum 

structures zero and for transition structures one negative force constant was present. In 

the case of transition states, it was confirmed that the correct first-order saddle point on 

the potential energy surface was located by animation of the imaginary frequency and by 

following the intrinsic reaction coordinate (IRC calculations) in both directions. 

For the optimizations of small molecules in square planar structures (cf. Chapter 3.7), 

the two trans-valence angles of the central atom were added manually (with an initial 

value of 180°) to the set of redundant internal coordinates. 

Where necessary, prior to the structure optimizations with DFT, conformational 

searching was done with CREST475 using GFN2-xTB476 within xTB.477 The lowest energy 

conformer according to GFN2-xTB was carried over to the DFT structure optimization. 

For structure optimizations and frequency calculations the PBEh-3c478-481 and 

r2SCAN-3c479, 482-484 method, which include respective basis sets485-486 were used. The 

B97M-D3(BJ)487-488 functional together with the def2-TZVPP489 or the cc-pVTZ490-493 basis 

set was also applied for this purpose. The structures and harmonic frequencies of the el-

ement-hydrogen compounds (cf. Chapter 3.8) were obtained with the CCSD(T)494-496 

method and the aug-cc-pwCVTZ set of basis functions.491-493, 497-499 The structures of the 

O2 addition mechanism (cf. Chapter 3.2) were optimized and the vibrational frequencies 

calculated with the CASSCF500 method and the def2-SVP489 basis set. 

Single point energy calculations and thermochemistry 

In cases where an additional single point calculation was carried out after structure 

optimization, the final data which is reported was obtained by combination of the elec-

tronic energy from the higher-level computation with the thermal corrections from the 

frequency calculations on the lower computational level. Enthalpies were calculated at 

298.15 K if not stated differently. For Gibbs free energies, the enthalpy values were merged 

T 
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with the vibrational entropy terms according to the rigid-rotor-harmonic-oscillator ap-

proximation (QRRHO) of GRIMME.501  

For the calculation502 of implicit solvation influences on the thermochemical data, the 

conductor like screening model for real solvents (COSMO-RS)503-505 as it is implemented 

in the Amsterdam Modeling suite (ADF and AMS, respectively) was used.502, 506-507 The de-

fault program settings were applied (BP86/TZP). Only the maximum number of structure 

optimization iterations was set to zero. COSMO-RS correction for enthalpies was achieved 

by the calculation of G-corrections at five different temperatures (278.15, 288.15, 298.15, 

308.15, 318.15 K). Following G = H − TS, the plot of the obtained Gibbs free energy 

corrections against the temperature allows to fit a straight line from which the corrections 

for H were obtained. 

The CCSD(T)494-496, its DLPNO version508-511, MRCI+Q512-513, CASSCF500, NEVPT2514-516, 

PW6B95-D3(BJ)517, DSD-BLYP-D3(BJ)518, DSD-PBEB95-D3(BJ)519, DSD-PBEP86-D3(BJ)520 

method was used for single point energy calculations. The aug-cc-pwCVQZ491-493, 497-499, cc-

pVQZ490-493, and def2-QZVPP489 basis sets were employed. TD-DFT calculations were done 

with CAM-B3LYP.521 Natural bond orbital (NBO) analyses were carried out based on the 

results of single point calculations with PBE0522 (def2-TZVPP basis set). 

Treatment of open-shell singlets 

Open-shell singlet energies were estimated with an approximate spin projection 

method using YAMAGUCHI’s equation.523-524 

 퐸 =
2 퐸 − 퐸
〈푆 〉 − 〈푆 〉 + 퐸  (5.1) 

The broken-symmetry energy EBS as well as the triplet and broken-symmetry S2 expecta-

tion values were obtained from broken-symmetry single point calculations. 

Calculations of NMR chemical shifts 

For the calculation of absolute isotropic chemical shielding values and spin-spin cou-

pling constants at the DFT level, the gauge-independent atomic orbital (GIAO) method525-

528 was employed as it is implemented in ORCA. The conversion to NMR chemical shifts 

(for comparison to experimentally obtained values) was done by subtraction from refer-

ence data calculated for tetramethylsilane (TMS) and nitromethane (MeNO2). The PBE0522 

functional and the IGLO-II basis set529-530 was used. 
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Programs and computational resources 

DFT, double-hybrid DFT, TD-DFT, DLPNO-CCSD(T), and CCSD(T) calculations were 

carried out with ORCA (versions 4.2.1, 5.0.1, 5.0.3, and 5.0.4).531-533 ORCA was also used 

for the multiconfigurational and multireference calculations to model the addition reac-

tion of O2 to meso-octamethylcalix[4]pyrrolato aluminate. MOLPRO 2020.1 was used for 

the CASSCF and the MRCI+Q calculations.534-535 The mHEAT+ protocol was executed with 

CFOUR v2.1.339 The NBO7 program was used for NBO calculations through ORCA.536-537 

NCI plots538 were generated with Multiwfn 3.8539 and VMD 1.9.4a53539. The visualization 

and molecule editing programs Chemcraft540, PyMol541, IBOview542-543, CYLView544, and 

Avogadro545 were used. 

Computational resources were provided by the Baden-Württemberg High Perfor-

mance Computing program through the bwForCluster JUSTUS2 at Ulm University. The 

support of the state of Baden-Württemberg through bwHPC and the German Research 

Foundation is acknowledged. 
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5.3 Additional Information on Python Programming 

he Python programming language was used throughout. The cheminformatics pack-

ages RDKit 2023.03.3390 and mordred 1.2.0152 were utilized. The FIA-GNN models 

were built using Python 3.8.0 and nfp 0.3.8178, which is based on TensorFlow 2.546 The 

models were trained on the San Diego Supercomputer Center cluster (NVIDIA V100 SMX2 

GPU nodes). The Scikit-learn library (version 1.2.2)154 was used for data preprocessing and 

training of the random forest models. The LightGBM Python module was used in its 4.0.0 

version.547 The modules UMAP 0.5.3430 and SHAP 0.43.0431-432 were employed. Data han-

dling and evaluation was achieved with pandas 1.5.0548 and SciPy 1.9.1549 and visualization 

with seaborn 0.12.0.550-551 
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5.4 Synthetic Procedures and Characterization Data 

meso-Octamethylcalix[4]pyrrole (19)8, 114, 149 

 

Procedure. In a 500 mL round-bottom flask equipped with a reflux condenser, acetone 

(13.0 g, 16.5 mL, 223.83 mmol, 1.0 equiv.) was dissolved in methanol (160 mL). Pyrrole 

(15.0 g, 15.5 mL, 223.83 mmol, 1.0 equiv.), which was freshly distilled, was added in one 

portion. Methanesulfonic acid (4 drops) was added to the colorless solution. While the 

mixture was heated to 60 °C for 3 h, a colorless solid precipitated. The reaction mixture 

was allowed to cool down to room temperature. The solvent was removed under reduced 

pressure. A pale green solid was obtained as the crude reaction product, which was puri-

fied by flash column chromatography on silica gel with dichloromethane/petroleum ether 

(60:40, Rf = 0.53) as eluent. The solvent was removed from the combined product fractions 

and meso-octamethylcalix[4]pyrrole (19) was isolated after drying under reduced pressure 

as a pale brown solid (13.7 g, 31.96 mmol, 57% yield), which is stable to ambient condi-

tions. 

1H NMR (400 MHz, CD2Cl2, 295 K):  [ppm] = 7.02 (br s, 4H, N-H), 5.88 (d, 3JHH = 2.8 Hz, 8H, 

β-H), 1.49 (s, 24H, α-Me). 

13C{1H} NMR (100 MHz, CD2Cl2, 295 K):  [ppm] = 138.8 (s, Cq, Cq-pyrrole), 103.1 (s, CH, β-

C), 35.4 (s, Cq, α-C), 28.9 (s, CH3, α-Me). 
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meso-Octaethylcalix[4]pyrrole8, 114, 149 

 

Procedure. In a 1000 mL round-bottom flask equipped with a reflux condenser, pentan-3-

one (25.7 g, 31.5 mL, 298.37 mmol, 1.0 equiv.) was dissolved in methanol (320 mL). Pyr-

role (20.0 g, 20.1 mL, 298.37 mmol, 1.0 equiv.) and catalytic amounts of methanesulfonic 

acid (8 drops) were added. Upon stirring for 18 h at 60 °C, the reaction mixture turned 

dark brown, and a colorless solid precipitated. The crude product was separated by filtra-

tion and was washed with methanol (3 × 40 mL). The obtained beige solid was dried under 

reduced pressure. It was then purified by flash column chromatography on silica gel with 

dichloromethane/petroleum ether (40:60, Rf = 0.59) as eluent. The solvent was removed 

from the combined product fractions, and after drying under reduced pressure meso-oc-

taethylcalix[4]pyrrole was obtained as a colorless solid (18.4 g, 34.02 mmol, 46% yield). It 

was recognized that over several weeks the color of the material changes to pale orange 

when stored under ambient conditions. Therefore, the compound was brought into a ni-

trogen-filled glovebox after completion of the synthesis and was stored there. 

1H NMR (600 MHz, CD2Cl2, 295 K):  [ppm] = 6.90 (br s, 4H, N-H), 5.90 (d, 3JHH = 2.6 Hz, 8H, 

β-H), 1.80 (br s, 16H, α-methylene), 0.58 (t, 3JHH = 7.4 Hz, 24H, α-Me). 

13C{1H} NMR (151 MHz, CD2Cl2, 295 K):  [ppm] = 136.5 (s, Cq, Cq-pyrrole), 105.1 (s, CH, β-

C), 43.1 (s, Cq, α-C), 28.4 (s, CH2, α-methylene), 8.0 (s, CH3, α-Me). 
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Tetraphenylphosphonium meso-octamethylcalix[4]pyrrolato aluminate ([PPh4][21])140, 147 

 

Procedure. In a nitrogen-filled glovebox, meso-octamethylcalix[4]pyrrole (19, 5.0 g, 

11.67 mmol, 1.0 equiv.) and purified (vide infra) lithium aluminum hydride (1.1 g, 

28.00 mmol, 2.4 equiv.) were dissolved in 1,2-dimethoxyethane (30 mL) in a 500 mL 

Schlenk flask. An overpressure valve was added, and the reaction mixture was stirred at 

95 °C for 48 h. The solvent was removed under reduced pressure and the residue was re-

dissolved in dichloromethane (70 mL). To the pale-yellow solution tetraphenylphospho-

nium chloride (4.4 g, 11.67 mmol, 1.0 equiv.), which was dried in vacuo at 80 °C for several 

hours prior to use, was added in one portion, and it was stirred for 1 h at room tempera-

ture. The formed colorless precipitate was separated by filtration through a fritted glass 

filter. The product (7.6 g, 9.61 mmol, 82% yield) was precipitated from its pale-yellow di-

chloromethane solution by addition of n-pentane (70 mL). It contains approximately an 

equimolar amount of dichloromethane which was considered for stoichiometric calcula-

tions. [PPh4][21] was permanently handled under inert conditions. 

1
H NMR (600 MHz, CD2Cl2, 295 K),  [ppm] = 7.90-7.83 (m, 4H, PPh4

+), 7.73-7.65 (m, 8H, 

PPh4
+), 7.61-7.52 (m, 8H, PPh4

+), 5.75 (s, 8H, β-H), 1.64 (s, 12H, α-Me), 1.47 (s, 12H, α-

Me). 

13C{1H} NMR (151 MHz, CD2Cl2, 295 K),  [ppm] = 147.3 (s, Cq, Cq-pyrrole), 136.2 (d, 4JCP = 

3.0 Hz, CH, PPh4
+), 134.8 (d, 2JCP = 10.3 Hz, CH, PPh4

+), 131.0 (d, 3JCP = 12.9 Hz, CH, PPh4
+), 

117.8 (d, 1JCP = 89.6 Hz, Cq, PPh4
+), 100.8 (s, CH, β-C), 42.6 (s, Cq, α-C), 35.9 (s, CH3, α-Me), 

24.8 (s, CH3, α-Me). 
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Procedure for LiAlH4 purification. Gray LiAlH4 powder (5.0 g) was mixed with diethyl ether 

(200 mL) in a 500 mL one-necked Schlenk flask, which was equipped with a Schlenk frit 

capped with a 250 mL Schlenk flask. The apparatus was flame-dried and flushed with dry 

argon prior to use. The suspension was stirred for 30 min at room temperature. The gray 

solid was separated by filtration from the colorless solution. The solvent was removed 

under reduced pressure to yield a colorless solid (2.9 g) after drying in vacuo at 80 °C. The 

product was used without further characterization and was permanently handled under 

inert conditions. 
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Tetraphenylphosphonium meso-octaethylcalix[4]pyrrolato aluminate ([PPh4][34])140, 142, 

148 

 

Procedure. In a nitrogen-filled glovebox, meso-octaethylcalix[4]pyrrole (3.0 g, 5.55 mmol, 

1.0 equiv.) and lithium aluminum hydride (484.2 mg, 12.77 mmol, 2.3 equiv.) were dis-

solved in 1,2-dimethoxyethane (18 mL) in a 500 mL Schlenk flask. The procedure which 

was followed to purify lithium aluminum hydride is given above. An overpressure valve 

was added, and the reaction mixture was stirred at 95 °C for 48 h. The solvent was removed 

under reduced pressure. The material was redissolved in dichloromethane (20 mL). To the 

colorless solution, tetraphenylphosphonium chloride (2.1 g, 5.55 mmol, 1.0 equiv.), which 

was dried for several hours in vacuo at 80 °C, was added in one portion, and it was stirred 

for 1 h at room temperature. After PPh4Cl addition, the color of the reaction mixture im-

mediately changed to orange. After addition of further dichloromethane (20 mL), the 

formed colorless precipitate was separated by filtration through a fritted glass filter. The 

product (4.7 g, 5.20 mmol, 93% yield) was precipitated from its pale-yellow dichloro-

methane solution by the addition of n-pentane (80 mL). [PPh4][34] was permanently han-

dled under inert conditions. 

If required, further purification can be achieved by redissolving the material (1.2 g) in di-

chloromethane (20 mL), filtration through a syringe filter, and precipitation with n-pen-

tane (30 mL). 

1
H NMR (600 MHz, CD2Cl2, 295 K),  [ppm] = 7.91-7.83 (m, 4H, PPh4

+), 7.74-7.65 (m, 8H, 

PPh4
+), 7.62-7.53 (m, 8H, PPh4

+), 5.73 (s, 8H, β-H) , 2.03 (q, 3JHH = 7.3 Hz, 8H, α-methylene), 

1.68 (q, 3JHH = 7.3 Hz, 8H, α-methylene), 1.08 (t, 3JHH = 7.3 Hz, 12H, α-Me), 0.53 (t, 
3JHH = 7.3 Hz, 12H, α-Me). 

13C{1H} NMR (151 MHz, CD2Cl2, 295 K),  [ppm] = 144.3 (s, Cq, Cq-pyrrole), 136.2 (d, 
4JCP = 3.0 Hz, CH, PPh4

+), 134.7 (d, 2JCP = 10.3 Hz, CH, PPh4
+), 131.0 (d, 3JCP = 12.9 Hz, CH, 

PPh4
+), 117.8 (d, 1JCP = 89.6 Hz, Cq, PPh4

+), 102.5 (s, CH, β-C), 44.9 (s, CH2, α-methylene), 

43.8 (s, Cq, α-C), 26.7 (s, CH3, α-methylene), 10.4 (s, CH3, α-Me), 10.1 (s, CH3, α-Me). 
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Lithium tetrapyrrolato aluminate147, 189 

 

Procedure. In a flame-dried 100 mL Schlenk flask, purified lithium aluminum hydride 

(200.0 mg, 5.27 mmol, 1.0 eq, for purification procedure see above) was mixed with diethyl 

ether (10 mL). Freshly distilled pyrrole (366 µL, 354.0 mg, 5.27 mmol, 1.0 equiv.) was 

added dropwise, and the reaction mixture was stirred for 1 h at room temperature. The 

formation of gas was observed. The solvent was removed under reduced pressure, and af-

ter drying in vacuo, the desired product was obtained as a colorless solid. The exact yield 

was not determined. Lithium tetrapyrrolato aluminate was constantly handled under in-

ert conditions. 

1
H NMR (600 MHz, THF-d8, 295 K),  [ppm] = 6.69 (s, 8H, H-2/5), 6.00 (s, 8H, H-3/H-4). 

13C{1H} NMR (151 MHz, THF-d8, 295 K),  [ppm] = 125.7 (s, CH, C-2/5), 108.3 (s, CH, C-3/4). 

Both signals showed poorly resolved 13C-27Al coupling and appeared, though expected as 

a sextet (s27Al = 5/2), as doublet-type signals. 

7Li NMR (233 MHz, THF-d8, 295 K),  [ppm] = 2.45 (s). 
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Procedure for the addition reaction of alcohols to meso-octamethylcalix[4]pyrrolato alu-

minate147 

Procedure. In a dry nitrogen-filled glovebox, tetraphenylphosphonium meso-octamethyl-

calix[4]pyrrolato aluminate ([PPh4][21], 10.0 mg, 11.4 µmol, 1.0 equiv., including 1 equiv-

alent of CH2Cl2) was dissolved in CD2Cl2 (0.5 mL). An equimolar amount of the respective 

alcohol substrate was dissolved in CD2Cl2 (0.3 mL) and was added to the stirring aluminate 

solution at room temperature. The reaction mixture turned yellow (orange in the case of 

para-nitrobenzyl alcohol) immediately after the addition of the first drop of the alcohol 

solution. After complete addition, the solution was transferred to a J. Young NMR tube 

and was analyzed by NMR spectroscopy. The addition products were also characterized by 

high resolution ESI(−) mass spectrometry. 

Single crystals of the addition product of para-bromophenol to meso-octamethyl-

calix[4]pyrrolato aluminate were obtained at −40 °C from a dichloromethane/toluene so-

lution. 
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Addition product of ethanol to meso-octamethylcalix[4]pyrrolato aluminate 

([PPh4][30])147 

 

1H NMR (600 MHz, CD2Cl2, 295 K),  [ppm] = 7.92-7.86 (m, 4H, PPh4
+), 7.75-7.68 (m, 8H, 

PPh4
+), 7.62-7.55 (m, 8H, PPh4

+), 7.56 (1 H, H-2, observed by 1H,1H COSY NMR spectros-

copy, expected multiplicity is d), 6.82 (d, 3JHH = 5.1 Hz, 1H, H-3), 5.89 (d, 3JHH = 2.8 Hz, 1H, 

β-H), 5.83 (d, 3JHH = 2.8 Hz, 1H, β-H), 5.79 (d, 3JHH = 2.9 Hz, 1H, β-H), 5.78 (d, 3JHH = 2.9 Hz, 

1H, β-H), 5.70 (d, 3JHH = 2.7 Hz, 1H, β-H), 5.67 (d, 3JHH = 2.7 Hz, 1H, β-H), 5.60 (s, 1H, H-1), 

2.73-2.65 (m, 1H, H-5A/5B), 2.43-2.35 (m, 1H, H-5A/5B), 1.75 (s, 3H, α-Me), 1.69 (s, 3H, 

α-Me), 1.66 (s, 3H, α-Me), 1.63 (s, 3H, α-Me), 1.60 (s, 3H, α-Me), 1.51 (s, 3H, α-Me), 1.32 

(s, 3H, α-Me), 0.65 (s, 3H, α-Me), 0.64 (t, 3JHH = 6.9 Hz, 3H, H-6). 

13C{1H} NMR (151 MHz, CD2Cl2, 295 K),  [ppm] = 186.9 (s, Cq, C-4), 156.2 (s, CH, C-2), 150.9 

(s, Cq, Cq-pyrrole), 150.1 (s, Cq, Cq-pyrrole), 149.1 (s, Cq, Cq-pyrrole), 147.0 (s, Cq, Cq-pyr-

role), 146.4 (s, Cq, Cq-pyrrole), 141.4 (s, Cq, Cq-pyrrole), 136.2 (d, 4JCP = 3.0 Hz, CH, PPh4
+), 

134.8 (d, 2JCP = 10.3 Hz, CH, PPh4
+), 131.0 (d, 3JCP = 12.9 Hz, CH, PPh4

+), 127.4 (s, CH, C-3), 

117.8 (d, 1JCP = 89.6 Hz, Cq, PPh4
+), 101.7 (s, CH, β-C), 101.4 (s, CH, β-C), 101.0 (s, CH, β-

C), 100.6 (s, CH, β-C), 100.3 (s, CH, β-C), 98.2 (s, CH, β-C), 86.5 (s, CH, C-1), 55.4 (s, CH2, 

C-5), 40.7 (s, Cq, α-Me), 39.6 (s, CH3, α-Me), 38.3 (s, Cq, α-C), 36.7 (s, Cq, α-C), 36.6 (s, Cq, 

α-C), 36.4 (s, CH3, α-Me), 33.4 (s, CH3, α-Me), 32.0 (s, CH3, α-Me), 28.5 (s, CH3, α-Me), 

28.0 (s, CH3, α-Me), 27.4 (s, CH3, α-Me), 26.1 (s, CH3, α-Me), 20.5 (s, CH3, C-6). 

HR-MS (ESI, negative ion mode): m/z calculated for C30H38AlN4O [M]−: 497.2866, found: 

497.2874. 
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Addition product of isopropanol to meso-octamethylcalix[4]pyrrolato aluminate147 

 

1H NMR (600 MHz, CD2Cl2, 295 K),  [ppm] = 7.92-7.85 (m, 4H, PPh4
+), 7.76-7.68 (m, 8H, 

PPh4
+), 7.62-7.55 (m, 8H, PPh4

+), 7.56 (d, 3JHH = 5.6 Hz, 1H, H-2), 6.80 (dd, 3JHH = 5.3 Hz, 4JHH 

= 0.7 Hz, 1H, H-3), 5.90 (d, 3JHH = 3.0 Hz, 1H, β-H), 5.82 (d, 3JHH = 3.0 Hz, 1H, β-H), 5.81 (d, 
3JHH = 3.0 Hz, 1H, β-H), 5.77 (d, 3JHH = 3.0 Hz, 1H, β-H), 5.72 (d, 3JHH = 2.9 Hz, 1H, β-H), 5.68 

(d, 3JHH = 2.9 Hz, 1H, β-H), 5.66 (s, 1H, H-1), 3.11 (sept, 3JHH = 6.0 Hz, 1H, H-5), 1.75 (s, 3H, 

α-Me), 1.70 (s, 3H, α-Me), 1.66 (s, 3H, α-Me), 1.63 (s, 3H, α-Me), 1.59 (s, 3H, α-Me), 1.57 

(s, 3H, α-Me), 1.27 (s, 3H, α-Me), 0.63 (s, 3H, α-Me), 0.46 (d, 3JHH = 6.0 Hz, 3H, H-6/6’), 0.37 

(d, 3JHH = 6.0 Hz, 3H, H-6/6’). 

13C{1H} NMR (151 MHz, CD2Cl2, 295 K),  [ppm] = 186.4 (s, Cq, C-4), 156.5 (s, CH, C-2), 150.5 

(s, Cq, Cq-pyrrole), 150.4 (s, Cq, Cq-pyrrole), 149.3 (s, Cq, Cq-pyrrole), 146.6 (s, Cq, Cq-pyr-

role), 146.2 (s, Cq, Cq-pyrrole), 141.2 (s, Cq, Cq-pyrrole), 136.2 (d, 4JCP = 3.0 Hz, CH, PPh4
+), 

134.8 (d, 2JCP = 10.3 Hz, CH, PPh4
+), 131.0 (d, 3JCP = 12.9 Hz, CH, PPh4

+), 127.4 (s, CH, C-3), 

117.9 (d, 1JCP = 89.6 Hz, Cq, PPh4
+), 102.3 (s, CH, β-C), 101.08 (s, CH, β-C), 101.05 (s, CH, 

β-C), 101.0 (s, CH, β-C), 100.6 (s, CH, β-C), 98.3 (s, CH, β-C), 85.6 (s, CH, C-1), 62.5 (s, CH, 

C-5), 41.14 (s, Cq, α-C), 41.09 (s, Cq, α-Me), 38.1 (s, Cq, α-C), 37.5 (s, Cq, α-Me), 36.8 (s, Cq, 

α-Me), 36.7 (s, Cq, α-C), 36.4 (s, Cq, α-Me), 31.1 (s, Cq, α-Me), 28.9 (s, Cq, α-Me), 28.0 (s, 

Cq, α-Me), 27.2 (s, Cq, α-Me), 26.9 (s, CH3, C-6/6’), 26.7 (s, CH3, C-6/6’), 25.3 (s, Cq, α-Me). 

HR-MS (ESI, negative ion mode): m/z calculated for C31H40AlN4O [M]−: 511.3023, found: 

511.3080. 
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Addition product of tert-butyl alcohol to meso-octamethylcalix[4]pyrrolato aluminate147 

 

1H NMR (600 MHz, CD2Cl2, 295 K),  [ppm] = 7.91-7.85 (m, 4H, PPh4
+), 7.75-7.68 (m, 8H, 

PPh4
+), 7.62-7.54 (m, 8H, PPh4

+), 7.57 (1 H, H-2, observed by 1H,1H COSY NMR spectros-

copy, expected multiplicity is d), 6.82 (dd, 3JHH = 5.3 Hz, 4JHH = 0.7 Hz, 1H, H-3), 5.90 (s, 1H, 

H-1), 5.89 (d, 3JHH = 3.1 Hz, 1H, β-H), 5.88 (d, 3JHH = 3.1 Hz, 1H, β-H), 5.82 (d, 3JHH = 3.0 Hz, 

1H, β-H), 5.78 (d, 3JHH = 3.0 Hz, 1H, β-H), 5.73 (d, 3JHH = 2.9 Hz, 1H, β-H), 5.69 (d, 3JHH = 

2.9 Hz, 1H, β-H), 1.75 (s, 3H, α-Me), 1.74 (s, 3H, α-Me), 1.67 (s, 3H, α-Me), 1.63 (s, 3H, α-

Me), 1.58 (s, 3H, α-Me), 1.55 (s, 3H, α-Me), 1.21 (s, 3H, α-Me), 0.61 (s, 3H, α-Me), 0.58 (s, 

9H, H-6). 

13C{1H} NMR (151 MHz, CD2Cl2, 295 K),  [ppm] = 186.3 (s, Cq, C-4), 156.9 (s, CH, C-2), 150.9 

(s, Cq, Cq-pyrrole), 150.3 (s, Cq, Cq-pyrrole), 149.5 (s, Cq, Cq-pyrrole), 146.6 (s, Cq, Cq-pyr-

role), 146.0 (s, Cq, Cq-pyrrole), 141.2 (s, Cq, Cq-pyrrole), 136.2 (d, 4JCP = 3.0 Hz, CH, PPh4
+), 

134.8 (d, 2JCP = 10.3 Hz, CH, PPh4
+), 131.0 (d, 3JCP = 12.9 Hz, CH, PPh4

+), 127.8 (s, CH, C-3), 

117.9 (d, 1JCP = 89.6 Hz, Cq, PPh4
+), 102.4 (s, CH, β-C), 101.5 (s, CH, β-C), 100.8 (s, CH, β-

C), 100.92 (s, CH, β-C), 100.90 (s, CH, β-C), 98.7 (s, CH, β-C), 84.7 (s, CH, C-1), 68.2 (s, Cq, 

C-5), 42.0 (s, CH3, α-Me), 41.5 (s, Cq, α-C), 38.4 (s, CH3, α-Me), 38.3 (s, CH3, α-Me), 38.1 (s, 

Cq, α-C), 36.9 (s, Cq, α-C), 36.6 (s, Cq, α-C), 32.4 (s, CH3, C-6), 31.0 (s, CH3, α-Me), 28.4 (s, 

CH3, α-Me), 28.1 (s, CH3, α-Me), 27.0 (s, CH3, α-Me), 25.2 (s, CH3, α-Me). 

HR-MS (ESI, negative ion mode): m/z calculated for C32H42AlN4O [M]−: 525.3179, found: 

525.3129. 
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Addition product of para-methylbenzyl alcohol to meso-octamethylcalix[4]pyrrolato alu-

minate147 

 

1H NMR (600 MHz, CD2Cl2, 295 K),  [ppm] = 7.90-7.84 (m, 4H, PPh4
+), 7.74-7.67 (m, 8H, 

PPh4
+), 7.60-7.53 (m, 8H, PPh4

+), 7.48 (d, 3JHH = 5.2 Hz, 1H, H-2), 6.93-6.89 (m, 2H, H-7), 

6.89-6.85 (m, 2H, H-8), 6.79 (d, 3JHH = 5.2 Hz, 1H, H-3), 5.90 (d, 3JHH = 2.9 Hz, 1H, β-H), 

5.85 (d, 3JHH = 3.0 Hz, 1H, β-H), 5.84 (d, 3JHH = 3.0 Hz, 1H, β-H), 5.80 (d, 3JHH = 3.0 Hz, 1H, 

β-H), 5.73 (d, 3JHH = 2.9 Hz, 1H, β-H), 5.70 (d, 3JHH = 2.9 Hz, 1H, β-H), 5.54 (s, 1H, H-1), 3.70 

(d, 2JHH = 13.2 Hz, 1H, H-5A/5B), 3.14 (d, 2JHH = 13.2 Hz, 1H, H-5A/5B), 2.20 (s, 3H, H-10), 

1.74 (s, 3H, α-Me), 1.68 (s, 3H, α-Me), 1.63 (s, 3H, α-Me), 1.60 (s, 3H, α-Me), 1.55 (s, 3H, 

α-Me), 1.49 (s, 3H, α-Me), 1.34 (s, 3H, α-Me), 0.60 (s, 3H, α-Me). 

13C{1H} NMR (151 MHz, CD2Cl2, 295 K),  [ppm] = 186.9 (s, Cq, C-4), 156.4 (s, CH, C-2), 151.3 

(s, Cq, Cq-pyrrole), 150.2 (s, Cq, Cq-pyrrole), 149.2 (s, Cq, Cq-pyrrole), 147.2 (s, Cq, Cq-pyr-

role), 146.4 (s, Cq, Cq-pyrrole), 145.3 (s, Cq, C-6), 141.5 (s, Cq, Cq-pyrrole), 136.2 (d, 4JCP = 

3.0 Hz, CH, PPh4
+), 134.8 (d, 2JCP = 10.3 Hz, CH, PPh4

+), 134.1 (s, Cq, C-9), 131.0 (d, 3JCP = 

12.9 Hz, CH, PPh4
+), 128.2 (s, CH, C-8), 127.3 (s, CH, C-3), 127.0 (s, CH, C-7), 117.8 (d, 1JCP 

= 89.6 Hz, Cq, PPh4
+), 102.3 (s, CH, β-C), 101.4 (s, CH, β-C), 101.2 (s, CH, β-C), 100.8 (s, 

CH, β-C), 100.6 (s, CH, β-C), 98.0 (s, CH, β-C), 86.3 (s, CH, C-1), 62.3 (s, CH2, C-5), 40.9 (s, 

Cq, α-C), 40.2 (s, CH3, α-Me), 38.3 (s, Cq, α-C), 36.9 (s, CH3, α-Me), 36.8 (s, Cq, α-Me), 36.6 

(s, Cq, α-C), 33.7 (s, CH3, α-Me), 31.2 (s, CH3, α-Me), 28.2 (s, CH3, α-Me), 27.6 (s, CH3, α-

Me), 27.5 (s, CH3, α-Me), 25.6 (s, CH3, α-Me), 21.1 (s, CH3, C-10). 

HR-MS (ESI, negative ion mode): m/z calculated for C36H42AlN4O [M]−: 573.3179, found: 

573.3177. 
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Addition product of para-nitrobenzyl alcohol to meso-octamethylcalix[4]pyrrolato alumi-

nate147 

 

1H NMR (600 MHz, CD2Cl2, 295 K),  [ppm] = 7.92-7.89 (m, 2H, H-8), 7.89-7.85 (m, 4H, 

PPh4
+), 7.74-7.67 (m, 8H, PPh4

+), 7.61-7.55 (m, 8H, PPh4
+), 7.51 (d, 3JHH = 5.3 Hz, 1H, H-2), 

7.23-7.19 (m, 2H, H-7), 6.83 (dd, 3JHH = 5.3 Hz, 4JHH = 1.0 Hz, 1H, H-3), 5.87 (d, 3JHH = 2.9 Hz, 

1H, β-H), 5.86 (d, 3JHH = 3.0 Hz, 1H, β-H), 5.81 (d, 3JHH = 3.0 Hz, 1H, β-H), 5.75 (d, 3JHH = 

2.9 Hz, 1H, β-H), 5.72 (d, 3JHH = 2.9 Hz, 1H, β-H), 5.45 (s, 1H, H-1), 3.82 (d, 2JHH = 15.7 Hz, 

1H, H-5A/5B), 3.27 (d, 2JHH = 15.7 Hz, 1H, H-5A/5B), 1.75 (s, 3H, α-Me), 1.69 (s, 3H, α-Me), 

1.65 (s, 3H, α-Me), 1.57 (s, 3H, α-Me), 1.56 (s, 3H, α-Me), 1.42 (s, 3H, α-Me), 1.35 (s, 3H, 

α-Me), 0.60 (s, 3H, α-Me). 

13C{1H} NMR (151 MHz, CD2Cl2, 295 K),  [ppm] = 187.4 (s, Cq, C-4), 157.5 (s, Cq, C-9), 156.5 

(s, CH, C-2), 151.5 (s, Cq, Cq-pyrrole), 150.2 (s, Cq, Cq-pyrrole), 149.0 (s, Cq, Cq-pyrrole), 

147.2 (s, Cq, Cq-pyrrole), 146.3 (s, Cq, C-6), 145.9 (s, Cq, Cq-pyrrole), 141.4 (s, Cq, Cq-pyr-

role), 136.2 (d, 4JCP = 3.0 Hz, CH, PPh4
+), 134.8 (d, 2JCP = 10.3 Hz, CH, PPh4

+), 131.0 (d, 3JCP 

= 12.9 Hz, CH, PPh4
+), 127.41 (s, CH, C-3), 127.37 (s, CH, C-7), 122.8 (s, CH, C-8), 117.8 (d, 

1JCP = 3.1 Hz, Cq, PPh4
+), 102.6 (s, CH, β-C), 101.7 (s, CH, β-C), 101.4 (s, CH, β-C), 100.9 (s, 

CH, β-C), 100.8 (s, CH, β-C), 98.2 (s, CH, β-C), 86.4 (s, CH, C-1), 62.4 (s, CH2, C-5), 40.9 (s, 

Cq, α-C), 40.0 (s, CH3, α-Me), 38.3 (s, Cq, α-Me), 36.9 (s, CH3, α-Me), 36.8 (s, Cq, α-Me), 36.6 

(s, Cq, α-Me), 33.7 (s, CH3, α-Me), 31.2 (s, CH3, α-Me), 28.1 (s, CH3, α-Me), 27.5 (s, CH3, α-

Me), 27.3 (s, CH3, α-Me), 25.5 (s, CH3, α-Me). 

HR-MS (ESI, negative ion mode): m/z calculated for C35H39AlN5O3 [M]−: 604.2874, found: 

604.2886. 
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Addition product of bis(4-methoxyphenyl)methanol to meso-octamethylcalix[4]pyrrolato 

aluminate147 

 

1H NMR (600 MHz, CD2Cl2, 295 K),  [ppm] = 7.91-7.85 (m, 4H, PPh4
+), 7.75-7.67 (m, 8H, 

PPh4
+), 7.62-7.53 (m, 8H, PPh4

+), 7.33 (d, 3JHH = 5.2 Hz, 1H, H-2), 7.07-7.02 (m, 2H, H-7/7’), 

6.77-6.74 (dd, 3JHH = 5.2 Hz, 4JHH = 0.7 Hz, 1H, H-3), 6.71-6.67 (m, 2H, H-8/8’), 6.28-6.24 

(m, 2H, H-8/8’), 6.22-6.18 (m, 2H, H-7/7’), 5.93 (d, 3JHH = 2.9 Hz, 1H, β-H), 5.84 (d, 3JHH = 

2.9 Hz, 1H, β-H), 5.80 (d, 3JHH = 3.0 Hz, 1H, β-H), 5.77 (d, 3JHH = 2.9 Hz, 1H, β-H), 5.70 (d, 
3JHH = 3.0 Hz, 1H, β-H), 5.61 (d, 3JHH = 2.9 Hz, 1H, β-H), 5.34 (s, 1H, H-1), 4.20 (s, 1H, H-5), 

3.74 (s, 3H, H-10/10’), 3.58 (s, 3H, H-10/10’), 1.77 (s, 3H, α-Me), 1.74 (s, 3H, α-Me), 1.58 

(s, 3H, α-Me), 1.41 (s, 3H, α-Me), 1.31 (s, 3H, α-Me), 1.10 (s, 3H, α-Me), 0.94 (s, 3H, α-Me), 

0.49 (s, 3H, α-Me). 

13C{1H} NMR (151 MHz, CD2Cl2, 295 K),  [ppm] = 186.4 (s, Cq, C-4), 157.7 (s, Cq, C-9/9’), 

156.8 (s, Cq, C-9/9’), 156.5 (s, CH, C-2), 151.6 (s, Cq, Cq-pyrrole), 151.2 (s, Cq, Cq-pyrrole), 

149.1 (s, Cq, Cq-pyrrole), 146.1 (s, Cq, Cq-pyrrole), 146.0 (s, Cq, Cq-pyrrole), 142.9 (s, Cq, C-

6/6’), 141.7 (s, Cq, C-6/6’), 141.3 (s, Cq, Cq-pyrrole), 136.1 (d, 4JCP = 3.1 Hz, CH, PPh4
+), 134.8 

(d, 2JCP = 10.3 Hz, CH, PPh4
+), 131.0 (d, 3JCP = 12.9 Hz, CH, PPh4

+), 130.2 (s, CH, C-7/7’), 

128.8 (s, CH, C-7/7’), 127.2 (s, CH, C-3), 117.8 (d, 1JCP = 89.6 Hz, Cq, PPh4
+), 112.7 (s, CH, 

C-8/8’), 112.4 (s, CH, C-8/8’), 103.2 (s, CH, β-C), 101.34 (s, CH, β-C), 101.30 (s, CH, β-C), 

101.04 (s, CH, β-C), 100.97 (s, CH, β-C), 98.2 (s, CH, β-C), 85.2 (s, CH, C-1), 74.4 (s, CH, 

C-5), 55.5 (s, CH3, C-10/10’), 55.3 (s, CH3, C-10/10’), 41.2 (s, CH3, α-Me), 41.1 (s, Cq, α-C), 

38.1 (s, Cq, α-C), 37.9 (s, CH3, α-Me), 36.9 (s, Cq, α-Me), 36.4 (s, Cq, α-Me), 35.2 (s, CH3, α-

Me), 30.5 (s, CH3, α-Me), 27.6 (s, CH3, α-Me), 27.3 (s, CH3, α-Me), 27.2 (s, CH3, α-Me), 25.1 

(s, CH3, α-Me).  

HR-MS (ESI, negative ion mode): m/z calculated for C43H48AlN4O3 [M]−: 695.3547, found: 

695.3561. 



METHODS – SYNTHETIC PROCEDURES AND CHARACTERIZATION DATA 

198 

Addition product of para-bromophenol to meso-octamethylcalix[4]pyrrolato aluminate 

([PPh4][29])147 

 

1H NMR (600 MHz, CD2Cl2, 295 K),  [ppm] = 7.90-7.84 (m, 4H, PPh4
+), 7.74-7.66 (m, 8H, 

PPh4
+), 7.61-7.55 (m, 8H, PPh4

+), 7.54 (d, 3JHH = 5.2 Hz, 1H, H-2), 6.85 (dd, 3JHH = 5.3 Hz, 4JHH 

= 1.1 Hz, 1H, H-3), 6.75-6.71 (m, 2H, H-7), 5.90 (d, 3JHH = 3.0 Hz, 1H, β-H), 5.89 (d, 3JHH = 

3.0 Hz, 1H, β-H), 5.84 (d, 3JHH = 3.0 Hz, 1H, β-H), 5.83 (d, 3JHH = 3.0 Hz, 1H, β-H), 5.73 (d, 
3JHH = 2.9 Hz, 1H, β-H), 5.72 (d, 3JHH = 2.9 Hz, 1H, β-H), 5.55-5.51 (m, 2H, H-6), 5.20 (s, 1H, 

H-1), 1.76 (s, 3H, α-Me), 1.68 (s, 3H, α-Me), 1.66 (s, 3H, α-Me), 1.54 (s, 3H, α-Me), 1.47 (s, 

3H, α-Me), 1.41 (s, 3H, α-Me), 1.35 (s, 3H, α-Me), 0.62 (s, 3H, α-Me). 

13C{1H} NMR (151 MHz, CD2Cl2, 295 K),  [ppm] = 187.4 (s, Cq, C-4), 160.6 (s, Cq, C-5), 156.7 

(s, CH, C-2), 150.4 (s, Cq, Cq-pyrrole), 150.3 (s, Cq, Cq-pyrrole), 149.1 (s, Cq, Cq-pyrrole), 

146.8 (s, Cq, Cq-pyrrole), 146.4 (s, Cq, Cq-pyrrole), 141.2 (s, Cq, Cq-pyrrole), 136.2 (d, 4JCP = 

3.0 Hz, CH, PPh4
+), 134.8 (d, 2JCP = 10.3 Hz, CH, PPh4

+), 131.04 (s, CH, C-7), 131.01 (d, 3JCP 

= 12.9 Hz, CH, PPh4
+), 127.5 (s, CH, C-3), 121.6 (s, CH, C-6), 117.8 (d, 1JCP = 89.5 Hz, Cq, 

PPh4
+), 106.8 (s, Cq, C-8), 103.2 (s, CH, β-C), 102.1 (s, CH, β-C), 102.0 (s, CH, β-C), 101.7 

(s, CH, β-C), 101.4 (s, CH, β-C), 98.9 (s, CH, β-C), 85.9 (s, CH, C-1), 40.9 (s, Cq, α-C), 40.6 

(s, CH3, α-Me), 38.3 (s, Cq, α-Me), 37.0 (s, CH3, α-Me), 36.7 (s, Cq, α-C), 36.5 (s, Cq, α-C), 

34.2 (s, CH3, α-Me), 31.4 (s, CH3, α-Me), 28.7 (s, CH3, α-Me), 27.7 (s, CH3, α-Me), 27.6 (s, 

CH3, α-Me), 25.5 (s, CH3, α-Me). 

HR-MS (ESI, negative ion mode): m/z calculated for C34H37Al79BrN4O [M]−: 623.1972, 

found: 623.1980. 

The constitution of the compound as shown was unambiguously confirmed by SCXRD meas-

urements (cf. Chapter 7.4). 
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Addition product of benzoic acid to meso-octamethylcalix[4]pyrrolato aluminate147 

 

1H NMR (600 MHz, CD2Cl2, 295 K),  [ppm] = 7.91-7.83 (m, 4H, PPh4
+), 7.74-7.65 (m, 8H, 

PPh4
+), 7.61-7.52 (m, 8H, PPh4

+), 7.58 (1 H, H-2, observed by 1H,1H COSY NMR spectros-

copy, expected multiplicity is d), 7.51-7.46 (m, 2H, H-8), 7.23-19 (m, 1H, H-10), 7.12-7.06 

(m, 2H, H-9), 6.87 (dd, 3JHH = 5.3 Hz, 4JHH = 1.0 Hz, 1H, H-3), 5.96 (d, 3JHH = 3.0 Hz, 1H, β-H), 

5.92 (d, 3JHH = 3.0 Hz, 1H, β-H), 5.81 (d, 3JHH = 3.3 Hz, 1H, β-H), 5.80 (d, 3JHH = 3.3 Hz, 1H, 

β-H), 5.732 (d, 3JHH = 3.1 Hz, 1H, β-H), 5.728 (d, 3JHH = 3.1 Hz, 1H, β-H), 5.44 (s, 1H, H-1), 

1.71 (s, 3H, α-Me), 1.54 (s, 3H, α-Me), 1.53 (s, 3H, α-Me), 1.51 (s, 3H, α-Me), 1.48 (s, 3H, 

α-Me), 1.46 (s, 3H, α-Me), 1.36 (s, 3H, α-Me), 0.76 (s, 3H, α-Me). 

13C{1H} NMR (151 MHz, CD2Cl2, 295 K),  [ppm] = 187.7 (s, Cq, C-4), 168.2 (s, Cq, C-6), 155.4 

(s, CH, C-2), 150.3 (s, Cq, Cq-pyrrole), 149.9 (s, Cq, Cq-pyrrole), 148.2 (s, Cq, Cq-pyrrole), 

147.0 (s, Cq, Cq-pyrrole), 146.6 (s, Cq, Cq-pyrrole), 142.3 (s, Cq, Cq-pyrrole), 136.9 (s, Cq, C-

7), 136.2 (d, 4JCP = 3.1 Hz, CH, PPh4
+), 134.8 (d, 2JCP = 10.3 Hz, CH, PPh4

+), 131.0 (d, 3JCP = 

12.9 Hz, CH, PPh4
+), 130.5 (s, CH, C-10), 130.4 (s, CH, C-8), 127.8 (s, CH, C-3), 127.6 (s, 

CH, C-9), 117.8 (d, 1JCP = 89.6 Hz, Cq, PPh4
+), 102.9 (s, CH, β-C), 102.0 (s, CH, β-C), 101.6 

(s, CH, β-C), 101.2 (s, CH, β-C), 100.12 (s, CH, β-C), 100.12 (s, CH, β-C), 87.5 (s, CH, C-1), 

39.2 (s, Cq, α-C), 38.5 (s, Cq, α-C), 36.8 (s, CH3, α-Me), 36.43 (s, Cq, α-C), 36.42 (s, Cq, α-C), 

35.5 (s, CH3, α-Me), 34.2 (s, CH3, α-Me), 30.67 (s, CH3, α-Me), 30.65 (s, CH3, α-Me), 28.7 

(s, CH3, α-Me), 28.2 (s, CH3, α-Me), 26.6 (s, CH3, α-Me). 

HR-MS (ESI, negative ion mode): m/z calculated for C35H38AlN4O2 [M]−: 573.2816, found: 

573.2839. 
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General procedure for the autoprotolysis reaction of the alcohol addition products to 

meso-octamethylcalix[4]pyrrolato aluminate147 

Procedure. In a dry nitrogen-filled glovebox, tetraphenylphosphonium meso-octamethyl-

calix[4]pyrrolato aluminate ([PPh4][21], 45.0 mg, 51.4 µmol, 1.0 equiv., including 1 equiv-

alent of CH2Cl2) was dissolved in CH2Cl2 (1.0 mL) in a crimp-top vial, and the equimolar 

amount of the alcohol substrate was added in one portion at room temperature. The so-

lution turned yellow (orange in the case of para-nitrobenzyl alcohol) upon substrate ad-

dition. n-Pentane (5.0 mL) was added at room temperature what resulted in the precipi-

tation of a yellow (orange in the case of para-nitrobenzyl alcohol) solid. The vial was 

sealed, and the reaction mixture was allowed to stand for several days (> 2 days) at room 

temperature. The supernatant was separated from the solid material at the bottom of the 

vial and was filtered through a PTFE syringe filter. The solvent was removed under reduced 

pressure to give in all cases, after drying in vacuo, pale yellow solids which are the proto-

nated, neutral addition products. The orange precipitate (mixture of dianionic alcoholato 

complex and anionic addition product) was dried in vacuo. Both obtained substances were 

analyzed by NMR spectroscopy. 

The described procedure produced crystals suitable for SCXRD measurements of both the 

neutral and dianionic species. 
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Neutral, protonated addition product of ethanol to meso-octamethylcalix[4]pyrrolato alu-

minate (31)147 

 

1H NMR (600 MHz, CD2Cl2, 295 K),  [ppm] = 7.61 (d, 3JHH = 5.3 Hz, 2H, H-2), 7.02 (dd, 3JHH 

= 5.3 Hz, 4JHH = 1.4 Hz, 2H, H-3), 6.04 (d, 3JHH = 3.2 Hz, 2H, β-H), 5.93 (d, 3JHH = 3.2 Hz, 2H, 

β-H), 4.88 (s, 2H, H-1), 3.39-3.32 (m, 1H, H-5A/5B), 3.11-3.04 (m, 1H, H-5A/5B), 1.84 (s, 

6H, α-Me), 1.79 (s, 6H, α-Me), 1.54 (s, 6H, α-Me), 0.86 (t, 3JHH = 7.0 Hz, 3H, H-6), 0.38 (s, 

6H, α-Me). 

13C{1H} NMR (151 MHz, CD2Cl2, 295 K),  [ppm] = 188.9 (s, Cq, C-4), 155.2 (s, CH, C-2), 149.6 

(s, Cq, Cq-pyrrole), 143.5 (s, Cq, Cq-pyrrole), 129.1 (s, CH, C-3), 104.5 (s, CH, β-C), 102.5 (s, 

CH, β-C), 87.2 (s, CH, C-1), 56.8 (s, CH2, C-5), 39.3 (s, Cq, α-C), 38.9 (s, Cq, α-C), 30.7 (s, 

CH3, α-Me), 28.7 (s, CH3, α-Me), 27.7 (s, CH3, α-Me), 23.3 (s, CH3, α-Me), 20.1 (s, CH3, C-

6). 

The constitution of the compound as shown was unambiguously confirmed by SCXRD meas-

urements (cf. Chapter 7.4). 
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Dianionic ethanolato adduct of meso-octamethylcalix[4]pyrrolato aluminate 

([PPh4]2[32])147 

 

1H NMR (600 MHz, CD2Cl2, 295 K),  [ppm] = 7.90-7.82 (m, 8H, PPh4
+), 7.75-7.66 (m, 16H, 

PPh4
+), 7.62-7.53 (m, 16H, PPh4

+), 5.61 (d, 3JHH = 2.8 Hz, 4H, β-H), 5.54 (d, 3JHH = 2.8 Hz, 4H, 

β-H), 2.33 (q, 3JHH = 6.8 Hz, 2H, H-1), 0.50 (t, 3JHH = 6.8 Hz, 3H, H-2). 

13C{1H} / 1H,13C HSQC / 1H,13C HMBC NMR (600 / 151 MHz, CD2Cl2, 295 K),  [ppm] = 148.3 

(s, Cq, Cq-pyrrole), 147.3 (s, Cq, Cq-pyrrole), 136.1 (d, 4JCP = 3.0 Hz, CH, PPh4
+), 134.8 (d, 2JCP 

= 10.3 Hz, CH, PPh4
+), 131.0 (d, 3JCP = 12.9 Hz, CH, PPh4

+), 117.8 (d, 1JCP = 89.6 Hz, Cq, PPh4
+), 

99.2 (s, CH, β-C), 96.8 (s, CH, β-C), 54.8 (s, CH2, C-1), 42.6 (s, CH3, α-Me), 36.9 (s, Cq, α-

C), 36.1 (s, Cq, α-C), 35.6 (s, CH3, α-Me), 32.6 (s, CH3, α-Me), 26.6 (s, CH3, α-Me), 19.6 (s, 

CH3, C-2). 

The constitution of the compound as shown was unambiguously confirmed by SCXRD meas-

urements (cf. Chapter 7.4). 
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Neutral, protonated addition product of para-methylbenzyl alcohol to meso-octamethyl-

calix[4]pyrrolato aluminate147 

 

1H NMR (600 MHz, CD2Cl2, 295 K),  [ppm] = 7.65 (d, 3JHH = 5.3 Hz, 2H, H-2), 7.03 (dd, 3JHH 

= 5.3 Hz, 4JHH = 1.5 Hz, 2H, H-3), 7.01-6.98 (m, 2H, H-7), 6.96-6.92 (m, 2H, H-8), 6.05 (d, 
3JHH = 3.2 Hz, 2H, β-H), 5.96 (d, 3JHH = 3.2 Hz, 2H, β-H), 4.99 (s, 2H, H-1), 4.45 (d, 
3JHH = 13.4 Hz, 1H, H-5A/5B), 4.12 (d, 3JHH = 13.4 Hz, 1H, H-5A/5B), 2.22 (s, 3H, H-10), 1.82 

(s, 6H, α-Me), 1.69 (s, 6H, α-Me), 1.57 (s, 6H, α-Me), 0.43 (s, 6H, α-Me). 

13C{1H} NMR (151 MHz, CD2Cl2, 295 K),  [ppm] = 189.0 (s, Cq, C-4), 155.3 (s, CH, C-2), 149.6 

(s, Cq, Cq-pyrrole), 143.6 (s, Cq, Cq-pyrrole), 142.6 (s, Cq, C-7), 135.4 (s, Cq, C-9), 129.0 (s, 

CH, C-3), 128.6 (s, CH, C-8), 126.3 (s, CH, C-7), 104.6 (s, CH, β-C), 102.6 (s, CH, β-C), 87.2 

(s, CH, C-1), 63.4 (s, CH2, C-5), 39.3 (s, Cq, α-C), 38.9 (s, Cq, α-C), 31.0 (s, CH3, α-Me), 28.7 

(s, CH3, α-Me), 27.7 (s, CH3, α-Me), 23.4 (s, CH3, α-Me), 21.6 (s, CH3, C-10). 
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Dianionic para-methylbenzyl alcoholato adduct of meso-octamethylcalix[4]pyrrolato alu-

minate147 

 

1H NMR (600 MHz, CD2Cl2, 295 K),  [ppm] = 7.87-7.79 (m, 8H, PPh4
+), 7.72-7.63 (m, 16H, 

PPh4
+), 7.59-7.50 (m, 16H, PPh4

+), 6.79-6.76 (m, 2H, H-3), 6.63-6.59 (m, 2H, H-4), 5.59 (d, 
3JHH = 2.8 Hz, 4H, β-H), 5.58 (d, 3JHH = 2.8 Hz, 4H, β-H), 3.49 (s, 2H, H-1), 2.06 (s, 3H, H-6), 

1.57 (s, 6H, α-Me), 1.52 (s, 6H, α-Me), 1.49 (s, 6H, α-Me), 1.26 (s, 6H, α-Me). 

13C{1H} / 1H,13C HSQC / 1H,13C HMBC NMR (600 / 151 MHz, CD2Cl2, 295 K),  [ppm] = 148.2 

(s, Cq, Cq-pyrrole), 147.4 (s, Cq, C-2), 147.3 (s, Cq, Cq-pyrrole), 136.1 (d, 4JCP = 3.0 Hz, CH, 

PPh4
+), 134.8 (d, 2JCP = 10.3 Hz, CH, PPh4

+), 132.3 (s, Cq, C-5), 131.0 (d, 3JCP = 12.9 Hz, CH, 

PPh4
+), 127.5 (s, CH, C-4), 126.1 (s, CH, C-3), 117.9 (d, 1JCP = 89.6 Hz, Cq, PPh4

+), 99.6 (s, 

CH, β-C), 97.1 (s, CH, β-C), 62.1 (s, CH2, C-1), 42.9 (s, CH3, α-Me), 36.9 (s, Cq, α-C), 36.3 (s, 

Cq, α-C), 35.7 (s, CH3, α-Me), 32.7 (s, CH3, α-Me), 26.8 (s, CH3, α-Me), 21.0 (s, CH3, C-6). 
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Neutral, protonated addition product of para-nitrobenzyl alcohol to meso-octamethyl-

calix[4]pyrrolato aluminate147 

 

1H NMR (600 MHz, CD2Cl2, 295 K),  [ppm] = 8.01-9.97 (m, 2H, H-8), 7.68 (d, 3JHH = 5.3 Hz, 

2H, H-2), 7.33-7.30 (m, 2H, H-7), 7.05 (dd, 3JHH = 5.3 Hz, 4JHH = 1.2 Hz, 2H, H-3), 6.06 (d, 
3JHH = 3.2 Hz, 2H, β-H), 5.98 (d, 3JHH = 3.2 Hz, 2H, β-H), 5.03 (s, 2H, H-1), 4.63 (d, 3JHH = 

16.1 Hz, 1H, H-5A/5B), 4.28 (d, 3JHH = 16.1 Hz, 1H, H-5A/5B), 1.82 (s, 6H, α-Me), 1.593 (s, 

6H, α-Me), 1.590 (s, 6H, α-Me), 0.44 (s, 6H, α-Me).  

13C{1H} NMR (151 MHz, CD2Cl2, 295 K),  [ppm] = 189.2 (s, Cq, C-4), 155.5 (s, CH, C-2), 154.3 

(s, Cq, C-9), 149.6 (s, Cq, Cq-pyrrole), 146.6 (s, Cq, C-6), 143.5 (s, Cq, Cq-pyrrole), 129.1 (s, 

CH, C-3), 126.4 (s, CH, C-7), 123.2 (s, CH, C-8), 104.8 (s, CH, β-C), 102.8 (s, CH, β-C), 87.3 

(s, CH, C-1), 63.0 (s, CH2, C-5), 39.4 (s, Cq, α-C), 38.9 (s, Cq, α-C), 30.9 (s, CH3, α-Me), 28.7 

(s, CH3, α-Me), 27.7 (s, CH3, α-Me), 23.4 (s, CH3, α-Me). 
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Dianionic para-nitrobenzyl alcoholato adduct of meso-octamethylcalix[4]pyrrolato alu-

minate147 

 

1H NMR (600 MHz, CD2Cl2, 295 K),  [ppm] = 7.87-7.80 (m, 8H, PPh4
+), 7.71-7.64 (m, 16H, 

PPh4
+), 7.62-7.59 (m, 2H, H-3), 7.59-7.51 (m, 16H, PPh4

+), 7.08-7.04 (m, 2H, H-4), 5.63 (d, 
3JHH = 2.7 Hz, 4H, β-H), 5.61 (d, 3JHH = 2.7 Hz, 4H, β-H), 3.57 (s, 2H, H-1), 1.59 (s, 6H, α-Me), 

1.50 (s, 6H, α-Me), 1.47 (s, 6H, α-Me), 1.28 (s, 6H, α-Me). 

13C{1H} / 1H,13C HSQC / 1H,13C HMBC NMR (600 / 151 MHz, CD2Cl2, 295 K),  [ppm] = 160.5 (s, 

Cq, C-2), 148.2 (s, Cq, Cq-pyrrole), 147.4 (s, Cq, Cq-pyrrole), 144.9 (s, Cq, C-5), 136.2 (d, 4JCP 

= 3.0 Hz, CH, PPh4
+), 134.8 (d, 2JCP = 10.3 Hz, CH, PPh4

+), 131.0 (d, 3JCP = 12.9 Hz, CH, PPh4
+), 

126.9 (s, CH, C-4), 122.1 (s, CH, C-3), 117.8 (d, 1JCP = 89.5 Hz, Cq, PPh4
+), 99.7 (s, CH, β-C), 

97.4 (s, CH, β-C), 62.7 (s, CH2, C-1), 42.8 (s, CH3, α-Me), 36.6 (s, Cq, α-C), 36.2 (s, Cq, α-C), 

35.6 (s, CH3, α-Me), 32.8 (s, CH3, α-Me), 26.8 (s, CH3, α-Me). 
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Pyridine / dimethyl sulfoxide adduct of meso-octamethylcalix[4]pyrrolato aluminate147 

Procedure. In a dry nitrogen-filled glovebox, tetraphenylphosphonium meso-octamethyl-

calix[4]pyrrolato aluminate ([PPh4][21], 10.0 mg, 11.4 µmol, 1.0 equiv., including 1 equiv-

alent of CH2Cl2) was dissolved in CD2Cl2 (0.6 mL) and the equimolar amount of pyridine 

or DMSO (0.92 and 0.81 µL, respectively, 11.4 µmol, 1.0 equiv.) was added to the solution 

at room temperature with a piston pipet. The reaction mixture turned pale yellow imme-

diately after donor addition. The obtained solutions were analyzed by NMR spectroscopy. 

In both cases quantitative formation of the Lewis acid/base adduct was observed. 

 

1H NMR (600 MHz, CD2Cl2, 295 K),  [ppm] = 7.90-7.82 (m, 4H, PPh4
+), 7.74-7.65 (m, 8H, 

PPh4
+), 7.61-7.56 (m, 1H, H-3), 7.60-7.53 (m, 8H, PPh4

+), 7.12-7.07 (m, 2H, H-2), 6.84-6.81 

(m, 2H, H-1), 5.84 (d, 3JHH = 2.9 Hz, 4H, β-H), 5.74 (d, 3JHH = 2.9 Hz, 4H, β-H), 1.70 (s, 6H, 

α-Me), 1.47 (s, 6H, α-Me), 1.46 (s, 6H, α-Me), 0.05 (s, 6H, α-Me). 

13C{1H} NMR (151 MHz, CD2Cl2, 295 K),  [ppm] = 149.5 (s, CH, C-1), 148.6 (s, Cq, Cq-pyr-

role), 148.1 (s, Cq, Cq-pyrrole), 140.2 (s, CH, C-3), 136.2 (d, 4JCP = 3.0 Hz, CH, PPh4
+), 134.8 

(d, 2JCP = 10.3 Hz, CH, PPh4
+), 131.0 (d, 3JCP = 12.9 Hz, CH, PPh4

+), 125.3 (s, CH, C-2), 117.8 

(d, 1JCP = 89.6 Hz, Cq, PPh4
+), 102.1 (s, CH, β-C), 99.7 (s, CH, β-C), 40.8 (s, CH3, α-Me), 36.3 

(s, CH3, α-Me), 36.1 (s, Cq, α-C), 35.9 (s, Cq, α-C), 34.5 (s, CH3, α-Me), 26.4 (s, CH3, α-Me). 
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1H NMR (600 MHz, CD2Cl2, 295 K),  [ppm] = 7.87-7.81 (m, 4H, PPh4
+), 7.70-7.64 (m, 8H, 

PPh4
+), 7.58-7.51 (m, 8H, PPh4

+), 5.83 (d, 3JHH = 2.9 Hz, 4H, β-H), 5.76 (d, 3JHH = 2.9 Hz, 4H, 

β-H), 2.05 (s, 6H, H-1), 1.66 (s, 6H, α-Me), 1.65 (s, 6H, α-Me), 1.29 (s, 6H, α-Me). 

13C{1H} NMR (151 MHz, CD2Cl2, 295 K),  [ppm] = 147.9 (s, Cq, Cq-pyrrole), 146.9 (s, Cq, Cq-

pyrrole), 136.2 (d, 4JCP = 3.0 Hz, CH, PPh4
+), 134.8 (d, 2JCP = 10.3 Hz, CH, PPh4

+), 131.0 (d, 
3JCP = 12.9 Hz, CH, PPh4

+), 117.8 (d, 1JCP = 89.6 Hz, Cq, PPh4
+), 101.8 (s, CH, β-C), 99.8 (s, 

CH, β-C), 41.7 (s, CH3, α-Me), 38.4 (s, CH3, α-Me), 36.4 (s, Cq, α-C), 35.9 (s, Cq, α-C), 34.5 

(s, CH3, C-1), 33.5 (s, CH3, α-Me), 26.3 (s, CH3, α-Me). 
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Procedure for the addition reaction of dioxygen to meso-octaalkylcalix[4]pyrrolato alumi-

nates ([PPh4][35] and [PPh4][36])148 

Procedure. A J. Young NMR tube was charged with tetraphenylphosphonium meso-oc-

tamethylcalix[4]pyrrolato aluminate or the analogous ethyl-substituted version 

([PPh4][21] or [PPh4][34], between 10.0 and 50.0 mg). The material was dissolved in di-

chloromethane-d2 (0.7 mL). The sample was pressurized multiple times with 1 bar of di-

oxygen gas (excess) at room temperature. The color of the reaction mixture changed 

within seconds from colorless to orange. Immediately after pressurizing, the sample was 

degassed with four freeze-pump-thaw cycles. The completion of the reaction was moni-

tored with 1H NMR spectroscopy, and the sample was used for respective experiments. 

To obtain solid material for FT-ATR-IR measurements, the solvent was removed under 

reduced pressure, and the obtained solids were dried in vacuo at room temperature for 

60 min. Single crystals of the dioxygen addition product [PPh4][35] for SCXRD measure-

ments were obtained at −40 °C from a dichloromethane/n-pentane solution. 
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Addition product of O2 to meso-octamethylcalix[4]pyrrolato aluminate ([PPh4][35])148 

 

1H NMR (600 MHz, CD2Cl2, 295 K),  [ppm] = 7.88-7.83 (m, 4H, PPh4
+), 7.72-7.66 (m, 8H, 

PPh4
+), 7.60-7.53 (m, 8H, PPh4

+), 7.23 (d, 3JHH = 5.3 Hz, 1H, H-2), 6.59 (d, 3JHH = 5.3 Hz, 1H, 

H-3), 5.90 (d, 3JHH = 3.0 Hz, 1H, β-H), 5.86 (d, 3JHH = 3.0 Hz, 1H, β-H), 5.79 (d, 3JHH = 3.0 Hz, 

1H, β-H), 5.77 (d, 3JHH = 3.0 Hz, 1H, β-H), 5.68 (s, 2H, β-H), 1.73 (s, 3H, α-Me), 1.66 (s, 3H, 

α-Me), 1.63 (s, 3H, α-Me), 1.62 (s, 3H, α-Me), 1.56 (s, 3H, α-Me), 1.46 (s, 3H, α-Me), 1.34 

(s, 3H, α-Me), 1.07 (s, 3H, α-Me). 

13C{1H} NMR (151 MHz, CD2Cl2, 295 K),  [ppm] = 189.8 (s, Cq, C-4), 154.9 (s, CH, C-2), 150.8 

(s, Cq, Cq-pyrrole), 147.9 (s, Cq, Cq-pyrrole), 147.1 (s, Cq, Cq-pyrrole), 147.0 (s, Cq, Cq-pyr-

role), 146.6 (s, Cq, Cq-pyrrole), 139.9 (s, Cq, Cq-pyrrole), 136.2 (d, 4JCP = 3.0 Hz, CH, PPh4
+), 

134.8 (d, 2JCP = 10.3 Hz, CH, PPh4
+), 131.0 (d, 3JCP = 12.9 Hz, CH, PPh4

+), 128.2 (s, CH, C-3), 

117.8 (d, 1JCP = 89.6 Hz, Cq, PPh4
+), 115.1 (s, Cq, C-1), 103.1 (s, CH, β-C), 102.9 (s, CH, β-C), 

101.7 (s, CH, β-C), 101.4 (s, CH, β-C), 101.2 (s, CH, β-C), 99.9 (s, CH, β-C), 41.6 (s, Cq, α-

C), 41.5 (s, CH3, α-Me), 39.4 (s, Cq, α-C), 36.51 (s, Cq, α-C), 36.48 (s, Cq, α-C), 36.1 (s, CH3, 

α-Me), 35.9 (s, CH3, α-Me), 30.1 (s, CH3, α-Me), 27.9 (s, CH3, α-Me), 27.0 (s, CH3, α-Me), 

26.5 (s, CH3, α-Me). 

1H,15N HMBC NMR (600 MHz, 61 MHz, CD2Cl2, 295 K),  [ppm] (with respect to nitrome-

thane as reference) = −102.1 (N-5), −184.4 (N-8), −185.7 (N-6), −194.8 (N-7). 

HR-MS (ESI, negative ion mode): m/z calculated for C28H32AlN4O2 [M]−: 483.2346, found: 

483.2365. 

UV-Vis (CH2Cl2, room temperature), max [nm] = 430, 320, 276, 268, 262. 
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FT-ATR-IR (solid state, room temperature), 휈   [cm−1] = 3083 (m), 3058 (m), 2961 (s), 

2905 (s), 2860 (m), 1662 (w), 1634 (w), 1587 (m), 1544 (m), 1533 (m), 1484 (m), 1462 (w), 

1436 (s), 1402 (w), 1374 (m), 1357 (m), 1346 (m), 1316 (w), 1278 (m), 1226 (w), 1215 (w), 

1189 (w), 1156 (m), 1107 (s), 1067 (s), 996 (m), 952 (m), 894 (w), 877 (w), 849 (w), 826 

(w), 783 (m), 754 (s), 719 (s), 688 (s). 

The constitution of the compound as shown was unambiguously confirmed by SCXRD meas-

urements (cf. Chapter 7.4). 
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Addition product of dioxygen to meso-octaethylcalix[4]pyrrolato aluminate ([PPh4][36])148 

 

1H NMR (600 MHz, CD2Cl2, 295 K),  [ppm] = 7.89-7.81 (m, 4H, PPh4
+), 7.73-7.65 (m, 8H, 

PPh4
+), 7.60-7.52 (m, 8H, PPh4

+), 7.30 (d, 3JHH = 5.3 Hz, 1H, H-2), 6.53 (d, 3JHH = 5.3 Hz, 1H, 

H-3), 5.85 (d, 3JHH = 3.0 Hz, 1H, β-H), 5.79 (d, 3JHH = 3.0 Hz, 1H, β-H), 5.78 (d, 3JHH = 3.0 Hz, 

1H, β-H), 5.71 (d, 3JHH = 3.0 Hz, 1H, β-H), 5.68 (d, 3JHH = 2.9 Hz, 1H, β-H), 5.66 (d, 3JHH = 

2.9 Hz, 1H, β-H), 2.37-2.26 (dq, 2H, α-methylene), 2.19-2.01 (dq, 4H, α-methylene), 1.98-

1.84 (dq, 4H, α-methylene), 1.82-1.74 (dq, 1H, α-methylene), 1.62-1.51 (dq, 4H, α-meth-

ylene), 1.45-1.36 (dq, 1H, α-methylene), 1.06 (t, 3JHH = 7.4 Hz, 1H, α-Me), 1.05 (t, 3JHH = 

7.4 Hz, 1H, α-Me), 0.99 (t, 3JHH = 7.4 Hz, 3H, α-Me), 0.97 (t, 3JHH = 7.2 Hz, 3H, α-Me), 0.56 (t, 
3JHH = 7.2 Hz, 3H, α-Me), 0.51 (t, 3JHH = 7.4 Hz, 3H, α-Me), 0.48 (t, 3JHH = 7.4 Hz, 3H, α-Me), 

0.40 (t, 3JHH = 7.4 Hz, 3H, α-Me). 

13C{1H} NMR (151 MHz, CD2Cl2, 295 K),  [ppm] = 189.2 (s, Cq, C-4), 154.0 (s, CH, C-2), 149.7 

(s, Cq, Cq-pyrrole), 144.9 (s, Cq, Cq-pyrrole), 143.2 (s, Cq, Cq-pyrrole), 142.8 (s, Cq, Cq-pyr-

role), 140.8 (s, Cq, Cq-pyrrole), 136.2 (d, 4JCP = 3.0 Hz, CH, PPh4
+), 135.7 (s, Cq, Cq-pyrrole), 

134.7 (d, 2JCP = 10.3 Hz, CH, PPh4
+), 131.0 (d, 3JCP = 12.9 Hz, CH, PPh4

+), 128.7 (s, CH, C-3), 

117.8 (d, 1JCP = 89.5 Hz, Cq, PPh4
+), 114.0 (s, Cq, C-1), 105.4 (s, CH, β-C), 104.4 (s, CH, β-C), 

104.1 (s, CH, β-C), 102.9 (s, CH, β-C), 102.8 (s, CH, β-C), 101.7 (s, CH, β-C), 48.3 (s, Cq, α-

C), 47.4 (s, Cq, α-C), 46.3 (s, CH2, α-methylene), 45.4 (s, Cq, α-C), 44.5 (s, Cq, α-C), 36.3 (s, 

CH2, α-methylene, was identified by 1H,13C HMBC and 1H,13C HSQC NMR spectroscopy), 

35.24 (s, CH2, α-methylene), 35.19 (s, CH2, α-methylene), 32.0 (s, CH2, α-methylene), 29.5 

(s, CH2, α-methylene), 27.7 (s, CH2, α-methylene), 23.5 (s, CH2, α-methylene), 10.82 (s, 

CH3, α-Me), 10.80 (s, CH3, α-Me), 10.79 (s, CH3, α-Me), 10.13 (s, CH3, α-Me), 10.05 (s, CH3, 

α-Me), 9.9 (s, CH3, α-Me), 9.4 (s, CH3, α-Me), 8.3 (s, CH3, α-Me). 

HR-MS (ESI, negative ion mode): m/z calculated for C36H48AlN4O2 [M]−: 595.3598, found: 

595.3597. 

UV-Vis (CH2Cl2, room temperature), max [nm] = 450, 322, 276, 268, 261. 

 



METHODS – SYNTHETIC PROCEDURES AND CHARACTERIZATION DATA 

213 

FT-ATR-IR (solid state, room temperature), 휈   [cm−1] = 3084 (m), 3060 (m), 2962 (s), 

2925 (s), 2869 (s), 1665 (w), 1628 (m), 1587 (m), 1538 (w), 1484 (m), 1460 (m), 1437 (s), 

1401 (w), 1385 (m), 1372 (m), 1352 (w), 1338 (w), 1319 (m), 1294 (w), 1246 (m), 1209 (w), 

1187 (w), 1166 (w), 1149 (w), 1130 (w), 1108 (s), 1078 (s), 1056 (m), 1030 (w), 1011 (w), 

996 (m), 969 (m), 953 (m), 924 (m), 885 (w), 858 (m), 846 (m), 794 (w), 747 (s), 721 (s), 

689 (s). 
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Procedure for the rearrangement reaction of the dioxygen addition products to meso-oc-

taalkylcalix[4]pyrrolato aluminates148 

Procedure. In a J. Young NMR tube, [PPh4][35] or [PPh4][36] was prepared as described 

above. The sample was incubated for 30 min at 60 °C in an NMR tube heating block with-

out stirring. The color of the reaction mixture slightly brightened to yellow-orange. The 

sample was then analyzed by 1H NMR spectroscopy and further used for respective exper-

iments. The relative conversion to [PPh4][40] and [PPh4][41], respectively, (R = Me: 51%, R 

= Et: 66%) was determined by 1H NMR signal integration using the most downfield-shifted 

PPh4
+ multiplet (4H) as internal reference and one well-separated doublet signal of a pro-

ton of an aromatic pyrrole ring in [40]− and [41]−, respectively. The given values are the 

result of one single reaction. It was found that in both cases the reaction also takes place 

at room temperature within 24 h. 

[PPh4][36] was also prepared on preparative scale. For that, tetraphenylphosphonium 

meso-octaethylcalix[4]pyrrolato aluminate ([PPh4][34], 424.0 mg) was dissolved in di-

chloromethane (6 mL) in a Schlenk flask. The flask was capped with a rubber septum. With 

a slight overpressure, dioxygen gas was passed through the headspace of the flask for 

3 min, while the reaction mixture was rigorously stirred at room temperature. The color 

of the solution changed from colorless to orange within seconds. Immediately after react-

ing with dioxygen, the rubber septum was replaced with a glass cap, and the solution was 

degassed with three freeze-pump-thaw cycles. The closed system was heated for 80 min 

at 60 °C while stirring. The solvent was removed under reduced pressure. The obtained 

intensely orange material was analyzed by 1H NMR spectroscopy and was further used for 

respective experiments. 

Discussion. It was extensively attempted to purify the obtained material either by crystal-

lization or washing. Various solvents (dichloromethane, tetrahydrofuran, fluorobenzene, 

chlorobenzene, ortho-dichlorobenzene, benzene, toluene, acetone, acetonitrile, 1,2-di-

methoxyethane, diethyl ether, n-pentane, n-hexane, n-heptane, hexamethyldisiloxane) 

were used in different manners. However, in all cases the entire material or none of which 

dissolved preventing purification and crystallization. This is also why no isolated yields 

are reported in the above-described procedure. Also, all attempts to grow single crystals 

either at room temperature, −40, or −80 °C from [PPh4][40] or [PPh4][41] remained un-

fruitful. 
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One reason for the moderate relative conversion from [35]−/[36]− to [40]−/[41]− is a 

ligand degradation process occurring as a side reaction. This becomes obvious from 1H 

NMR spectroscopy. Peaks in the 1H NMR spectrum occurred which can be assigned to ac-

etone (in the case of [35]− ⟶ [40]−, singlet at 2.12 ppm) and pentan-3-one (in the case of 

[36]− ⟶ [41]−, quartet at 2.40 and triplet at 1.01 ppm). 
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[PPh4][40]148 

 

1H NMR (600 MHz, CD2Cl2, 295 K),  [ppm] = 7.86-7.79 (m, 4H, PPh4
+), 7.71-7.63 (m, 8H, 

PPh4
+), 7.59-7.51 (m, 8H, PPh4

+), 6.94 (d, 3JHH = 12.4 Hz, 1H, H-3), 5.97 (d, 3JHH = 3.0 Hz, 1H, 

β-H), 5.90 (d, 3JHH = 3.0 Hz, 1H, β-H), 5.87 (d, 3JHH = 3.0 Hz, 1H, β-H), 5.81 (d, 3JHH = 12.4 Hz, 

1H, H-2), 5.766 (d, 3JHH = 3.0 Hz, 1H, β-H), 5.761 (d, 3JHH = 3.0 Hz, 1H, β-H), 5.64 (d, 3JHH = 

3.0 Hz, 1H, β-H), 1.61 (s, 3H, α-Me), 1.59 (s, 3H, α-Me), 1.58 (s, 3H, α-Me), 1.57 (s, 3H, α-

Me), 1.56 (s, 3H, α-Me), 1.40 (s, 3H, α-Me), 1.38 (s, 3H, α-Me), 1.32 (s, 3H, α-Me). 

13C{1H} NMR (151 MHz, CD2Cl2, 295 K),  [ppm] = 185.0 (s, Cq, C-4), 165.6 (s, CH, C-1), 148.6 

(s, Cq, Cq-pyrrole), 147.8 (s, Cq, Cq-pyrrole), 146.8 (s, Cq, Cq-pyrrole), 145.7 (s, Cq, Cq-pyr-

role), 145.6 (s, Cq, Cq-pyrrole), 143.0 (s, Cq, Cq-pyrrole), 139.5 (s, CH, C-3), 136.2 (d, 
4JCP = 3.0 Hz, CH, PPh4

+), 134.8 (d, 2JCP = 10.3 Hz, CH, PPh4
+), 131.0 (d, 3JCP = 12.9 Hz, CH, 

PPh4
+), 117.8 (d, 1JCP = 89.5 Hz, Cq, PPh4

+), 127.8 (s, CH, C-2), 104.4 (s, CH, β-C), 103.4 (s, 

CH, β-C), 102.5 (s, CH, β-C), 102.0 (s, CH, β-C), 101.2 (s, CH, β-C), 100.3 (s, CH, β-C), 61.7 

(s, Cq, C-6), 48.7 (s, Cq, C-10), 39.9 (s, CH3, α-Me), 38.8 (s, CH3, α-Me), 37.5 (s, Cq, α-C), 

36.4 (s, Cq, α-C), 36.2 (s, CH3, α-Me), 31.5 (s, CH3, α-Me), 31.1 (s, CH3, α-Me), 30.1 (s, CH3, 

α-Me), 30.0 (s, CH3, α-Me), 27.6 (s, CH3, α-Me). 

1H,15N HMBC NMR (600 MHz, 61 MHz, CD2Cl2, 295 K),  [ppm] (with respect to nitrome-

thane as reference) = −34.5 (N-5), −201.0 (N-7), −202.9 (N-8), −206.6 (N-9). 

HR-MS (ESI, negative ion mode): m/z calculated for C28H32AlN4O2 [M]−: 483.2346, found: 

483.2331. 

FT-ATR-IR (solid state, room temperature), 휈   [cm−1] = 3085 (w), 3056 (w), 2959 (m), 

2904 (m), 2857 (m), 1661 (s), 1635 (m), 1586 (s), 1544 (m), 1483 (m), 1461 (w), 1436 (s), 

1416 (w), 1400 (m), 1372 (m), 1358 (w), 1278 (s), 1236 (m), 1187 (w), 1156 (m), 1106 (s), 

1067 (s), 1027 (w), 1014 (w), 995 (m), 952 (w), 827 (m), 753 (s), 719 (s), 687 (s). 
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[PPh4][41]148 

 

1H NMR (600 MHz, CD2Cl2, 295 K),  [ppm] = 7.92-7.85 (m, 4H, PPh4
+), 7.76-7.70 (m, 8H, 

PPh4
+), 7.66-7.59 (m, 8H, PPh4

+), 6.70 (d, 3JHH = 12.4 Hz, 1H, H-3), 6.04 (d, 3JHH = 3.0 Hz, 1H, 

β-H), 5.86 (d, 3JHH = 2.9 Hz, 1H, β-H), 5.85 (d, 3JHH = 3.0 Hz, 1H, β-H), 5.84 (d, 3JHH = 3.0 Hz, 

1H, β-H), 5.80 (d, 3JHH = 2.9 Hz, 1H, β-H), 5.74 (d, 3JHH = 3.0 Hz, 1H, β-H), 5.70 (d, 3JHH = 

12.4 Hz, 1H, H-2), 2.35-2.26 (dq, 1H, α-methylene), 2.15-1.98 (dq, 5H, α-methylene), 

1.98-1.84 (dq, 5H, α-methylene), 1.79-1.70 (dq, 3H, α-methylene), 1.66-1.58 (dq, 1H, α-

methylene), 1.46-1.39 (dq, 1H, α-methylene), 1.02 (t, 3JHH = 7.5 Hz, 3H, α-Me), 0.93 (t, 3JHH 

= 7.5 Hz, 3H, α-Me), 0.83 (t, 3JHH = 7.1 Hz, 3H, α-Me), 0.64 (t, 3JHH = 7.3 Hz, 3H, α-Me), 0.63 

(t, 3JHH = 7.5 Hz, 3H, α-Me), 0.59 (t, 3JHH = 7.3 Hz, 3H, α-Me), 0.49 (t, 3JHH = 7.3 Hz, 3H, α-

Me), 0.41 (t, 3JHH = 7.3 Hz 3H, α-Me). 

13C{1H} NMR (151 MHz, CD2Cl2, 295 K),  [ppm] = 183.9 (s, Cq, C-4), 165.3 (s, CH, C-1), 144.9 

(s, Cq, Cq-pyrrole), 142.7 (s, Cq, Cq-pyrrole), 142.4 (s, Cq, Cq-pyrrole), 141.5 (s, Cq, Cq-pyr-

role), 140.1 (s, CH, C-3), 139.9 (s, Cq, Cq-pyrrole), 139.6 (s, Cq, Cq-pyrrole), 136.0 (d, 
4JCP = 2.9 Hz, CH, PPh4

+), 134.5 (d, 2JCP = 10.3 Hz, CH, PPh4
+), 130.9 (d, 3JCP = 12.9 Hz, CH, 

PPh4
+), 127.6 (s, CH, C-2), 117.6 (d, 1JCP = 89.5 Hz, Cq, PPh4

+), 108.5 (s, CH, β-C), 105.3 (s, 

CH, β-C), 104.6 (s, CH, β-C), 102.5 (s, CH, β-C), 102.0 (s, CH, β-C), 101.8 (s, CH, β-C), 66.9 

(s, Cq, C-6), 56.7 (s, Cq, C-10), 47.3 (s, Cq, α-C), 45.1 (s, Cq, α-C), 44.8 (s, CH2, α-methylene), 

39.0 (s, CH2, α-methylene), 38.0 (s, CH2, α-methylene), 37.0 (s, CH2, α-methylene), 31.3 

(s, CH2, α-methylene), 29.8 (s, CH2, α-methylene), 29.6 (s, CH2, α-methylene), 28.0 (s, CH2, 

α-methylene), 10.44 (s, CH3, α-Me), 10.40 (s, CH3, α-Me), 10.2 (s, CH3, α-Me), 9.9 (s, CH3, 

α-Me), 9.7 (s, CH3, α-Me), 9.13 (s, CH3, α-Me), 9.10 (s, CH3, α-Me), 8.2 (s, CH3, α-Me). 

1H,15N HMBC NMR (600 MHz, 61 MHz, CD2Cl2, 295 K),  [ppm] (with respect to nitrome-

thane as reference) = −26.9 (N-5), −197.1 (N-7 or N-8), −197.5 (N-7 or N-8), −202.2 (N-

9). Due to the extremely similar 15N chemical shift of N-7 and N-8, the exact signal as-

signment was not possible. 
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HR-MS (ESI, negative ion mode): m/z calculated for C36H48AlN4O2 [M]−: 595.3598, found: 

595.3596. 

FT-ATR-IR (solid state, room temperature), 휈  [cm−1] = 3084 (w), 3060 (w), 2962 (s), 2925 

(s), 2870 (s), 1662 (s), 1626 (m), 1587 (m), 1484 (m), 1460 (m), 1437 (s), 1373 (m), 1317 

(m), 1264 (m), 1189 (w), 1167 (m), 1149 (m), 1107 (s), 1089 (s), 1079 (s), 1028 (w), 996 

(m), 971 (m), 925 (m), 873 (w), 856 (m), 834 (m), 751 (s), 721 (s), 688 (s). 
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Addition product of phenyl isocyanate to meso-octamethylcalix[4]pyrrolato aluminate 

([PPh4][61]) 

 

Procedure. A J. Young NMR tube was charged with meso-octamethylcalix[4]pyrrolato alu-

minate ([PPh4][21], 10.0 mg, 11.4 µmol, 1.0 equiv., including 1 equivalent of CH2Cl2) in a 

nitrogen-filled glovebox. The material was dissolved in dichloromethane-d2 (0.6 mL), and 

phenyl isocyanate (1.25 µL, 11.4 µmol, 1.0 equiv.) was added with a piston pipette at room 

temperature. The reaction mixture immediately turned yellow. It was analyzed by NMR 

spectroscopy. 

Single crystals for SCXRD measurements were obtained at room temperature from a di-

chloromethane/toluene solution. 

1
H NMR (600 MHz, CD2Cl2, 295 K),  [ppm] = 7.85 (d, 3JHH = 5.0 Hz, 1H, H-2), 7.84-7.79 (m, 

4H, PPh4
+), 7.69-7.63 (m, 8H, PPh4

+), 7.56-7.49 (m, 8H, PPh4
+), 6.93-6.88 (m, 2H, H-7), 

6.81-6.77 (m, 2H, H-8), 6.68-6.64 (m, 1H, H-9), 6.66 (d, 3JHH = 5.0 Hz, 1H, H-3), 5.90 (d, 
3JHH = 3.0 Hz, 1H, β-H), 5.85 (d, 3JHH = 3.0 Hz, 1H, β-H), 5.76 (d, 3JHH = 3.0 Hz, 1H, β-H), 5.75 

(d, 3JHH = 3.0 Hz, 1H, β-H), 5.67 (d, 3JHH = 3.0 Hz, 1H, β-H), 5.66 (d, 3JHH = 3.0 Hz, 1H, β-H), 

1.92 (s, 3H, α-Me), 1.78 (s, 3H, α-Me), 1.71 (s, 3H, α-Me), 1.60 (s, 3H, α-Me), 1.54 (s, 3H, 

α-Me), 1.35 (s, 3H, α-Me), 1.33 (s, 3H, α-Me), 0.98 (s, 3H, α-Me). 
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13C{1H} NMR (151 MHz, CD2Cl2, 295 K),  [ppm] = 189.2 (s, Cq, C-4), 160.7 (s, CH, C-2), 159.9 

(s, Cq, C-5), 150.4 (s, Cq, Cq-pyrrole), 149.9 (s, Cq, C-6), 148.5 (s, Cq, Cq-pyrrole), 147.7 (s, 

Cq, Cq-pyrrole), 146.89 (s, Cq, Cq-pyrrole), 146.86 (s, Cq, Cq-pyrrole), 141.7 (s, Cq, Cq-pyr-

role), 136.2 (d, 4JCP = 3.0 Hz, CH, PPh4
+), 134.7 (d, 2JCP = 10.4 Hz, CH, PPh4

+), 131.0 (d, 
3JCP = 12.8 Hz, CH, PPh4

+), 128.0 (s, CH, C-7), 125.7 (s, CH, C-3), 123.8 (s, CH, C-8), 121.6 

(s, CH, C-9), 117.8 (d, 1JCP = 89.6 Hz, Cq, PPh4
+), 103.4 (s, CH, β-C), 102.4 (s, CH, β-C), 

101.68 (s, CH, β-C), 101.67 (s, CH, β-C), 101.3 (s, CH, β-C), 99.8 (s, CH, β-C), 96.4 (s, Cq, 

C-1), 44.5 (s, Cq, α-C), 41.4 (s, CH3, α-Me), 38.9 (s, Cq, α-C), 36.5 (s, Cq, α-C), 36.35 (s, Cq, 

α-C), 36.33 (s, CH3, α-Me), 35.2 (s, CH3, α-Me), 28.1 (s, CH3, α-Me), 28.0 (s, CH3, α-Me), 

27.8 (s, CH3, α-Me), 26.4 (s, CH3, α-Me), 24.0 (s, CH3, α-Me). 

The constitution of the compound as shown was unambiguously confirmed by SCXRD meas-

urements (cf. Chapter 7.4). 
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Addition product of nitrogen monoxide to meso-octaethylcalix[4]pyrrolato aluminate 

([PPh4][62]) 

 
Procedure. In a nitrogen-filled glovebox, a J. Young NMR tube was charged with tetra-

phenylphosphonium meso-octaethylcalix[4]pyrrolato aluminate ([PPh4][34], 12 mg). The 

material was dissolved in dichloromethane-d2 (0.6 mL). The sample was pressurized mul-

tiple times with approximately 1 bar of nitrogen monoxide gas at room temperature. The 

color of the reaction mixture changed within seconds from colorless to dark red. Immedi-

ately after pressurizing, the sample was degassed with four freeze-pump-thaw cycles. It 

was analyzed by NMR spectroscopy. 

Single crystals for SCXRD measurements were obtained at −40 °C from a THF/diethyl 

ether solution. 

1H NMR (600 MHz, CD2Cl2, 295 K),  [ppm] = 7.96 (d, 3JHH = 5.2 Hz, 1H, H-1), 7.85-7.82 (m, 

4H, PPh4
+), 7.69-7.65 (m, 8H, PPh4

+), 7.58-7.54 (m, 8H, PPh4
+), 6.66 (d, 3JHH = 5.2 Hz, 1H, 

H-2), 5.89 (d, 3JHH = 3.0 Hz, 1H, β-H), 5.89 (d, 3JHH = 3.0 Hz, 1H, β-H), 5.85 (d, 3JHH = 3.1 Hz, 

1H, β-H), 5.74 (d, 3JHH = 3.0 Hz, 1H, β-H), 5.72 (d, 3JHH = 3.0 Hz, 1H, β-H), 5.69 (d, 
3JHH = 3.1 Hz, 1H, β-H), 2.26-2.14 (m, 2H, α-methylene), 2.13-1.80 (m, 10H, α-methylene), 

1.64-1.43 (m, 4H, α-methylene), 1.08 (t, 3JHH = 7.3, 3H, α-Me), 0.94 (t, 3JHH = 7.1 Hz, 2 × 3H, 

α-Me), 0.92 (t, 3JHH = 7.4, 3H, α-Me), 0.46 (t, 3JHH = 7.4, 3H, α-Me), 0.45 (t, 3JHH = 7.3, 3H, α-

Me). 

31P{1H} NMR (243 MHz, CD2Cl2, 295 K),  [ppm] = 23.2 (s, PPh4
+). 

HR-MS (ESI, negative ion mode): m/z calculated for [M-NO]•-: 593.3680, found: 593.3804. 

A 13C{1H} NMR spectrum was not collected. However, the constitution of the compound as 

shown was unambiguously confirmed by SCXRD measurements (cf. Chapter 7.4). 

 

 

 



METHODS – SYNTHETIC PROCEDURES AND CHARACTERIZATION DATA 

222 

Addition product of nitrosobenzene to meso-octamethylcalix[4]pyrrolato aluminate 

([PPh4][64]) 

 
Procedure. In a nitrogen-filled glovebox, a J. Young NMR tube was charged with tetra-

phenylphosphonium meso-octamethylcalix[4]pyrrolato aluminate ([PPh4][21], 15.0 mg, 

17.1 µmol, 1.0 equiv., including 1 equivalent of CH2Cl2) and nitrosobenzene (1.8 mg, 

17.1 µmol, 1.0 equiv.). Dichloromethane-d2 (0.6 mL) was added at room temperature, and 

the sample was vigorously shaken. An orange solution was obtained which was analyzed 

by NMR spectroscopy. 

Single crystals for SCXRD measurements were obtained at −40 °C from a CH2Cl2/tolu-

ene/n-pentane solution. 

1H NMR (600 MHz, CD2Cl2, 295 K),  [ppm] = 7.83-7.80 (m, 4H, PPh4
+), 7.66-7.63 (m, 8H, 

PPh4
+), 7.58 (d, 3JHH = 5.2 Hz, 1H, H-3), 7.54-7.49 (m, 8H, PPh4

+), 7.38-7.36 (m, 2H, PhPhNO), 

7.24-7.21 (m, 2H, PhPhNO), 6.93-6.90 (m, 1H, PhPhNO), 6.62 (d, 3JHH = 5.2 Hz, 1H, H-2), 5.60 

(s, 2H, β-H), 5.57 (d, 3JHH = 2.8 Hz, 2H, β-H), 5.56 (d, 3JHH = 2.8 Hz, 2H, β-H), 1.69 (s, 6H, α-

Me), 1.57 (s, 6H, α-Me), 1.42 (s, 6H, α-Me), 1.21 (s, 6H, α-Me). 

13C{1H} NMR (151 MHz, CD2Cl2, 295 K),  [ppm] = 161.2 (s, CH, C-3), 157.9 (s, Cq, C-1), 149.0 

(s, Cq, Cq-pyrrole), 148.3 (s, Cq, Cq-pyrrole), 147.4 (s, Cq, Cq-pyrrole), 136.1 (d, 4JCP = 3.0 Hz, 

CH, PPh4
+), 134.7 (d, 2JCP = 10.6 Hz, CH, PPh4

+), 131.0 (d, 3JCP = 13.6 Hz, CH, PPh4
+), 129.0 

(s, CH, PhPhNO), 122.3 (s, CH, PhPhNO), 120.8 (s, CH, C-2), 117.8 (d, 1JCP = 90.6 Hz, Cq, PPh4
+), 

116.6 (CH, PhPhNO), 102.0 (s, CH, β-C), 100.0 (s, CH, β-C), 99.2 (s, CH, β-C), 81.3 (s, Cq, C-

4), 46.2 (s, Cq, α-C), 37.3 (s, Cq, α-C), 37.0 (s, CH3, α-Me), 32.2 (s, CH3, α-Me), 30.0 (s, CH3, 

α-Me), 27.0 (s, CH3, α-Me). 

The constitution of the compound as shown was unambiguously confirmed by SCXRD meas-

urements (cf. Chapter 7.4). 
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Deprotonation of meso-octamethylcalix[4]pyrrole to give its tetrasodium salt 

(Na4(thf)4[69])129, 149 

 

Procedure. meso-Octamethylcalix[4]pyrrole (19, 1.0 g, 2.33 mmol, 1.0 equiv.) was dis-

solved in THF (20 mL) in a Schlenk tube. Sodium bis(trimethylsilyl)amide (1 M solution 

in THF, 9.6 mL, 9.57 mmol, 4.1 equiv.) was added dropwise to the rapidly stirring solution 

within 5 min at room temperature. After approximately four fifths of the solution were 

added, a colorless precipitate formed. The reaction was stirred for 1 h at room tempera-

ture after complete addition. The mixture was filtered over a fritted glass filter inside a 

nitrogen-filled glovebox. The obtained solid was washed with THF (3 × 7 mL). Drying for 

30 min under reduced pressure afforded the desired product as a colorless solid (1.8 g, 

2.25 mmol, 95% yield). The acquired 1H NMR spectrum showed the presence of four equiv-

alents of THF as well as slight contamination. The material was found sufficient for sub-

sequent usage. 

1H NMR (600 MHz, DMSO-d6, 295 K):  [ppm] = 5.38 (s, 8H, β-H), 3.65-3.58 (m, 4 × 4H, 

THF), 1.80-1.74 (m, 4 × 4H, THF), 1.32 (s, 24H, α-Me). 

13C{1H} NMR (151 MHz, DMSO-d6, 295 K):  [ppm] = 148.8 (s, Cq, Cq-pyrrole), 96.5 (s, CH, 

β-C), 67.0 (s, CH, THF), 38.3 (s, Cq, α-C), 33.1 (s, CH3, α-Me), 25.2 (s, CH, THF). 
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Deprotonation of meso-octaethylcalix[4]pyrrole to give its tetrasodium salt 

(Na4(thf)4[70])129, 149 

 

Procedure. meso-Octaethylcalix[4]pyrrole (600.0 mg, 1.11 mmol, 1.0 equiv.) was dissolved 

in THF (6 mL) in a Schlenk tube. Sodium bis(trimethylsilyl)amide (1 M solution in THF, 

4.6 mL, 4.55 mmol, 4.1 equiv.) was added dropwise to the rapidly stirring solution within 

5 min at room temperature. The clear solution was stirred for 1 h at room temperature, 

and the solvent was evaporated under reduced pressure. The obtained solid was sus-

pended in n-hexane (6 mL) and was filtered over a fritted glass filter inside a nitrogen-

filled glovebox. The obtained solid was washed with n-hexane (4 × 4 mL). Further purifi-

cation was achieved by dissolving the entire material in THF (5 mL) and subsequent pre-

cipitation with n-pentane (approximately 80 mL). The solid was isolated by filtration us-

ing a fritted glass filter. After drying in vacuo for 30 min, the desired product was obtained 

as colorless solid (566.0 mg, 0.63 mmol, 57% yield). The acquired 1H NMR spectrum 

showed the presence of 3.7 equivalents of THF as well as slight contamination. The ma-

terial was found sufficient for subsequent usage. 

1H NMR (600 MHz, DMSO-d6, 295 K):  [ppm] = 5.35 (s, 8H, β-H), 3.63-3.56 (m, 3.7 × 4H, 

THF), 1.80-1.73 (m, 3.7 × 4H, THF), 1.65 (br q, 3JHH = 6.7 Hz, 16H, α-methylene), 0.45 (t, 
3JHH = 6.7 Hz, 24H, α-Me). 

13C{1H} NMR (151 MHz, DMSO-d6, 295 K):  [ppm] = 147.7 (s, Cq, Cq-pyrrole), 97.2 (s, CH, 

β-C), 67.0 (s, CH, THF), 45.4 (s, Cq, α-C), 28.7 (s, CH2, α-methylene), 25.2 (s, CH, THF), 9.3 

(s, CH3, α-Me). 
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Tetraphenylphosphonium tetrachloridogallate(III) ([PPh4][GaCl4])149, 269 

 

Procedure. Gallium trichloride (1.0 g, 5.68 mmol, 1.0 equiv.) was dissolved in ice-cold con-

centrated hydrochloric acid (35 mL). Next, a solution of dry tetraphenylphosphonium 

chloride (2.1 g, 5.68 mmol, 1.0 equiv.) in ethanol (25 mL) was added. This caused the im-

mediate precipitation of a colorless solid. The mixture was stirred for 10 min at room tem-

perature. The solid was isolated by filtration using a Büchner funnel. It was washed with 

ethanol (in total 60 mL over several washing steps) and diethyl ether (in total 40 mL over 

several washing steps). The product was obtained as a colorless solid after drying in vacuo 

(2.9 g, 5.20 mmol, 92% yield).  

1H NMR (600 MHz, CD2Cl2, 295 K):  [ppm] = 7.96-7.90 (m, 4H, PPh4
+), 7.80-7.72 (m, 8H, 

PPh4
+), 7.66-7.59 (m, 8H, PPh4

+). 

13C{1H} NMR (151 MHz, CD2Cl2, 295 K),  [ppm] = 136.1 (d, CH, 4JCP = 3.0 Hz, PPh4
+), 134.8 

(d, CH, 2JCP = 10.3 Hz, PPh4
+), 131.0 (d, CH, 3JCP = 12.9 Hz, PPh4

+), 117.9 (d, Cq, 1JCP = 89.7 Hz, 

PPh4
+). 

31P{1H} NMR (243 MHz, CD2Cl2, 295 K),  [ppm] = 23.3 (s, PPh4
+). 

71Ga{1H} NMR (183 MHz, CD2Cl2, 295 K),  [ppm] = 250.9 (s, GaCl4
−). 
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Tetraphenylphosphonium meso-octamethylcalix[4]pyrrolato gallate ([PPh4][71])149 

 

Procedure. In a nitrogen-filled glovebox, the tetrasodium salt of deprotonated meso-oc-

tamethylcalix[4]pyrrole (Na4(thf)4[69], 500.0 mg, 0.62 mmol, 1.0 equiv.) was dissolved in 

1,2-dimethoxyethane (DME, 5 mL). Tetraphenylphosphonium tetrachloridogallate 

([PPh4][GaCl4], 332.0 mg, 0.60 mmol, 0.97 equiv.) was added in one portion at room tem-

perature. The reaction mixture turned intensively red. It was stirred for 3 h at room tem-

perature. Over time, the color changed to pale orange, and a colorless precipitate formed. 

The solid was separated from the orange solution by filtration over a fritted glass filter. It 

was washed with DME (3 × 2 mL) and n-pentane (2 × 2 mL) and was subsequently sus-

pended in CH2Cl2 (5 mL). The suspension was stirred for 5 min at room temperature. It 

was filtered over a fritted glass filter covered with a pad of celite to remove NaCl. The 

product was isolated from its CH2Cl2 solution by precipitation with n-pentane (approxi-

mately 20 mL) and subsequent filtration. After drying in vacuo, it was obtained as a pale 

rose solid (390.0 mg, 0.43 mmol, 69% yield). The material was found to contain 0.9 equiv-

alents of CH2Cl2 as determined by 1H NMR spectroscopy using CDCl3 as solvent. This is 

consistent with the obtained result from the elemental analysis. The CH2Cl2 content was 

considered for stoichiometric calculations. 

Single crystals for SCXRD measurements were obtained at −40 °C from a CH2Cl2/n-pen-

tane solution. The THF adduct of the gallate ([PPh4][74]) crystallized from THF-d8 at room 

temperature. 

1
H NMR (600 MHz, CD2Cl2, 295 K),  [ppm] = 7.89-7.84 (m, 4H, PPh4

+), 7.72-7.66 (m, 8H, 

PPh4
+), 7.60-7.53 (m, 8H, PPh4

+), 5.79 (s, 8H, β-H), 1.65 (s, 12H, α-Me), 1.46 (s, 12H, α-

Me). 

13C{1H} NMR (151 MHz, CD2Cl2, 295 K),  [ppm] = 146.2 (s, Cq, Cq-pyrrole), 136.2 (d, 4JCP = 

3.0 Hz, CH, PPh4
+), 134.8 (d, 2JCP = 10.3 Hz, CH, PPh4

+), 131.0 (d, 3JCP = 12.9 Hz, CH, PPh4
+), 

117.8 (d, 1JCP = 89.6 Hz, Cq, PPh4
+), 100.7 (s, CH, β-C), 42.4 (s, Cq, α-C), 35.6 (s, CH3, α-Me), 

25.0 (s, CH3, α-Me). 

31
P{1H} NMR (162 MHz, CD2Cl2, 295 K),  [ppm] = 23.2 (s, PPh4

+). 
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HR-MS (ESI, negative ion mode): m/z calculated for C28H32
69GaN4 [M]−: 493.1888, found: 

493.1877. 

FT-ATR-IR (solid state, room temperature), 휈   [cm−1] = 3094 (w), 3040 (w), 2966 (m), 

2937 (m), 2902 (m), 2867 (w), 2840 (w), 1613 (w), 1587 (w), 1485 (m), 1460 (w), 1435 (s), 

1371 (s), 1348 (s), 1316 (w), 1303 (w), 1278 (s), 1263 (s), 1224 (m), 1213 (m), 1190 (w), 

1153 (s), 1107 (s), 1064 (s), 994 (m), 929 (w), 890 (w), 854 (w), 807 (w), 756 (s), 723 (s), 

688 (s). 

Elemental analysis. calc. C 69.81, H 5.96, N 6.16 ([PPh4][71] · 0.9 CH2Cl2), found: C 69.80, 

H 5.71, N 6.59 (content of CH2Cl2 was verified by 1H NMR spectroscopy in CDCl3). 

The constitution of the compound as shown was unambiguously confirmed by SCXRD meas-

urements (cf. Chapter 7.4). 
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Tetraphenylphosphonium meso-octaethylcalix[4]pyrrolato gallate ([PPh4][72])149 

 

Procedure. In a nitrogen-filled glovebox, the tetrasodium salt of deprotonated meso-oc-

taethylcalix[4]pyrrole (Na4(thf)4[70], 200.0 mg, 0.22 mmol, 1.0 equiv.) was dissolved in 

1,2-dimethoxyethane (DME, 2 mL). Tetraphenylphosphonium tetrachloridogallate 

([PPh4][GaCl4], 119.0 mg, 0.22 mmol, 0.97 equiv.) was added in one portion at room tem-

perature. The reaction mixture turned intensively red. It was stirred for 3 h at room tem-

perature. Over time, the color changed to pale orange, and a colorless precipitate formed. 

The solid was separated from the orange solution by filtration over a fritted glass filter. It 

was washed with DME (3 × 0.5 mL) and n-pentane (2 × 1 mL) and was subsequently sus-

pended in CH2Cl2 (3 mL). The suspension was stirred for 5 min at room temperature. It 

was filtered over a fritted glass filter covered with a pad of celite to remove NaCl. The 

product was isolated from its CH2Cl2 solution by precipitation with n-pentane (approxi-

mately 20 mL) and subsequent filtration. After drying in vacuo, it was obtained as a 

slightly pale rose solid (120.0 mg, 0.13 mmol, 57% yield). 

Single crystals for SCXRD measurements were obtained at −40 °C from a CH2Cl2/n-pen-

tane solution. 

1H NMR (600 MHz, CD2Cl2, 295 K),  [ppm] = 7.90-7.84 (m, 4H, PPh4
+), 7.73-7.66 (m, 8H, 

PPh4
+), 7.61-7.53 (m, 8H, PPh4

+), 5.77 (s, 8H, β-H), 2.04 (q, 3JHH = 7.3 Hz, 8H, α-methylene), 

1.48 (q, 3JHH = 7.2 Hz, 8H, α-methylene), 1.07 (t, 3JHH = 7.2 Hz, 12H, α-Me), 0.52 (t, 
3JHH = 7.2 Hz, 12H, α-Me). 

13C{1H} NMR (151 MHz, CD2Cl2, 295 K),  [ppm] = 143.2 (s, Cq, Cq-pyrrole), 136.2 (d, 4JCP = 

3.0 Hz, CH, PPh4
+), 134.7 (d, 2JCP = 10.3 Hz, CH, PPh4

+), 131.0 (d, 3JCP = 12.9 Hz, CH, PPh4
+), 

117.8 (d, 1JCP = 89.6 Hz, Cq, PPh4
+), 102.4 (s, CH, β-C), 44.5 (s, C, α-methylene), 43.7 (s, Cq, 

α-C), 27.4 (s, CH2, α-methylene), 10.5 (s, CH3, α-Me), 10.2 (s, CH3, α-Me). 

31P{1H} NMR (243 MHz, CD2Cl2, 295 K),  [ppm] = 23.3 (s, PPh4
+). 
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HR-MS (ESI, negative ion mode): m/z calculated for C36H48
69GaN4 [M]−: 605.3135, found: 

605.3154. 

FT-ATR-IR (solid state, room temperature), 휈  [cm−1] = 3087 (w), 3056 (w), 2959 (m), 

2923 (m), 2869 (m), 2834 (w), 1587 (m), 1483 (m), 1454 (m), 1439 (s), 1374 (s), 1319 (s), 

1292 (m), 1246 (m), 1188 (w), 1149 (m), 1108 (s), 1073 (s), 1026 (m), 996 (m), 971 (m), 

924 (m), 883 (m), 858 (m), 749 (s), 719 (s), 688 (s). 

Elemental analysis. calc. C 76.19, H 7.25, N 5.92, found: C 76.08, H 7.04, N 5.96. 

The constitution of the compound as shown was unambiguously confirmed by SCXRD meas-

urements (cf. Chapter 7.4). 
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Fluoride adduct of meso-octamethylcalix[4]pyrrolato gallate ([PPh4][n-Bu4N][73])149 

 

Procedure. In a nitrogen-filled glovebox, tetraphenylphosphonium meso-octamethyl-

calix[4]pyrrolato gallate ([PPh4][71], 15.0 mg, 16.5 µmol, 1.0 equiv., including 0.9 equiva-

lents of CH2Cl2) and tetrabutylammonium difluorotriphenylsilicate (TBAT, 8.9 mg, 

16.5 µmol, 1.0 equiv.) were placed in a 10 mL snap cap vial and were dissolved in acetoni-

trile (1 mL) at room temperature. A pale-orange solution was obtained, which was stirred 

at room temperature for 4 h. Diethyl ether (3 mL) was added. Upon further addition of n-

pentane (10 mL) an orange oil formed, which was separated by centrifugation. The clear 

and colorless supernatant was removed. The oil was washed with n-pentane (4 × 1 mL), 

what transformed it into a dark-orange, sticky solid. Drying under reduced pressure over 

night at room temperature gave the desired product as an orange solid ([PPh4][n-

Bu4N][73], 14.6 mg, 13.3 µmol, 80% yield). 

A sample for mass spectrometry was prepared by mixing meso-octamethylcalix[4]pyr-

rolato gallate ([PPh4][71], 7.0 mg, 7.7 µmol, 1.0 equiv., including 0.9 equivalents of CH2Cl2) 

and tetrabutylammonium difluorotriphenylsilicate (12.5 mg, 23.1 µmol, 3.0 equiv.) in 

CH2Cl2 (0.5 mL). This solution was diluted with CH2Cl2 to approximately reach a concen-

tration of c = 10−5 mol L−1 and was subsequently analyzed. However, it was later noted that 

the fluoride adduct of [71]− is significantly more stable in acetonitrile. 

1
H NMR (600 MHz, CD3CN, 295 K),  [ppm] = 7.93-7.87 (m, 4H, PPh4

+), 7.76-7.70 (m, 8H, 

PPh4
+), 7.70-7.63 (m, 8H, PPh4

+), 5.66 (d, 3JHH = 2.9 Hz, 4H, β-H), 5.61 (d, 3JHH = 2.9 Hz, 4H, 

β-H), 3.12-3.03 (m, 8H, n-Bu4N+), 1.74 (d, JFH = 3.1 Hz, 6H, α-Me), 1.64-1.56 (m, 8H, n-

Bu4N+), 1.61 (s, 6H, α-Me), 1.60 (s, 6H, α-Me), 1.36 (tq, 3JHH = 7.4, 7.4 Hz, 8H, n-Bu4N+), 1.22 

(s, 6H, α-Me), 0.97 (t, 3JHH = 7.4 Hz, 12H, n-Bu4N+). 
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13C{1H} NMR (151 MHz, CD3CN, 295 K),  [ppm] = 148.0 (s, Cq, Cq-pyrrole), 145.9 (s, Cq, Cq-

pyrrole), 136.4 (d, 4JCP = 3.0 Hz, CH, PPh4
+), 135.7 (d, 2JCP = 10.4 Hz, CH, PPh4

+), 131.3 (d, 
3JCP = 12.9 Hz, CH, PPh4

+), 118.9 (d, 1JCP = 89.7 Hz, Cq, PPh4
+), 100.2 (s, CH, β-C), 98.6 (s, 

CH, β-C), 59.3 (t, CH2, 1JCN = 2.9 Hz, n-Bu4N+), 42.0 (s, CH3, α-Me), 36.8 (s, Cq, α-C), 36.6 

(d, CH3, JCF = 18.3 Hz, α-Me), 36.4 (s, Cq, α-C), 31.7 (s, CH3, α-Me), 26.9 (s, CH3, α-Me), 24.3 

(s, CH2, n-Bu4N+), 20.3 (t, CH2, 3JCN = 1.5 Hz, n-Bu4N+), 13.8 (s, CH3, n-Bu4N+). 

19F NMR (376 MHz, CD3CN, 295 K),  [ppm] = −146.4 (br s, F-1). 

31
P{1H} NMR (243 MHz, CD3CN, 295 K),  [ppm] = 22.9 (s, PPh4

+). 

HR-MS (ESI, negative ion mode): m/z calculated for C28H35F69GaN4O [M+H3O]−: 531.2056, 

found: 531.2075. 
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Addition product of carbon dioxide to meso-octamethylcalix[4]pyrrolato gallate 

([PPh4][75])149 

 

Procedure. In a nitrogen-filled glovebox, tetraphenylphosphonium meso-octamethyl-

calix[4]pyrrolato gallate ([PPh4][71], 15.0 mg) was placed in a J. Young NMR pressure tube 

and was dissolved in CD2Cl2 (0.5 mL). To the sample, gaseous CO2 (5 bar) was applied at 

room temperature. The reaction mixture was shaken with a rocking shaker at room tem-

perature for 10 h. Over the course of the reaction, the color of the solution turned to yel-

low. The sample was analyzed by NMR spectroscopy and mass spectrometry. The ratio 

between free [71]− and [75]− under the reaction conditions was determined to 1:24 by 1H 

NMR spectroscopy.  

CO2 elimination procedure. The pressure was released from the sample, CH2Cl2 (1 mL) was 

added, and the solution was transferred by syringe to a normal J. Young NMR tube. The 

open NMR tube was placed inside a large Schlenk flask. The solvent was slowly evaporated 

at room temperature over the course of several hours. The obtained solid was kept under 

static vacuum overnight at room temperature and was analyzed by NMR spectroscopy. A 

1:1 ratio between free [71]− and [75]− was observed. Subsequently, this process was re-

peated twice to achieve quantitative CO2 removal as found by 1H NMR spectroscopy. 

1
H NMR (600 MHz, CD2Cl2, 295 K),  [ppm] = 7.87-7.80 (m, 4H, [PPh4]+), 7.71-7.63 (m, 8H, 

PPh4
+), 7.65 (1H, H-2, identified by 1H,1H COSY NMR spectroscopy, expected multiplicity 

is d), 7.60-7.53 (m, 8H, PPh4
+), 6.64 (d, 3JHH = 5.0 Hz, 1H, H-3), 5.94 (d, 3JHH = 3.1 Hz, 1H, β-

H), 5.91 (d, 3JHH = 3.1 Hz, 1H, β-H), 5.84 (d, 3JHH = 3.1 Hz, 1H, β-H), 5.81 (d, 3JHH = 3.1 Hz, 

1H, β-H), 5.79 (d, 3JHH = 3.0 Hz, 1H, β-H), 5.77 (d, 3JHH = 3.0 Hz, 1H, β-H), 1.79 (s, 3H, α-

Me), 1.78 (s, 3H, α-Me), 1.68 (s, 3H, α-Me), 1.66 (s, 3H, α-Me), 1.60 (s, 3H, α-Me), 1.38 (s, 

3H, α-Me), 1.36 (s, 3H, α-Me), 0.95 (s, 3H, α-Me). 
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13C{1H} NMR (151 MHz, CD2Cl2, 295 K),  [ppm] = 184.8 (s, Cq, C-4), 168.0 (s, Cq, C-5), 158.1 

(s, CH, C-2), 149.0 (s, Cq, Cq-pyrrole), 148.3 (s, Cq, Cq-pyrrole), 146.2 (s, Cq, Cq-pyrrole), 

146.1 (s, Cq, Cq-pyrrole), 145.6 (s, Cq, Cq-pyrrole), 140.0 (s, Cq, Cq-pyrrole), 136.2 (d, 4JCP = 

3.0 Hz, CH, PPh4
+), 134.8 (d, 2JCP = 10.3 Hz, CH, PPh4

+), 131.0 (d, 3JCP = 12.9 Hz, CH, PPh4
+), 

126.6 (s, CH, C-3), 117.9 (d, 1JCP = 89.6 Hz, Cq, PPh4
+), 104.2 (s, CH, β-C), 102.5 (s, CH, β-

C), 102.1 (s, CH, β-C), 101.9 (s, CH, β-C), 101.8 (s, CH, β-C), 100.1 (s, CH, β-C), 97.2 (s, Cq, 

C-1), 44.1 (s, Cq, α-C), 40.8 (s, CH3, α-Me), 38.5 (s, Cq, α-C), 36.4 (s, Cq, α-C), 36.14 (s, CH3, 

α-Me), 36.10 (s, Cq, α-C), 35.9 (s, CH3, α-Me), 27.4 (s, CH3, α-Me), 27.2 (s, CH3, α-Me), 26.8 

(s, CH3, α-Me), 26.6 (s, CH3, α-Me), 24.1 (s, CH3, α-Me). 

31
P{1H} NMR (243 MHz, CD2Cl2, 295 K),  [ppm] = 23.2 (s, PPh4

+). 

HR-MS (ESI, negative ion mode): m/z calculated for C29H32
69GaN4O2 [M]−: 537.1781, found: 

537.1769. 
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Addition product of carbon dioxide to meso-octaethylcalix[4]pyrrolato gallate 

([PPh4][76])149 

 

Procedure. In a nitrogen-filled glovebox, tetraphenylphosphonium meso-octaethyl-

calix[4]pyrrolato gallate ([PPh4][71], 15.0 mg) was placed in a J. Young NMR pressure tube 

and was dissolved in CD2Cl2 (0.5 mL). To the sample, gaseous CO2 (5 bar) was applied. The 

reaction mixture was shaken with a rocking shaker at room temperature for 10 h. Over the 

course of the reaction, the color of the solution turned to yellow. The sample was analyzed 

by NMR spectroscopy. The ratio between free [71]− and [76]− under the reaction conditions 

was determined to 2:1 by 1H NMR spectroscopy. Detection of the addition product by mass 

spectrometry was not possible.  

CO2 elimination procedure. The pressure was released from the sample, CH2Cl2 (1 mL) was 

added, and the solution was transferred by syringe to a normal J. Young NMR tube. The 

open NMR tube was placed inside a large Schlenk flask. The solvent was slowly evaporated 

under reduced pressure over the course of several hours at room temperature. The ob-

tained solid was kept under static vacuum overnight at room temperature and was subse-

quently analyzed by 1H NMR spectroscopy. Quantitative CO2 removal was found. 

1
H NMR (600 MHz, CD2Cl2, 295 K),  [ppm] = 7.89-7.82 (m, 4H, PPh4

+), 7.77 (d, 3JHH = 5.1 Hz, 

1H, H-2), 7.72-7.65 (m, 8H, PPh4
+), 7.60-7.53 (m, 8H, PPh4

+), 6.54 (d, 3JHH = 5.1 Hz, 1H, H-

3), 5.95 (d, 3JHH = 3.3 Hz, 1H, β-H), 5.89 (d, 3JHH = 3.1 Hz, 1H, β-H), 5.85 (d, 3JHH = 3.2 Hz, 

1H, β-H), 5.81 (d, 3JHH = 3.0 Hz, 1H, β-H), 5.76 (d, 3JHH = 3.1 Hz, 1H, β-H), 5.74 (d, 
3JHH = 3.0 Hz, 1H, β-H). Evaluation of the signals of the ethyl groups was not fully possible 

due to signal overlapping (with unreacted [71]−) and diastereotopicity of the methylene 

protons. Six of the eight methyl triplets were well resolved: 1.03 (t, 3JHH = 7.4 Hz, 3H, α-

Me), 1.00 (t, 3JHH = 7.3 Hz, 3H, α-Me), 0.65 (t, 3JHH = 7.3 Hz, 3H, α-Me), 0.56 (t, 3JHH = 7.4 Hz, 

3H, α-Me), 0.48 (t, 3JHH = 7.4 Hz, 3H, α-Me), 0.39 (t, 3JHH = 7.3 Hz, 3H, α-Me). 
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13C{1H}, NMR (151 MHz, CD2Cl2, 295 K), Due to the low concentration of [76]−, complete 

characterization by 13C{1H} NMR spectroscopy was not possible. Only the well resolved 

and reliably assignable signals are listed. Some of them were identified by two-dimen-

sional experiments.  [ppm] = 184.6 (s, Cq, C-4), 168.6 (s, Cq, C-5), 158.6 (s, CH, C-2), 126.5 

(s, CH, C-3), 105.0 (s, CH, β-C), 104.5 (s, CH, β-C), 103.5 (s, CH, β-C), 103.5 (s, CH, β-C), 

102.4 (s, CH, β-C), 101.4 (s, CH, β-C), 97.3 (s, Cq, C-1), 11.1 (s, CH3, α-Me), 11.0 (s, CH3, α-

Me), 10.7 (s, CH3, α-Me), 10.0 (s, CH3, α-Me), 9.7 (s, CH3, α-Me), 9.1 (s, CH3, α-Me), 8.7 (s, 

CH3, α-Me). 

31
P{1H} NMR (243 MHz, CD2Cl2, 295 K),  [ppm] = 23.2 (s, PPh4

+). 

A mass spectrum of [76]− was not collected due to very weak binding of CO2 to the gallate. 
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Reaction of meso-octamethylcalix[4]pyrrolato gallate ([PPh4][71]) with HNTf2 in THF-d8
149 

 

Procedure. In a nitrogen-filled glovebox, tetraphenylphosphonium meso-octamethyl-

calix[4]pyrrolato gallate ([PPh4][71], 10.0 mg, 11.0 µmol, 1.0 equiv., including 0.9 equiva-

lents of CH2Cl2) and bis(trifluoromethyl)sulfonimide (HNTf2, 3.0 mg, 10.7 µmol, 

0.97 equiv.) were placed in a J. Young NMR tube. THF-d8 (0.5 mL) was added at room tem-

perature, the sample was closed and was vigorously shaken. A yellow solution was ob-

tained which was analyzed by NMR spectroscopy. 

1
H NMR (600 MHz, THF-d8, 295 K),  [ppm] = 7.95-7.90 (m, 4H, [PPh4]+), 7.85 (d, 

3JHH = 5.4 Hz, 1H, H-2), 7.80-7.74 (m, 16H, PPh4
+), 7.18 (dd, 3JHH = 5.4 Hz, 4JHH = 1.3 Hz, 1H, 

H-3), 6.08 (d, 3JHH = 3.3 Hz, 1H, β-H), 5.96 (d, 3JHH = 3.3 Hz, 1H, β-H), 5.95 (d, 3JHH = 3.2 Hz, 

1H, β-H), 5.92 (d, 3JHH = 3.2 Hz, 1H, β-H), 5.81 (d, 3JHH = 3.1 Hz, 1H, β-H), 5.79 (d, 
3JHH = 3.1 Hz, 1H, β-H), 5.02 (s, 1H, H-1), 1.77 (s, 3H, α-Me), 1.65 (s, 2 × 3H, α-Me), 1.56 (s, 

3H, α-Me), 1.51 (s, 3H, α-Me), 1.47 (s, 3H, α-Me), 1.43 (s, 3H, α-Me), 0.86 (s, 3H, α-Me). 

13C{1H} NMR (151 MHz, THF-d8, 295 K),  [ppm] = 190.3 (s, Cq, C-4), 156.6 (s, CH, C-2), 

150.0 (s, Cq, Cq-pyrrole), 149.5 (s, Cq, Cq-pyrrole), 147.3 (s, Cq, Cq-pyrrole), 145.6 (s, Cq, Cq-

pyrrole), 145.5 (s, Cq, Cq-pyrrole), 141.3 (s, Cq, Cq-pyrrole), 136.1 (d, 4JCP = 3.1 Hz, CH, 

PPh4
+), 135.5 (d, 2JCP = 10.4 Hz, CH, PPh4

+), 131.2 (d, 3JCP = 12.9 Hz, CH, PPh4
+), 129.5 (s, 

CH, C-3), 121.0 (q, 1JCF = 322.4 Hz, Cq, NTf2
−, the outer two peaks of the quartet were only 

barely visible), 118.9 (d, 1JCP = 89.5 Hz, Cq, PPh4
+), 106.4 (s, CH, β-C), 103.8 (s, CH, β-C), 

103.8 (s, CH, β-C), 103.6 (s, CH, β-C), 102.1 (s, 2 × CH, β-C), 87.6 (s, CH, C-1), 39.8 (s, Cq, 

α-C), 39.3 (s, Cq, α-C), 36.5 (s, Cq, α-C), 36.4 (s, Cq, α-C), 36.2 (s, CH3, α-Me), 35.0 (s, CH3, 

α-Me), 33.91 (s, CH3, α-Me), 33.87 (s, CH3, α-Me), 31.9 (s, CH3, α-Me), 29.5 (s, CH3, α-Me), 

28.3 (s, CH3, α-Me), 24.8 (s, CH3, α-Me). 
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19F NMR (188 MHz, THF-d8, 295 K),  [ppm] = −79.9 (s, NTf2
−). 

31
P{1H} NMR (243 MHz, THF-d8, 295 K),  [ppm] = 21.1 (s, PPh4

+). 

The 1H,1H COSY NMR spectrum showed characteristic cross peaks between the signals at 

5.02 (transferred proton) and 7.18 ppm (H-3) and between the signals at 7.18 (H-3) and 

7.85 ppm (H-2). 
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Reaction of meso-octamethylcalix[4]pyrrolato gallate ([PPh4][71]) with HNTf2 in 

CD2Cl2/diethyl ether (2:1 %vol)149 

 

Procedure. In a nitrogen-filled glovebox, tetraphenylphosphonium meso-octamethyl-

calix[4]pyrrolato gallate (10.0 mg, 11.0 µmol, 1.0 equiv., including 0.9 equivalents of 

CH2Cl2) were suspended in a mixture of CD2Cl2 and diethyl ether (2:1 %vol, 0.5 mL) in a 

1 mL vial. bis(Trifluoromethyl)sulfonimide (HNTf2, 2.8 mg, 10.66 µmol, 0.9 equiv.) was 

dissolved in the same solvent mixture (0.3 mL). The HNTf2 solution was dropwise added 

to the gallate suspension over the course of 5 min at room temperature while shaking the 

latter. The reaction mixture turned yellow. It was filtered into a J. Young NMR tube and 

was analyzed by NMR spectroscopy. 

1
H NMR (600 MHz, CD2Cl2 / Et2O (2:1 %vol), 295 K), spectrum was calibrated with the sig-

nal of CHDCl2 to 5.32 ppm,  [ppm] = 7.92-7.86 (m, 4H, PPh4
+), 7.77-7.71 (m, 8H, PPh4

+), 

7.73 (1H, H-2, identified by 1H,1H COSY NMR spectroscopy, expected multiplicity is d), 

7.66-7.59 (m, 8H, PPh4
+), 7.05 (dd, 3JHH = 5.4 Hz, 4JHH = 1.3 Hz, 1H, H-3), 6.14 (d, 

3JHH = 3.3 Hz, 1H, β-H), 6.05 (d, 3JHH = 3.3 Hz, 1H, β-H), 6.03 (d, 3JHH = 3.3 Hz, 1H, β-H), 6.00 

(d, 3JHH = 3.2 Hz, 1H, β-H), 5.90 (s, 2 × 1H, β-H), 4.91 (s, 1H, H-1), 1.82 (s, 3H, α-Me), 1.63 

(s, 3H, α-Me), 1.574 (s, 3H, α-Me), 1.568 (s, 3H, α-Me), 1.52 (s, 3H, α-Me), 1.46 (s, 3H, α-

Me), 1.44 (s, 3H, α-Me), 0.81 (s, 3H, α-Me). 
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13C{1H} NMR (151 MHz, CD2Cl2 / Et2O (2:1 %vol), 295 K), spectrum was calibrated with the 

signal of CD2Cl2 to 53.84 ppm,  [ppm] = 190.0 (s, Cq, C-4), 156.6 (s, CH, C-2), 151.1 (s, Cq, 

Cq-pyrrole), 150.7 (s, Cq, Cq-pyrrole), 148.3 (s, Cq, Cq-pyrrole), 146.0 (s, Cq, Cq-pyrrole), 

145.3 (s, Cq, Cq-pyrrole), 141.4 (s, Cq, Cq-pyrrole), 136.4 (d, 4JCP = 3.1 Hz, CH, PPh4
+), 135.1 

(d, 2JCP = 10.3 Hz, CH, PPh4
+), 131.3 (d, 3JCP = 12.9 Hz, CH, PPh4

+), 129.8 (s, CH, C-3), 120.6 

(q, 1JCF = 321.2 Hz, Cq, NTf2
−, the outer two peaks of the quartet were only barely visible), 

118.3 (d, 1JCP = 89.7 Hz, Cq, PPh4
+), 106.9 (s, CH, β-C), 104.7 (s, CH, β-C), 104.4 (s, CH, β-

C), 104.1 (s, CH, β-C), 102.8 (s, CH, β-C), 102.4 (s, CH, β-C), 87.4 (s, CH, C-1), 42.7 (s, CH, 

α-Me), 40.5 (s, Cq, α-C), 39.1 (s, Cq, α-C), 37.5 (s, CH, α-Me), 36.43 (s, Cq, α-C), 36.38 (s, 

Cq, α-C), 35.5 (s, CH, α-Me), 32.2 (s, CH, α-Me), 31.7 (s, CH, α-Me), 26.7 (s, CH, α-Me), 

25.3 (s, CH, α-Me), 25.2 (s, CH, α-Me). 

19F NMR (376 MHz, CD2Cl2 / Et2O (2:1 %vol), 295 K),  [ppm] = −79.8 (s, NTf2
−). 

31
P{1H} NMR (243 MHz, CD2Cl2 / Et2O (2:1 %vol), 295 K),  [ppm] = 23.2 (s, PPh4

+). 

The identical pattern in the 1H,1H COSY NMR spectrum as for the reaction in THF-d8 was 

found (vide supra). 
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Protonated addition product of isopropanol to meso-octamethylcalix[4]pyrrolato gallate 

(82)149 

 

Procedure. In a nitrogen-filled glovebox, tetraphenylphosphonium meso-octamethyl-

calix[4]pyrrolato gallate ([PPh4][71], 10.0 mg, 11.0 µmol, 1.0 equiv., including 0.9 equiva-

lents of CH2Cl2) was suspended in a mixture of CH2Cl2 and diethyl ether (2:1 %vol, 2 mL) 

in a 10 mL snap cap vial and was vigorously stirred at room temperature. bis(Trifluorome-

thyl)sulfonimide (HNTf2, 3.0 mg, 10.66 µmol, 0.97 equiv.) was dissolved in the same sol-

vent mixture (0.5 mL). The HNTf2 solution was added dropwise to the gallate suspension 

over the course of 5 min at room temperature. The reaction mixture turned yellow. Iso-

propanol (0.9 µL, 11.8 µmol, 1.07 equiv.) was added in one portion at room temperature 

using a piston pipette. It was continued to stir for 1 min. All volatiles were removed under 

reduced pressure. From the obtained solid, it was extracted with a n-pentane/diethyl ether 

mixture (4:1 %vol, 2.5 mL in total, used over three extraction cycles). After removing the 

solvent from the extract under reduced pressure and drying the residue in vacuo, a pale-

yellow solid was isolated, which was characterized to the protonated addition product of 

isopropanol to meso-octamethylcalix[4]pyrrolato gallate (83) by NMR spectroscopy 

(4.4 mg, 7.92 µmol, 72% yield). 

It was noted by 1H NMR spectroscopy that a small quantity (approximately 8% relative to 

the shown compound) of another molecule was formed. Based on the acquired NMR data, 

this is assigned to a constitutional isomer in which the two dearomatization-inducing 

protons are convertible into each other by means of a mirror plane. One proton is located 

at the 2- the other at the 5-position of the respective dearomatized pyrrole ring. 

1
H NMR (600 MHz, CD2Cl2, 295 K),  [ppm] = 7.61 (dd, 3JHH = 5.4, 0.7 Hz, 2H, H-2), 7.00 (dd, 

3JHH = 5.4 Hz, 4JHH = 1.4 Hz, 2H, H-3), 6.09 (d, 3JHH = 3.3 Hz, 2H, β-H), 6.00 (d, 3JHH = 3.3 Hz, 

2H, β-H), 4.87 (br s, 2H, H-1), 3.52 (sept, 3JHH = 6.0 Hz, 1H, H-5), 1.88 (s, 6H, α-Me), 1.84 

(s, 6H, α-Me), 1.57 (s, 6H, α-Me), 0.89 (d, 3JHH = 6.0 Hz, 3H, H-6), 0.69 (d, 3JHH = 6.0 Hz, 3H, 

H-6’), 0.44 (s, 6H, α-Me).  
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13C{1H} NMR (151 MHz, CD2Cl2, 295 K),  [ppm] = 188.4 (s, Cq, C-4), 155.3 (s, CH, C-2), 147.7 

(s, Cq, Cq-pyrrole), 142.7 (s, Cq, Cq-pyrrole), 129.1 (s, CH, C-3), 104.7 (s, CH, β-C), 102.9 (s, 

CH, β-C), 87.1 (s, CH, C-1), 64.4 (s, CH, C-5), 39.4 (s, Cq, α-C), 38.8 (s, Cq, α-C), 32.4 (s, 

CH3, α-Me), 28.7 (s, CH3, α-Me), 28.4 (s, CH3, α-Me), 27.2 (s, CH3, C-6), 26.9 (s, CH3, C-6’), 

23.0 (s, CH3, α-Me). 

The 1H,1H COSY NMR spectrum showed characteristic cross peaks between the signals at 

4.87 (protons at the 2-positions) and 7.00 ppm (H-3) and between the signals at 7.00 (H-

3) and 7.61 ppm (H-2). Moreover, the 1H,1H NOESY NMR spectrum revealed spatial prox-

imity of the isopropyl group and the ligand framework. This further confirms the attach-

ment of the i-PrO− group to the gallium center. 
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Doubly oxidized meso-octamethylcalix[4]pyrrolato gallate as its bis-thf hexafluorophos-

phate salt ([83][PF6]) 

-H

-Me

N

N

N

N

Ga
thf

thf
2

1

PF6

3
3'

 

Procedure. In a nitrogen-filled glovebox, tetraphenylphosphonium meso-octamethyl-

calix[4]pyrrolato gallate (10.0 mg, 11.0 µmol, 1.0 equiv., including 0.9 equivalents of 

CH2Cl2) and ferrocenium hexafluorophosphate (7.3 mg, 22.0 µmol, 2.0 equiv.) were placed 

in a J. Young NMR tube. THF-d8 (0.5 mL) was added at room temperature, the sample was 

closed and was vigorously shaken. A dark brown solution was obtained which was ana-

lyzed by NMR spectroscopy. 

Single crystals for SCXRD measurements were obtained at −40 °C from a THF/diethyl 

ether solution. 

1
H NMR (400 MHz, THF-d8, 295 K),  [ppm] = 8.43 (d, 3JHH = 5.3 Hz, 2H, H-1), 7.45 (d, 

3JHH = 5.3 Hz, 2H, H-2), 6.16 (d, 3JHH = 3.2 Hz, 2H, β-H), 6.14 (d, 3JHH = 3.2 Hz, 2H, β-H), 1.91 

(s, 3H, H-3 or H-3’), 1.80 (s, 6H, α-Me), 1.72 (s, 6H, α-Me), 1.61 (s, 6H, α-Me), 1.53 (s, 3H, 

H-3 or H-3’). 

19F NMR (376 MHz, THF-d8, 295 K),  [ppm] = −73.3 (d, 1JPF = 709 Hz, PF6
−). 

31
P{1H} NMR (162 MHz, THF-d8, 295 K),  [ppm] = −144.2 (sept, 1JPF = 709 Hz, PF6

−). 

A 13C{1H} NMR spectrum was not collected. However, the constitution of the compound as 

shown was unambiguously confirmed by SCXRD measurements (cf. Chapter 7.4). 
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7 APPENDIX 

7.1 List of Abbreviations 

A 
AlLC · Aluminum-ligand cooperativity 
ANN · Artificial neural network 
API · Application programming interface 
autoPAMS · Automatic generation of p-

block atom-based molecular 
structures 

B 
Bn · Benzyl (group) 
BS · Broken-symmetry 

C 
CASSCF · Complete active space self-

consistent field (method) 
cat · Catecholato ligand 
CBS · Complete basis set (extrapolation) 
CCSD(T) · Coupled cluster (including) 

singles, doubles, and perturbative 
triples 

CD2Cl2 · Dichloromethane-d2 
CH2Cl2 · Dichloromethane 
Clcat · Perchlorocatecholato ligand 
CO2 · Carbon dioxide 
COSMO-RS · Conductor like screening 

model for real solvents 
COSY · Correlation (NMR) spectroscopy 
CREST · Conformer-rotamer ensemble 

sampling tool 
CSD · Cambridge Structural Database 
CSS · Closed-shell singlet 

D 
DE · Deformation energy 
DEPT · Distortionless enhancement by 

polarization transfer 
DFT · Density functional theory 
DLPNO · Domain-based local pair 

natural orbital 
dme · 1,2-Dimethoxyethane (ligand) 
DME · 1,2-Dimethoxyethane (solvent) 

E 
ECP · Effective core potential 
ECW model · Electrostatic, covalent, 

and steric parameter model for the 
prediction of Lewis adduct stabilities 

ELC · Element-ligand cooperativity 
equiv. · Equivalents 
ESI · Electrospray ionization 
Et · Ethyl (group) 
exc. · Excess 
EXSY · Exchange (NMR) spectroscopy 

F 
FA · Fluoride adduct 
Fc · Ferrocene 
Fcat · Perfluorocatecholato ligand 
FIA · Fluoride ion affinity 
FIAgas · Gas phase fluoride ion affinity 
FIAsolv · Solution phase fluoride ion 

affinity (dichloromethane) 
FLP · Frustrated Lewis pair 
FMO · Frontier molecular orbital 
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II 

FT-ATR-IR · Fourier-transform 
attenuated total reflection infrared 
(spectroscopy) 

G 
GaLC · Gallium-ligand cooperativity 
GEI · Global electrophilicity index 
GIAO · Gauge-independent atomic 

orbital 
GNN · Graph neural network 

H 
HMBC · Heteronuclear multiple-bond 

correlation (NMR) spectroscopy 
HMDS · Hexamethyldisilazide ≙ 

bis(trimethylsilyl)amide 
HNTf2 · Bis(trifluoromethyl)sulfonimide 
HOMO · Highest occupied molecular 

orbital 
hppH · 1,3,4,6,7,8-Hexahydro-2H-

pyrimido[1,2-a]pyrimidine 
HR-MS · High resolution mass 

spectrometry 
HSAB · (Theory of) hard and soft Lewis 

acids and bases 
HSQC · Heteronuclear single-quantum 

correlation (NMR) spectroscopy 

I 
INADEQUATE · Incredible natural 

abundance double quantum transfer 
(NMR) experiment 

Int · Intermediate 
i-Pr · iso-Propyl (group) 
IPUAC · International Union of Pure and 

Applied Chemistry 
IR · Infrared 
IRC · Intrinsic reaction coordinate 
ISC · Intersystem crossing 

J 
JTE · Jahn-Teller effect 

L 
LA · Lewis acid 
LDA · Linear discriminant analysis 
LightGBM · Light gradient-boosting 

machine 
LUMO · Lowest unoccupied molecular 

orbital 

M 
m/z · Mass-to-charge ratio 
MAE · Mean absolute error 
Me · Methyl (group) 
mHEAT+ · Modified high-accuracy 

extrapolated ab initio 
thermochemistry 

ML · Machine learning 
MLC · Metal-ligand cooperativity 
MO · Molecular orbital 
MRCI · Multireference configuration 

interaction 

N 
NaN · Not a number 
NBO · Natural bond orbital 
n-Bu · n-Butyl (group) 
NCI · Non-covalent interaction 
NEVPT2 · N-electron valence 

perturbation theory to second order 
NMR · Nuclear magnetic resonance 
NOESY · Nuclear Overhauser effect 

(NMR) spectroscopy 

O 
o/n · over night 
oDFB · ortho-Difluorobenzene 
OSS · Open-shell singlet 
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III 

P 
PCET · Proton-coupled electron transfer 
PES · Potential energy surface 
Ph · Phenyl (group) 
PLS · Partial least squares 
PNP · Bis(triphenylphosphine)iminium 
PPh4 or PPh4

+ · 
Tetraphenylphosphonium 

ppm · Parts per million 
PTCat · Phase transfer catalysis 

R 
r2 · Squared Pearson correlation 

coefficient 
ReLU · Rectified linear unit 
RF · Random forest 
rt · Room temperature 

S 
SCXRD · Single crystal X-ray diffraction 
SH · Sawhorse 
SHAP · Shapley additive explanations 
SMILES · Simplified molecular-input 

line-entry system 

SOC · Spin-orbit coupling 

T 
TBAT · Tetrabutylammonium 

difluorotriphenylsilicate 
t-Bu · tert-Butyl (group) 
TD-DFT · Time-dependent density 

functional theory 
TEP · Tolman electronic parameter 
thf · Tetrahydrofuran (ligand) 
THF · Tetrahydrofuran (solvent) 
trip · triplet 
TS · Transition state/structure 

U 
UMAP · Uniform manifold 

approximation and projection 
UV · Ultraviolet 

V 
Vis · Visible region of the 

electromagnetic spectrum 
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7.2 Terminology 

Stereoinversion 

ithin this dissertation, the term “stereoinversion” (of molecules with a tetrahedral 

structure in their ground state) refers to a process in which the four individual sub-

stituents are defined to be distinguishable despite being potentially of the same atom 

type. For example, the stereoinversion of methane effectively does not lead to the inver-

sion of CH4’s stereochemistry as the carbon atom is not a chiral center. The initial and 

final structure are superimposable. A true mirror image is only obtained if the four hydro-

gen atoms are labeled, e.g., as H-1, H-2, H-3, and H-4 (cf. Figure 1.3). For the sake of concise 

wording, the term stereoinversion was used throughout and options like “pseudo stere-

oinversion” were avoided. 

Square planar p-block atom 

The phrase “square planar p-block atom” refers to an atom whose nearest neighbors 

(bonding partners) define a square. This definition is for example based on the results of 

a quantum chemical structure optimization or an SCXRD measurement. It does not refer 

to the actual shape of the atom within the molecule. This also applies to similar phrase, 

e.g., “trigonal pyramidal nitrogen atom” or “square planar aluminate”. 
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7.3 NMR Spectra 

 

 

 

 

 

 
Figure 7.1: 1H NMR spectrum (600 MHz, CD2Cl2, 295 K) of [PPh4][40]. The singlet at 2.12 ppm is assigned to 
acetone, which is formed in a side reaction when going from [35]− to [40]−.148 
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Figure 7.2: 13C{1H} NMR spectrum (151 MHz, CD2Cl2, 295 K) of [PPh4][40].148 

 
Figure 7.3: DEPT-135 13C{1H} NMR spectrum (151 MHz, CD2Cl2, 295 K) of [PPh4][40].148 
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Figure 7.4: 1H,13C NMR HSQC spectrum (600, 151 MHz, CD2Cl2, 295 K) of [PPh4][40].148 

 
Figure 7.5: 1H,13C NMR HMBC spectrum (600, 151 MHz, CD2Cl2, 295 K, long-range JCH = 7 Hz) of [PPh4][40].148 
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Figure 7.6: 1H,1H NMR NOESY spectrum (600, CD2Cl2, 295 K, tm = 0.5 s) of [PPh4][40]. The singlet at 2.12 ppm 
is assigned to acetone, which is formed in a side reaction when going from [35]− to [40]−. The marked region 
is shown in Figure 7.7.148 
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Figure 7.7: Excerpt of the 1H,1H NMR NOESY spectrum (600, CD2Cl2, 295 K, tm = 0.5 s) of [PPh4][40]. The full 
spectrum is given in Figure 7.6.148 
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Figure 7.8: 1H,15N NMR HMBC spectrum (600, 61 MHz, CD2Cl2, 295 K, long-range JNH = 3 Hz) of [PPh4][40]. 
The 15N chemical shifts are plotted with respect to the ammonia reference system. Conversion to the nitro-
methane reference system (as it is used for the discussion in the main text) was achieved by subtraction with 
380.23 ppm.148 
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Figure 7.9: 1H NMR spectrum (600 MHz, CD2Cl2, 295 K) of [PPh4][41]. The weak quartet at 2.44 ppm is as-
signed to pentan-3-one, which is formed in a side reaction when going from [36]− to [41]−.148 
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Figure 7.10: 13C{1H} NMR spectrum (151 MHz, CD2Cl2, 295 K) of [PPh4][41].148 

 
Figure 7.11: DEPT-135 13C{1H} NMR spectrum (151 MHz, CD2Cl2, 295 K) of [PPh4][41].148 
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Figure 7.12: Multiplicity-edited 1H,13C NMR HSQC spectrum (600, 151 MHz, CD2Cl2, 295 K) of [PPh4][41].148 

 
Figure 7.13: 1H,13C NMR HMBC spectrum (600, 151 MHz, CD2Cl2, 295 K, long-range JCH = 8 Hz) of [PPh4][41].148 
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Figure 7.14: 1H,1H NMR NOESY spectrum (600, CD2Cl2, 295 K, tm = 0.5 s) of [PPh4][41]. The marked region is 
shown in Figure 7.15.148 
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Figure 7.15: Excerpt of the 1H,1H NMR NOESY spectrum (600, CD2Cl2, 295 K, tm = 0.5 s) of [PPh4][41]. The 
full spectrum is shown in Figure 7.14.148 
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Figure 7.16: 1H,15N NMR HMBC spectrum (600, 61 MHz, CD2Cl2, 295 K, long-range JNH = 8 Hz) of [PPh4][41]. 
The 15N chemical shifts are plotted with respect to the ammonia reference system. Conversion to the nitro-
methane reference system (as it is used for the discussion in the main text) was achieved by subtraction with 
380.23 ppm.148 
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Figure 7.17: 13C,13C NMR INADEQUATE spectrum (151, 151 MHz, CD2Cl2, 295 K, JCC = 55 Hz) of [PPh4][41].148 
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7.4 Crystallographic Data 

 
Index name [PPh4][29] 
Database identifier YUXVEV, 2013196 
Empirical formula C60H61AlBrCl4N4OP 
Formula weight 1133.78 
Temperature/K 100(2) 
Crystal system monoclinic 
Space group P21/n 
a/Å 9.7658(18) 
b/Å 27.696(6) 
c/Å 20.719(4) 
α/° 90 
β/° 102.380(7) 
γ/° 90 
Volume/Å3 5473.6(19) 
Z 4 
ρcalc/gcm−3 1.376 
μ/mm-1 1.037 
F(000) 2352.0 
Crystal size/mm3 0.258 × 0.246 × 0.132 
Radiation MoKα (λ = 0.71073) 
2Θ range for data collection/° 4.026 to 51 
Index ranges -11 ≤ h ≤ 11, -33 ≤ k ≤ 33, -25 ≤ l ≤ 25 
Reflections collected 227575 
Independent reflections 10164 [Rint = 0.0993, Rsigma = 0.0261] 
Data/restraints/parameters 10164/0/657 
Goodness-of-fit on F2 1.079 
Final R indexes [I≥2σ (I)] R1 = 0.0472, wR2 = 0.1251 
Final R indexes [all data] R1 = 0.0553, wR2 = 0.1338 
Largest diff. peak/hole / eÅ-3 0.99/-0.84 
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Index name 31 
Database identifier YUXVIZ, 2013197 
Empirical formula  C30H39AlN4O  
Formula weight  498.63  
Temperature/K  100(2) 
Crystal system  orthorhombic  
Space group  Pna21  
a/Å  9.7760(9)  
b/Å  25.127(2)  
c/Å  11.0644(10)  
α/°  90  
β/°  90  
γ/°  90  
Volume/Å3  2717.9(4)  
Z  4  
ρcalc/gcm−3 1.219  
μ/mm-1  0.104  
F(000)  1072.0  
Crystal size/mm3  0.454 × 0.173 × 0.17  
Radiation  MoKα (λ = 0.71073)  
2Θ range for data collection/°  4.47 to 56.652  
Index ranges  -13 ≤ h ≤ 13, -33 ≤ k ≤ 33, -14 ≤ l ≤ 14  
Reflections collected  61625  
Independent reflections  6756 [Rint = 0.0718, Rsigma = 0.0365]  
Data/restraints/parameters  6756/1/334  
Goodness-of-fit on F2  1.036  
Final R indexes [I≥2σ (I)]  R1 = 0.0364, wR2 = 0.0792  
Final R indexes [all data]  R1 = 0.0471, wR2 = 0.0852  
Largest diff. peak/hole / eÅ-3  0.22/-0.24  
Flack parameter -0.02(7) 

 



APPENDIX – CRYSTALLOGRAPHIC DATA 

XVI 

 

Only atom connectivities were determined due to poor data quality. 

Index name [PPh4]2[32] 
Database identifier Not deposited 
Empirical formula  C80H81AlCl4N4OP2 
Formula weight  1345.28 
Temperature/K  100(2) 
Crystal system  triclinic 
Space group  P-1 
a/Å  11.9549(12) 
b/Å  12.7424(13) 
c/Å  25.639(3) 
α/°  86.841(3) 
β/°  76.942(3) 
γ/°  70.049(3) 
Volume/Å3  3575.3(6) 
Z  2 
ρcalc/gcm−3 0.935 
µ/mm‑1  0.232 
F(000)  1060.0 
Crystal size/mm3  0.214 × 0.133 × 0.07 
Radiation  MoKα (λ = 0.71073) 
2Θ range for data collection/°  4.104 to 50.264 
Index ranges  -14 ≤ h ≤ 14, -15 ≤ k ≤ 15, -30 ≤ l ≤ 30 
Reflections collected  66848 
Independent reflections  12646 [Rint = 0.1210, Rsigma = 0.0851] 
Data/restraints/parameters  12646/335/786 
Goodness-of-fit on F2  1.445 
Final R indexes [I≥2σ (I)]  R1 = 0.1435, wR2 = 0.3843 
Final R indexes [all data]  R1 = 0.2086, wR2 = 0.4313 
Largest diff. peak/hole / eÅ-3  1.47/-1.04  
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Index name [PPh4][35] 
Database identifier OVICAA, 2072557 
Empirical formula  C55H58AlCl6N4O2P  
Formula weight  1077.70  
Temperature/K  100(2) 
Crystal system  monoclinic  
Space group  P21/c  
a/Å  15.2905(12)  
b/Å  17.2541(14)  
c/Å  21.0539(14)  
α/°  90  
β/°  106.068(3)  
γ/°  90  
Volume/Å3  5337.5(7)  
Z  4  
ρcalc/gcm−3 1.341  
μ/mm-1  0.414  
F(000)  2248.0  
Crystal size/mm3  0.136 × 0.104 × 0.045  
Radiation  MoKα (λ = 0.71073)  
2Θ range for data collection/°  3.77 to 55.524  
Index ranges  -20 ≤ h ≤ 20, -22 ≤ k ≤ 22, -27 ≤ l ≤ 27  
Reflections collected  195737  
Independent reflections  12566 [Rint = 0.0707, Rsigma = 0.0268]  
Data/restraints/parameters  12566/1/864  
Goodness-of-fit on F2  1.030  
Final R indexes [I≥2σ (I)]  R1 = 0.0361, wR2 = 0.0896  
Final R indexes [all data]  R1 = 0.0444, wR2 = 0.0954  
Largest diff. peak/hole / eÅ-3  0.52/-0.58  
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Index name [PPh4][62] 
Database identifier Not deposited 
Empirical formula C64H78AlN6O3P 
Formula weight 1037.27 
Temperature/K 100(2) 
Crystal system monoclinic 
Space group P21/n 
a/Å  11.8687(17) 
b/Å  27.971(4) 
c/Å  21.374(3) 
α/°  90 
β/°  95.254(5) 
γ/°  90 
Volume/Å3  7066.1(18) 
Z  4 
ρcalc/gcm−3 0.975 
μ/mm-1 0.093 
F(000) 2224 
Crystal size/mm3 0.35×0.32×0.22 
Radiation MoKα (λ = 0.71073 Å) 
2Θ range for data collection/° 3.74 to 52.97 (0.80 Å) 
Index ranges -14 ≤ h ≤ 14, -34 ≤ k ≤ 35, -26 ≤ l ≤ 26 
Reflections collected 198888 
Independent reflections 14534 [Rint = 0.0923, Rsigma = 0.0421] 
Data / Restraints / Parameters 14534/900/688 
Goodness-of-fit on F2 1.040 
Final R indexes [I≥2σ(I)] R1 = 0.0699, wR2 = 0.1782 
Final R indexes [all data] R1 = 0.0953, wR2 = 0.1949 
Largest peak/hole / eÅ−3 0.40/-0.34 
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Name [PPh4][64] 
Database identifier Not deposited 
Empirical formula C58H57AlN5OP 
Formula weight 898.03 
Temperature/K 100(2) 
Crystal system triclinic 
Space group P1  
a/Å  12.7974(8) 
b/Å  13.9223(8) 
c/Å  17.5632(10) 
α/°  72.594(2) 
β/°  80.317(2) 
γ/°  63.381(2) 
Volume/Å3  2667.3(3) 
Z  2 
ρcalc/gcm−3 1.118 
μ/mm-1 0.110 
F(000) 952 
Crystal size/mm3 0.45×0.30×0.11 
Radiation MoKα (λ = 0.71073 Å) 
2θ range/° 4.23 to 67.62 (0.64 Å) 
Index ranges -19 ≤ h ≤ 20, -21 ≤ k ≤ 20, -26 ≤ l ≤ 27 
Reflections collected 180426 
Independent reflections 20863 [Rint = 0.0562, Rsigma = 0.0364] 
Data / Restraints / Parameters 20863/1245/603 
Goodness-of-fit on F2 1.029 
Final R indexes [I≥2σ(I)] R1 = 0.0424, wR2 = 0.1122 
Final R indexes [all data] R1 = 0.0560, wR2 = 0.1225 
Largest peak/hole / eÅ−3 0.47/−0.41 
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Name [PPh4][61] 
Database identifier Not deposited 
Empirical formula C125H122Al2N10O2P2 
Formula weight 1912.22 
Temperature/K 100(2) 
Crystal system monoclinic 
Space group P21/c 
a/Å  11.9017(7) 
b/Å  15.0967(7) 
c/Å  28.1951(16) 
α/°  90 
β/°  93.582(2) 
γ/°  90 
Volume/Å3  5056.1(5) 
Z  2 
ρcalc/gcm−3 1.256 
μ/mm-1 0.121 
F(000) 2028 
Crystal size/mm3 0.450×0.300×0.210 
Radiation MoKα (λ = 0.71073 Å) 
2ϴ range/° 3.96 to 55.88 (0.76 Å) 
Index ranges -15 ≤ h ≤ 15, -19 ≤ k ≤ 19, -37 ≤ l ≤ 37 
Reflections collected 316682 
Independent reflections 12108 [Rint = 0.0575, Rsigma = 0.0142] 
Data / Restraints / Parameters 12108/122/676 
Goodness-of-fit on F2 1.040 
Final R indexes [I≥2σ(I)] R1 = 0.0359, wR2 = 0.0861 
Final R indexes [all data] R1 = 0.0409, wR2 = 0.0894 
Largest peak/hole / eÅ−3 0.58/-0.36 
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Name [PPh4][71] 
Database identifier NEMDUI, 2175982 
Empirical formula  C52.5H53ClGaN4P  
Formula weight  876.13  
Temperature/K  100(2) 
Crystal system  monoclinic  
Space group  P21/c  
a/Å  25.4110(18)  
b/Å  16.6359(13)  
c/Å  23.7139(18)  
α/°  90  
β/°  107.797(3)  
γ/°  90  
Volume/Å3  9545.0(12)  
Z  8  
ρcalc/gcm−3 1.219  
μ/mm-1  0.704  
F(000)  3672.0  
Crystal size/mm3  0.144 × 0.113 × 0.086  
Radiation  MoKα (λ = 0.71073)  
2Θ range for data collection/°  4.108 to 53.998  
Index ranges  -32 ≤ h ≤ 32, -20 ≤ k ≤ 21, -30 ≤ l ≤ 30  
Reflections collected  141733  
Independent reflections  20825 [Rint = 0.0912, Rsigma = 0.0553]  
Data/restraints/parameters  20825/0/1088  
Goodness-of-fit on F2  1.027  
Final R indexes [I≥2σ (I)]  R1 = 0.0463, wR2 = 0.1083  
Final R indexes [all data]  R1 = 0.0735, wR2 = 0.1219  
Largest diff. peak/hole / eÅ-3  1.47/-0.81  
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Name [PPh4][72] 
Database identifier NEMDOC, 2175981 
Empirical formula C60H68GaN4P 
Formula weight 945.87 
Temperature/K 100(2) 
Crystal system monoclinic 
Space group P21/n 
a/Å  11.5827(6) 
b/Å  15.4151(5) 
c/Å  27.0610(12) 
α/°  90 
β/°  90.708(2) 
γ/°  90 
Volume/Å3 4831.3(4) 
Z 4 
ρcalc/gcm−3 1.300 
µ/mm−1 0.648 
F(000) 2008 
Crystal size/mm3 0.231×0.182×0.113 
Radiation MoKα (λ = 0.71073 Å) 
2Θ range for data collection/°  4.40 to 57.61 (0.74 Å) 
Index ranges -15 ≤ h ≤ 15, -20 ≤ k ≤ 19, -36 ≤ l ≤ 36 
Reflections collected 38808 
Independent reflections 12354 [Rint = 0.0785, Rsigma = 0.0785] 
Data / Restraints / Parameters 12354/0/617 
Goodness-of-fit on F2 1.042 
Final R indexes [I≥2σ (I)] R1 = 0.0547, wR2 = 0.1224 
Final R indexes [all data] R1 = 0.0791, wR2 = 0.1368 
Largest diff. peak/hole / eÅ-3 0.63/-0.56 
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Name [PPh4][74] 
Database identifier NEMFAQ, 2175983 
Empirical formula C56H60GaN4OP 
Formula weight 905.77 
Temperature/K 100(2) 
Crystal system monoclinic 
Space group P21/c 
a/Å  13.0677(6) 
b/Å  21.4060(11) 
c/Å  17.1423(7) 
α/°  90 
β/°  108.630(2) 
γ/°  90 
Volume/Å3 4543.9(4) 
Z 4 
ρcalc/gcm−3 1.324 
µ/mm−1 0.687 
F(000) 1912 
Crystal size/mm3 0.694×0.453×0.342 
Radiation MoKα (λ = 0.71073 Å) 
2Θ range for data collection/°  3.80 to 55.15 (0.77 Å) 
Index ranges -16 ≤ h ≤ 16, -27 ≤ k ≤ 27, -22 ≤ l ≤ 22 
Reflections collected 302121 
Independent reflections 10488 [Rint = 0.0585, Rsigma = 0.0183] 
Data / Restraints / Parameters 10488/0/576 
Goodness-of-fit on F2 1.061 
Final R indexes [I≥2σ (I)] R1 = 0.0254, wR2 = 0.0689 
Final R indexes [all data] R1 = 0.0272, wR2 = 0.0700 
Largest diff. peak/hole / eÅ-3 0.43/-0.37 
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Name [83][PF6] 
Database identifier Not deposited 
Empirical formula C40H56F6GaN4O3P 
Formula weight 855.57 
Temperature/K 100(2) 
Crystal system monoclinic 
Space group P21/c 
a/Å  12.021(4) 
b/Å  10.618(3) 
c/Å  31.407(10) 
α/°  90 
β/°  97.781(8) 
γ/°  90 
Volume/Å3 3972(2) 
Z 4 
ρcalc/gcm−3 1.431 
µ/mm−1 0.805 
F(000) 1792 
Crystal size/mm3 0.39×0.11×0.05 
Radiation MoKα (λ = 0.71073 Å) 
2θ range/° 4.02 to 53.79 (0.79 Å) 
Index ranges -15 ≤ h ≤ 15, -13 ≤ k ≤ 13, -39 ≤ l ≤ 39 
Reflections collected 71251 
Independent reflections 8520 [Rint = 0.0889, Rsigma = 0.0585] 
Data / Restraints / Parameters 8520/0/504 
Goodness-of-fit on F2 1.191 
Final R indexes [I≥2σ(I)] R1 = 0.1094, wR2 = 0.2436 
Final R indexes [all data] R1 = 0.1339, wR2 = 0.2549 
Largest diff. peak/hole / eÅ-3 1.34/−1.19 
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7.5 Supplementary Quantum Chemical Data 

 
Figure 7.18: The frontier molecular orbital approximation of the second-order Jahn-Teller effect applied to 
square planar p-block atom-based molecules with respect to the degree of substitution. Correlation plots 
of the square planar inversion barriers versus the Kohn-Sham HOMO-LUMO gap in the square planar state 
for EH4-yRy

n, En = Al−, Si, P+, Ga−, Ge, As+ and R = CN, CCH, y = 0, 1, 2, 3, 4. The datapoint for GaH3CN− 
(marked with a box) was not included in the linear regression as the transition structure optimization con-
verged to a dissociative structure. The inversion barriers (deformation energy toward the square planar 
state) were calculated at the DLPNO-CCSD(T)/cc-pVQZ//B97M-D3(BJ)/cc-pVTZ level of theory and orbital 
energies were extracted from the B97M calculations.7 

 
Figure 7.19: The frontier molecular orbital approximation of the second-order Jahn-Teller effect applied to 
square planar p-block atom-based molecules with respect to different substituents. The inversion barriers 
(deformation energy toward the square planar state) were calculated at the DLPNO-CCSD(T)/cc-
pVQZ//B97M-D3(BJ)/cc-pVTZ level of theory and orbital energies were extracted from the B97M calcula-
tions. The HOMO-LUMO gap of the square planar states is plotted for the molecules of constitution ER4

n 
(n = −1 for E = Al, Ga, n = 0 for E = Si, Ge, n = +1 for E = P, As).7 
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Table 7.1: Competition reactions for stereoinversion processes. Reaction energies and enthalpies of the in-
dividual reactions shown in Figure 3.48. All data was obtained at the CCSD(T)/aug-cc-
pwCVQZ(‑PP)//CCSD(T)/aug-cc-pwCVTZ(-PP) level of theory, and the values are given in kJ mol−1. Green 
highlights mark the energetically most favorable reaction. Underlined numbers were compared to experi-
mentally determined data which is given in parentheses.25 

 BH4
− AlH4

− GaH4
− InH4

− TlH4
− 

i) 397.5 | 379.3 364.9 | 351.0 349.4 | 335.0 323.0 | 310.5 298.6 | 285.3 

ii) 
320.0 | 307.1 

(310)333 
323.9 | 315.3 

(314)333 
301.9 | 292.9 299.8 | 292.2 270.6 | 263.4 

iii) -- -- -- -- -- 
iv) 378.2 | 358.1 206.5 | 200.0 162.4 | 153.7 99.2 | 95.0 19.4 | 14.5 

v) 376.0 | 358.3 264.7 | 260.8 236.0 | 231.2 181.4 | 180.5 132.9 | 131.9 

 CH4 SiH4 GeH4 SnH4 PbH4 

i) 
469.4 | 436.4 

(439.3)332 
403.6 | 383.3 

(384.7)332 
373.9 | 354.5 

(348.9)332 
335.9 | 319.6 

(346)332 
298.2 | 281.9 

ii) 
1342.1 | 
1313.1 

1113.0 | 
1095.0 

1071.3 | 
1054.2 

999.9 | 985.9 947.7 | 934.6 

iii) 
1780.9 | 
1744.2 

(1743.1)552 

1587.9 | 
1562.3 

1536.0 | 
1510.5 

1470.0 | 
1448.6 

1394.3 | 
1373.1 

iv) 
541.3 | 502.1 

(503.4)(a) 
256.3 | 239.0 

(238.6)(a) 
177.7 | 162.0 

(163.3)553 
96.7 | 87.2 −9.3 | −16.9 

v) 
500.4 | 462.9 

(465.8)(a) 
343.4 | 327.3 286.0 | 271.8 212.8 | 204.4 145.0 | 137.6 

 NH4
+ PH4

+ AsH4
+ SbH4

+ BiH4
+ 

i) 558.1 | 519.9 445.9 | 421.6 
403.08 | 
381.00 

353.23 | 
334.92 

306.73 | 
289.23 

ii) -- -- -- -- -- 

iii) 
886.6 | 852.3 

(851.9)552 
807.8 | 783.8 769.4 | 747.1 758.7 | 739.8 694.0 | 676.5 

iv) 801.4 | 752.6 351.0 | 328.1 239.4 | 220.6 127.4 | 115.6 5.2 | −3.4 

v) 678.5 | 627.8 427.4 | 403.9 341.7 | 322.2 244.9 | 232.2 159.3 | 147.7 
(a) Calculated with data from “NIST Computational Chemistry Comparison and Benchmark Database NIST 

Standard Reference Database Number 101 Release 21, August 2020, Editor: Russell D. Johnson III, 

http://cccbdb.nist.gov/” (Oct. 06, 2021). 
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