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I love a sunburnt country, 

A land of sweeping plains, 

Of ragged mountain ranges, 

Of droughts and flooding rains. 

I love her far horizons, 

I love her jewel-sea, 

Her beauty and her terror - 

The wide brown land for me! 

 

~2nd stanza of My Country (1908) by Dorothea Mackellar. 

 

 

But in me a newer yearning wakes, 

I hasten on, drinking his endless light:  

The dark behind me: and ahead the day. 

Heaven above me: and the waves below, 

A lovely dream, although it vanishes.  

Ah! Wings of the mind, so weightless 

No bodily wings could ever be so. 

 

~From the play Faust: A Tragedy (1790) by Johann Wolfgang von Goethe. 
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Abstract 

The introduction of silyl  groups as protecting groups for alcohols has substantially changed 

synthetic organic chemistry. Although heavily utilized, some aspects of silyl groups, 

especially their potential to function as so called ódispersion energy donorsô in catalyst and 

functional material design remains mostly untapped, despite their generally greater 

polarizability and bulkiness in comparison to known carbon-based dispersion energy donors.  

In the first publication (section 2.1/2.2) of this work, we report an experimental and 

computational study on a rigid cyclooctatetraene molecular balance, a molecular system 

exhibiting a conformational equilibrium by means of which non-covalent interactions can be 

quantified, substituted with common silyl protecting groups. We were able to quantify the 

relative steric demand of silyl groups and found conformational strain and Pauli exchange 

repulsion contributions to counteract significant stabilization from intramolecular London 

dispersion forces in the conformational equilibrium. 

The second publication (section 2.3/2.4) addresses the London dispersion dominated 

attractive potential of bulky silyl groups by employing a similar cyclooctatetraene molecular 

balance. Strain build-up was avoided by introducing rotatable spacers between the silyl 

groups and the balance scaffold. We found our experimental findings to be in line with our 

theoretical predictions on the potential of silyl groups to function as dispersion energy donors, 

despite entropy mitigating the net effect in this particular case. 

In a third publication (section 2.5/2.6), we studied a cyclooctatetraene molecular balance 

featuring a spacer moiety and two hydroxy groups. We found the folded state of the balance 

to closely resemble the geometric arrangement of a cyclic water dimer transition state. By 

taking strain and solvation contributions into account, we were able to provide an estimate for 

the hydrogen bonding energy of the cyclic water dimer transition state, which proved to be in 

good agreement with high-level computational results. Furthermore, we were able to identify 

a significant contribution from London dispersion to the hydrogen bonding energy through 

computational energy decomposition analyses. 

In the final chapter (section 2.7), we report the preparation of a set of phosphorescent 

platinum(II) phenylacetylide complexes substituted with bulky silyl groups, and their 

respective carbon-counterparts. We studied their photophysical properties in solution and thin 

film, and thus were able to identify the ideal silyl group substitution pattern for application in 

a pure-blue hyperfluorescent device. Our experimental findings agreed well with the 
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computational conclusions. So we are able to interrogate the details of the calculations to 

understand the interplay of London dispersion-controlled aggregation and the electronic 

effects of the silyl groups resulting in improvements in photophysical properties over the 

parent unsubstituted compound. 



  Zusammenfassung 

iv 

Zusammenfassung 

Die Einführung von Silylgruppen als Schutzgruppen für Alkohole hat die synthetische 

organische Chemie wesentlich verändert. Obwohl Silylschutzgruppen breite Anwendung 

finden, bleibt insbesondere ihr Potenzial als so genannte "Dispersionsenergiedonoren" bei der 

Entwicklung von Katalysatoren und funktionellen Materialien weitestgehend ungenutzt, 

obwohl sie im Vergleich zu bekannten kohlenstoffbasierten Analoga von Natur aus 

polarisierbarer und voluminöser sind. 

In unserer ersten Veröffentlichung (Abschnitt 2.1/2.2) haben wir eine experimentelle und 

computerchemische Studie über rigide Cyclooctatetraen-Molekularwaagen durchgeführt, 

welche mit häufig verwendeten Silylschutzgruppen substituiert waren. Es gelang, den 

relativen sterischen Anspruch der untersuchten Silylgruppen zu quantifizieren und wir stellten 

fest, dass Beiträge aus Konformerenspannung und Pauli-Repulsion die signifikante 

Stabilisierung durch intramolekulare Londonósche Dispersionsinteraktionen im 

Konformerengleichgewicht überlagerten. 

Die Folgeveröffentlichung (Abschnitt 2.3/2.4) befasst sich mit dem attraktiven Potential 

voluminºser Silylgruppen, welches im Wesentlichen von Londonóscher Dispersion dominiert 

wird. Hierzu wurden Konformerengleichgewichte ähnlicher Cyclooctatetraen-

Molekularwaagen untersucht. Der Aufbau von Konformerenspannung wurde jedoch durch die 

Einführung frei drehbarer Gruppen zwischen den Silylsubstituenten und der eigentlichen 

Cyclooctatetraen-Molekularwaage vermieden. Unsere experimentellen Ergebnisse stimmten 

mit den theoretischen Vorhersagen über das Potenzial von Silylgruppen als 

Dispersionsenergiedonoren überein, obwohl entropische Effekte in diesem speziellen Fall die 

Gesamtauswirkungen auf das Konformerengleichgewicht abschwächten. 

In einer dritten Veröffentlichung (Abschnitt 2.5/2.6) untersuchten wir eine Cyclooctatetraen-

Molekularwaage, welche ebenfalls über frei drehbare Substituenten verfügte, jedoch lagen in 

diesem Falle zwei ungeschützte Hydroxygruppen vor. Es stellte sich heraus, dass im 

gefalteten Zustand der Molekularwaage die Geometrie des Übergangszustandes des 

zyklischen Wasserdimers sehr gut widergespiegelt wird. Durch die Berücksichtigung von 

Spannungs- und Solvatationsbeiträgen konnten wir die Wasserstoffbrückenbindungsenergie 

des zyklischen Wasserdimer-Übergangszustands erstmals experimentell abschätzen. Es wurde 

eine gute Übereinstimmung der experimentellen Werte mit hochwertigen theoretischen Daten 

festgestellt. Darüber hinaus konnten wir durch computerchemische Analysen einen 
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erheblichen Beitrag von Londonóscher Dispersion zur Wasserstoffbrückenbindungsenergie 

identifizieren. 

Im letzten Abschnitt (Abschnitt 2.7) dieser Arbeit wurden eine Reihe von 

phosphoreszierenden Platin(II)-phenylacetylen-Komplexen, welche mit sperrigen 

Silylgruppen substituiert waren, sowie ihre entsprechenden Kohlenstoffanaloga hergestellt. 

Die photophysikalischen Eigenschaften der Komplexe wurden in Lösung- und Dünnschicht-

Proben untersucht und es konnte so das ideale Silylgruppen-Substitutionsmuster für die 

potenzielle Anwendung in blauen hyperfluoreszenten Leuchtdioden identifiziert werden. 

Unsere experimentellen Ergebnisse stimmen gut mit computerchemischen Untersuchungen 

überein, welche ein Zusammenspiel aus Aggregation und elektronischen Effekten der 

Silylgruppen als Ursache für die verbesserten photophysikalischen Eigenschaften 

vorhersagen. 
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1. General Introduction and Motivation 

1.1 London Dispersion Interactions and their relation to other Non-covalent 

Interactions 

 

Figure 1: Classical schematic representation of attractive van der Waals forces.1 From left to right: Permanent 

dipole-dipole/multipole-multipole interaction (Keesom force2), permanent dipole/multipole-induced 

dipole/multipole interaction (Debye force3), and induced dipole-induced dipole interaction (London dispersion 

force4ï8). 

Nearly a century ago, London and Heitler for the first time described the long-range, Rī6 

dependent (where R is the distance between the two species) attractive interactions of electrons 

of closed-shell atoms, molecules, or molecular fragments.4 These interactions have been termed 

in Londonôs honor as "London dispersion interactions/forces" (LD interactions/forces), often 

described as transient induced dipole-induced dipole interactions. LD interactions are the 

weakest (per interaction) attractive component of the van der Waals (vdW) forces1 (Figure 1), 

and hence are often seen as irrelevant in the light of undoubtedly stronger electrostatic (Keesom 

forces2) and inductive interactions (Debye forces3). One could even be tempted to interpret LD 

interactions as being a type of dipole interaction, based on the classical textbook description of 

instantaneous dipole-induced dipole interactions (Figure 1). However, in the framework of this 

classical view of non-covalent interactions (NCIs), it would be counterintuitive to assume two 

ñcloudsò of electrons, as charged particles of the same sign, would attract each other. 

Furthermore, the existence of fluctuating dipoles seems almost unearthly in this context. Why 

would a spontaneously occurring fluke of nature lead to a net effect large enough to promote 

even partial charge separation? Notably, London never resorted to a classical treatment at all in 

his original publications,4ï8 but rigorously derived the necessary equations, that are still mostly 
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valid today, from quantum mechanical perturbation theory. He arrived at the following 

approximate equation8 for two interacting atoms ɟ and ə: 

 Uɟə = Eɟə
disp = -

3

2

Ŭɟ Ŭə

R6

Iɟ Iə

Iɟ Iə
  (1) 

Although dipole moments are not immediately involved in equation (1), the dependence of Eɟə
disp 

on ionization potentials I alongside polarizabilities Ŭ draws a picture of an electrostatic 

interaction at first sight. However, the proportionality between Eɟə
disp and ionization potentials I 

could also simply be viewed from the perspective of an involvement of electronic excitations, 

that do not necessarily involve charge separation. In fact, the now widely agreed upon quantum 

physical description of LD interactions, although still invoking seemingly mysterious 

fluctuations as a result of zero-point energy, explain the former by means of óvirtualô excited 

electronic states in interacting atoms, molecules or molecular fragments.9,10 The immediate 

response of the ensemble of nearby electrons to the excitation leads to a lowering in energy of 

the entire system, and hence attraction. Put in other terms, the motion of one electron of a system 

is influenced by the motion of all surrounding electrons and the other way around. This effect is 

also known as (dynamic) electron correlation,11ï15 and properly accounting for the former in a 

computationally sound fashion has been a long-standing challenge in quantum chemistry, owing 

to its nature as a many-body problem. However, capturing as much correlation energy as 

possible is a fundamental requirement for theoretical methods to achieve chemical accuracy,16 as 

in quantum chemistry realms, the correlation energy is defined as the energy difference between 

the Hartree-Fock method with an infinite basis set, and the exact electronic energy eigenvalue 

obtained from solving the Schrödinger equation.17 In recent years, theoretical chemists have 

made tremendous progress in solving this problem by introducing empirical dispersion 

correction terms for density functional theory models,18ï23 and developing local selection 

schemes for coupled cluster theory,24,25 which have improved the accuracy of computational 

models, and sped up computations by orders of magnitude.  

Technological developments and advances in computational chemistry have also made energy 

decomposition analyses based on various ab initio methods accessible to the broader chemistry 

community.26ï29 As a consequence, we can now look back on a pool of studies in which most 

NCIs relevant in chemical and biological systems have been decomposed into their fundamental 

components at a reliable level of theory.30ï41 The greater picture is, that many non-covalently 

bound systems cannot be reduced to being entirely dominated by just electrostatic, inductive, or 
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LD contributions. In this regard, hydrogen bonding is probably one of the most prominent 

examples.38 Typically understood as an electrostatic Keesom interaction of permanent dipoles or 

multipoles, it was shown in a recent study that, although electrostatics account for most of the 

attraction in an average neutral hydrogen bond, London dispersion contributes 30% to the overall 

bonding energy.38 

 

Figure 2: Intramolecular NCI-plot of a TAGCTAG DNA fragment generated using conformational parameters from 

experimental fiber-diffraction data.42,43 Hydrogen atoms not involved in hydrogen bonding omitted for clarity. 

Isosurfaces colored red represent repulsive interactions, green isosurfaces represent weak NCIs (LD interactions), 

and blue isosurfaces represent strong attractive interactions (hydrogen bonds). Isovalue s of 0.3, in the range of 

sign(ɚ2)ɟ = ī0.05 to +0.05 [a.u.]. 

In context of the relevance of hydrogen bonding for the molecular structure of DNA44ï46 or 

proteins,47ï50 contributions from London dispersion to intramolecular hydrogen bonding easily 

sum up to hundreds of kcal molī1 and more in such biopolymers.31,41,51 Further LD interaction 

contributions are present in the form of -́ -́stacking,31,41,52 an interaction commonly mislabeled 

as a Keesom quadrupole-quadrupole interaction, which in most relevant cases is actually 

dominated by London dispersion.53 An NCI-plot (Figure 2) illustrates the importance of LD 

interactions for the structural integrity of DNA. Briefly, NCI-plots are a computational method 

for visualizing intra- and intermolecular NCIs, through the use of electron densities and reduced 

density gradients.54,55 The resulting visualizations indicate strong attraction (e.g., electrostatic 

attraction from hydrogen bonds) in the form of blue colored isosurfaces, weak non-covalent 

interactions (LD interactions) as green isosurfaces, and repulsive interactions as red isosurfaces 

(Figure 2).  
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Figure 3: Intermolecular NCI-plots of (from left to right) a benzene dimer, benzene-cyclohexane dimer, and a 

cyclohexane-cyclohexane dimer computed at the PBEh-3c56 level of theory. Isosurfaces colored red represent 

repulsive interactions, green isosurfaces represent weak NCIs (LD interactions), and blue isosurfaces represent 

strong attractive interactions. Isovalue s of 0.3, in the range of sign(ɚ2)ɟ = ī0.05 to +0.05 [a.u.]. 

Third in the league of attractive vdW forces are dipole/multipole-induced dipole/multipole 

interactions (Debye force, Figure 1).3 If we consider benzene as a prototypical permanent 

quadrupole, one would expect an energy decomposition analysis of a cyclohexane-benzene 

dimer to yield an induction dominated interaction. However, recent studies have shown, that 

irrespective of the dimer geometry, the interaction is mostly dominated by London dispersion.57 

The latter can also be seen from a comparison of NCI-plots of dimeric structures of benzene and 

cyclohexane (Figure 3), which do not reveal any strong electrostatic interactions through the 

presence of blue isosurfaces. Furthermore, literature studies suggest all of the dimers shown in 

Figure 3 to have a comparable interaction energy on the order of ī3 kcal molī1.58 Similar to the 

-́ -́stacking of small aromatic systems,53 the interaction of cyclohexane and benzene is an 

example of a clearly dispersion dominated interaction prone to being misunderstood as an 

electrostatic, or in this particular case, inductive interaction.  

Having discussed only a few illustrative examples, it is apparent that, characterizing 

non-covalent interactions is not necessarily trivial, as there exists a continuum between the 

classical categories of vdW forces. It also seems, LD interactions are not only underestimated, 

but are often mistaken for a completely different type of interaction. However, as LD 

interactions are better viewed as an embodiment of dynamic electron correlation, it is certainly 

true, that a quantum chemical description of any molecular or atomic system is never actually 

complete without considering London dispersion. 
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1.2 Dispersion Energy Donors in Catalyst Design, Functional Materials, and 

Molecular Chemistry 

Bulky and highly polarizable functional groups, in particular the tbutyl group, are referred to as 

ódispersion energy donorsô (DEDs) by those explicitly utilizing such functional groups in the 

design of molecular systems to control certain properties through LD interactions.59ï61  

 

Figure 4: Intramolecular NCI-plot of all-meta adamantyl hexaphenylethane, generated from data published by 

Schreiner et al.62 Hydrogen atoms and adamantyl moieties omitted for clarity reasons. Isosurfaces colored red 

represent repulsive interactions, green isosurfaces represent weak NCIs (LD interactions), and blue isosurfaces 

represent strong attractive interactions. Isovalue s of 0.3, in the range of sign(ɚ2)ɟ = ī0.05 to +0.05 [a.u.]. 

An exceptional application of DEDs, which has led to discoveries broadening our understanding 

of chemical bonds is the use of DEDs in stabilizing elusive molecular species.62ï73 One of the 

molecular systems standing out are hexaphenylethanes (HPEs), due to their historic role in 

driving the development of models on (mesomeric) resonance and radicals.62,69,72ï75 The reason 

for the instability of plain unsubstituted HPE is steric repulsion between the phenyl rings62,71,72, 

resulting in formation of quinoid-like dimers, which are in equilibrium with long-lived 

triphenylmethane radicals in solution.74,75 Thus, the attachment of bulky DEDs, 

counterintuitively, leads to a stabilising countering of the steric repulsions through peripheral 

London dispersion interactions (Figure 4).62,71,72 Notably, non-dispersion corrected DFT methods 

predict unphysical dissociation energies for DED-substituted HPEs.71 The effect of peripheral 

LD attraction leading to stabilization of elusive bonding modes has been termed ócorset effectô,63 

an effect also responsible for the ambient condition stability of tbutyl- and trimethylsilyl 

tetrahedrane.63,64 Beyond the stabilization of unusual molecular species, the introduction of 

DEDs has been shown to have a considerable effect on the behavior of azobenzene molecular 

switches in solution by Wegner and co-coworkers.76ï81 Through peripheral installment of DEDs 
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on a diphenyl azobenzene scaffold, substantial stabilization of the crowded, and inherently 

thermodynamically disfavored Z-isomer could be achieved. This resulted in an 

isomerization/switching rate that is lowered by more than an order of magnitude in comparison 

to the parent diphenyl azobenzene.76 Expanding the concept to a system for practical use, 

DED-substitution was recently shown to improve energy storage capabilities of 

azobenzene-based solar thermal energy storage materials by Wegner and co-workers.77 

 

Figure 5: Google scholar results for the keyword combination of ñLondon dispersionò and ñcatalysisò in the years 

from 2005 to 2023.82 

The substantial conceptual efforts on DEDs have been accompanied by an increasing 

acknowledgement of LD interactions in other fields of research, such as catalysis (Figure 5).61,82 

Nonetheless, ground-up approaches for catalyst designs involving the use of DEDs are still far 

from common. While the incorporation of such moieties certainly increases the chance of a 

catalyst interacting with a substrate through LD interactions, unless the models invoked to 

predict the outcome are accurate and reliable, there is no guarantee of achieving an improvement 

of a system through DEDs. The situation is further complicated by LD interactions of non-polar 

groups/molecules being inherently non-directional, and hence making pen-and-paper models 

particularly prone for erroneous predictions. However, as computational methods for exploring 

chemical hypersurfaces have become very reliable, fast, and semi- to fully-automated, this 

problem can be solved much more efficiently nowadays.83,84 
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Figure 6: Intermolecular NCI-plot of the rate determining transition state of the copper/SEGPHOS catalyzed 

hydroamination of unactivated alkenes reported by Liu et al.85 Generated from data published in the original work, 

hydrogen atoms on SEGPHOS ligand omitted for clarity.85 Isosurfaces colored red represent repulsive interactions, 

green isosurfaces represent weak NCIs (LD interactions), and blue isosurfaces represent strong attractive 

interactions. Isovalue s of 0.3, in the range of sign(ɚ2)ɟ = ī0.05 to +0.05 [a.u.]. 

One example of successful DED incorporation can be found in the copper catalyzed 

hydroamination of unactivated alkenes employing DED-substituted phosphine ligands, which 

was recently reported by Liu and co-workers.85 Briefly, the activation barrier of the rate 

determining transition state could be reduced by several kcal molī1 for all investigated classes of 

phosphine ligands through all-meta substitution with bulky tbutyl groups. Computational models 

predicting improved catalyst-substrate binding through LD interactions (Figure 6) were in good 

agreement with yield improvements of 80% and more.85 Another noteworthy example of an 

application of DEDs in catalysis was recently reported by Hartwig and co-workers in the form of 

an asymmetric copper-catalyzed hydroboration reaction.86 Employing chiral biphosphine ligands 

carrying either peripheral tbutyl, trimethylsilyl (TMS), or trimethylgermanium moieties, 

increasing bulkiness and polarizability was found to improve selectivity and the overall reaction 

rate, due to enhanced LD interactions between catalyst and substrate.86  
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Figure 7: Geometries and polarizabilities of group 14 neopentyl derivatives computed at the PBEh-3c56 level of 

theory. 

The latter example highlights the potential of higher group 14 element-based moieties to function 

as DEDs featuring greater vdW surface areas and polarizabilities in comparison to carbon DEDs 

(Figure 7). However, when following this approach chemical inertness has to be kept in mind, as 

covalent bond lengths in DEDs generally increase going from carbon to tin- or even 

lead-centered moieties.87 Silyl groups offer a reasonable tradeoff between polarizability, 

bulkiness, and chemical inertness. In organic synthesis, silyl groups are highly valued as 

protecting groups for alcohols, due their ease of installation under mild conditions, highly 

tunable stability, and selective cleavability.88 Consequently, the chemical behavior of silyl 

groups is well understood following decades of heavy use in synthesis, and a library of various 

bulky silyl groups is commercially available.88ï92  

 

Figure 8: Examples of DED-substituted luminescent compounds utilized in organic light emitting diodes 

(OLEDs).93ï95 

Both tbutyl, and TMS, have also found use in the field of organic/organometallic luminescent 

materials (Figure 8).93ï97 In this field of application, DEDs are typically viewed as being steric 

bulk providers, and thus hindering oligomerization induced non-radiative decay of excitons, 

which reduces the efficiency and chemical stability of (organic) light emitting diodes (OLEDs).96 

However, multiple studies on DED-substituted molecular species indicate free aggregation to be 
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thermodynamically favored as a consequence of DED attachment.77,98 This of course only holds 

true for cases where aggregation is not enforced, possibly leading to an increasing influence of 

steric repulsion. Hence, DEDs are much more likely to affect geometrical parameters of 

aggregates, which can lead to photophysical improvements.93 The implication of aggregate 

geometries being of great importance, leads to challenges because DED-incorporation at 

different points of a molecular backbone can lead to opposing effects. Consequently, even 

though computationally investigating large and heavy-atom containing systems can be tedious 

and computationally challenging, it is very likely worthwhile to study such oligomerization 

processes in silico.84 

As can be seen from the examples discussed in this section, strategically incorporating DEDs 

into catalysts and functional materials has several potential advantages, as DEDs are bulky, 

highly-polarizable hydrocarbon moieties, they combine aspects of lipophilicity, chemical 

inertness, and solubility. However, a key component for the successful exploitation of DEDs in 

such applications is supplementary computational analysis of the chemical space. 

1.3 Cyclooctatetraenes ï History, Synthetic pathways, and Utility as Molecular 

Balances 

 

Scheme 1: The first reported synthesis route for cyclooctatetraene 5.99 

Cyclooctatetraene (COT) 5 is an annulated olefin featuring four double bonds adopting a 

tub-shaped, D2d-symmetric geometry. COT was first prepared in the beginning of the 20th 

century, when rising interest in the chemistry of eight-membered unsaturated hydrocarbons saw 

Willstätter publishing a synthesis route for the parent COT molecule starting from 

pseudopelletierine 1 (Scheme 1).99 The latter, an eight-membered bridged cyclic ketone, was 

isolated from the bark of pomegranate trees on a 100 kg scale.99,100 This process yielded about 
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100 g of pseudopelletierine 1, which gave 3-4 g of COT following Willstªtterôs synthesis 

route.99,100  

 

Scheme 2: Nickel-catalyzed annulation of acetylene 6, and first reported 2-eī reduction of cyclooctatetraene 5, 

published by Reppe et al.100 

Therefore, it was not until Reppeôs efforts on high pressure acetylene chemistry were published 

more than 30 years later, that the chemistry of COT could be widely explored at a reasonable 

cost (Scheme 2).100 Reppe and co-workers found COT as the main product in yields of up to 

90%, when pressurized reaction vessels charged with tetrahydrofuran and acetylene were heated 

for extended periods of time in the presence of either nickel(II) cyanide or thiocyanate.100 It was 

envisioned, in situ formed nickel(II) acetylide complexes would not only catalyze radical 

polymerization steps, but in particular favor COT-annelation.100 Achieving the preferred 

formation of COT in a catalytic system, over the thermodynamically strongly preferred benzene, 

stands out as a remarkable achievement even more than 80 years later. Besides characterizing 

COT and comparing analytical results to Willstªtterôs originally reported values, the reactivity of 

COT was explored under various conditions.100 These included oxidative and reductive 

conditions, halogenations, and Diels-Alder reactions.100 Although not formally recognized as 

aromatic, the formation of the COT-di-anion 7/17 via 2-eī reduction with alkali metals was also 

described for the first time (Scheme 2).100  

 

Figure 9: Orbital signs of the HOMOs of COT-di-anion ligands, and  f±2 orbitals of U4+ cation (left). Chemical 

structure of uranocene 9 (right).101 
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The latter approach proved to be particularly useful for di-functionalization of COT,102ï105 and 

for the preparation of lanthanide106ï111 and actinide112ï117 complexes. The use of COT 

(derivatives) as ligands in their di-anionic form brought a breakthrough for obtaining f-block 

sandwich metallocenes.101 Only a few years after the compounds had been suggested to exist 

theoretically,118 Streitwieser and Müller-Westerhoff were first to report on the successful 

synthesis of such a complex (uranocene 9) in 1968 (Figure 9).112 The extensive studies on COT 

lanthanocenes and actinocenes that followed, helped to expand the models on metal ring bonding 

known from d-block metallocenes.101 The bonding in f-block metallocenes can be understood 

from a simple orbital symmetry analysis of COT-di-anion HOMOs and the unoccupied f-orbitals 

of the metal cation (Figure 9).101 

 

Scheme 3: Folding equilibrium of di-tbutyl COT 10/11 described by Streitwieser et al.119 

Notably, Streitwieser was also co-authoring the first reported synthesis of di-tbutyl COT 10/11, 

which showed an unusual equilibrium behavior.119 The sterically crowded 1,6-valence isomer 10 

was found to be favored over the 1,4-isomer in 1H-NMR studies, irrespective of the temperature 

in CDCl3 solution.119 While Kluttz, Streitwieser, and Lyttle correctly identified ñvan der Waals 

attractionò as the source of stabilization of the 1,6-isomer 11, they did not address the 

isomerization mechanism in this publication. One year after, Paquette et al. hypothesized a 

ring-inversion bond shift mechanism, to be responsible for the dynamical behavior observable 

via 1H-NMR of such COT derivatives (Scheme 4).120  
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Scheme 4: Ring-inversion double-bond-shift isomerization mechanism of 1,4/1,6-cyclooctatetraenes.120ï123  

The mechanism shown in Scheme 4 has been validated at high computational levels123 and via 

spectroscopic techniques.122 Considering 1,4/1,6-di-substituted cyclooctatetraenes, if the 

1,4-isomer 12 drawn in the bottom left corner of Scheme 4 is arbitrarily set as the starting point, 

it can be seen that, ring inversion proceeds through the planar Cs symmetric transition state 

structure TS1, in which the double bonds are localized. In this way the C2 symmetric 1,4-isomers 

12 and 13 are interconverted. The latter are mirror images of each other, and hence are 

indistinguishable in conventional NMR spectroscopy. The same relation holds true for the 

1,6-isomers 14 and 15, which interconvert through TS2, yet belong to the Cs point group, with 

an intramolecular plane of symmetry.  

The difference in symmetry between the 1,4- 12/13 and 1,6-isomers 14/15 is reflected in their 

respective NMR spectra as well, with the 1,4-isomer exhibiting a singlet and two AB-quartet 

signals, while the 1,6-isomer shows three singlet signals.105 

Transition state structure TS1 can undergo a double-bond-shift to TS2 and vice versa, passing 

through the antiaromatic, Cs symmetric planar transition structure TSDBS, in which the double 

bounds are delocalized. As TSDBS is higher in energy than TS1 or TS2, it resembles the rate 

determining transition state.122 The activation barrier for TSDBS has been determined 

experimentally for various di-substituted derivatives, with ȹGÿ typically in the range of 
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20-24 kcal molī1, which implies the system should reach equilibrium within a few hours at near 

ambient temperatures according to transition state theory.120  

 

Scheme 5: Overview of synthetic pathways, based on COT-di-anion 7/17, for obtaining di-functionalized COTs 23 

and metallocenes 18/22.102ï105,124 

Over the years, various synthetic approaches based on either the COT-di-anion 7/17,102ï105,124 

eight-membered precursors,125 or bottom-up Diels Alder approaches126 have emerged, mostly 

motivated by metallocene synthesis. The COT-di-anion approach in particular stands out, as 

1,4/1,6-di-substitution can be achieved in a single synthesis step using either COT 5 or the much 

cheaper 1,5-cyclooctadiene 16 as starting material (Scheme 5).124 The obtained alkali metal 

COT-di-anion complexes can be reacted with electrophiles E, such as trimethylsilyl chloride.105 

Depending on the final application, the intermediate di-substituted 1,3,6-cyclooctatrienes 20 can 

be deprotonated forming a functionalized COT-di-anion, which might be utilized directly for 

preparing metallocenes 22.127 Alternatively, the functionalized di-anion can be oxidized, to 

obtain the corresponding COT derivatives 23.105 The latter might be useful for long-term storage, 

as the abovementioned 1,3,6-cyclooctatrienes 20 have a tendency to undergo 1,5-hydride shifts 

forming either 1,3,5-cyclooctatrienes 24 or bicyclo[4.2.0]octadienes 25.104 The prime limitation 

of the di-anion approach for obtaining 1,4/1,6-di-substitution lies in the rivaling 1,2-addition of 

electrophiles (21), as can be seen from resonance structures of the intermediate anionic tri-ene 19 

(Scheme 5).102  
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One of the more unusual approaches for obtaining COT derivatives is based on the valence 

isomerization of cubanes.128 Cubane chemistry has seen a renaissance in recent years due to 

potential applications of cubanes in the field of functional materials,129 and as bioisosteres of 

benzene in medicinal chemistry.129ï131  

 

Scheme 6: Original synthesis pathway for cubane 26 published by Eaton et al.128,132 

Cubane 26 was first prepared by Eaton et al. in 1964, utilizing 2-bromocyclopentadienone, 

which had to be prepared in a three-step process starting from cyclopentenone 30 (Scheme 

6).128,132 2-Bromocyclopentadienone dimerizes in analogy to cyclopentadiene in a Diels-Alder 

reaction. The bridgehead ketone of the resulting dimer 31 was acetal protected, before an 

intramolecular [2+2] photo-cycloaddition was carried out forming the caged precursor 33. A 

sequence of Favorskii rearrangements, followed by decarboxylation steps was then utilized to 

obtain cubane 26 in a total of 10 synthesis steps and a respectable yield of 6% starting from 

30.128,132 A streamlined synthesis starting from cyclopentanone was published a few years 

later,133 and has recently been further optimized, allowing for the synthesis of the 1,4-cubane 

dicarboxylic acid on a 0.5 kg scale in ~30% yield overall.134  
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Scheme 7: Rhodium(I)-catalyzed valence isomerization of cubane 26.135  

In 1970, Eaton and co-workers were also first to report on the Rh(I)-catalyzed valence 

isomerization of cubane, forming tricyclooctadienes 28 initially, which further isomerize 

forming the respective COTs (Scheme 7).135 The reaction is believed to proceed via a sequence 

of oxidative additions, forming metal-organic Rh(III) species 27/29, followed by reductive 

elimination, which yields two double bonds in each sequence.135  

The valence isomerization of cubanes offers various advantages for obtaining 1,4/1,6-di-

substituted COTs in particular. Oppose to the abovementioned di-anion route (Scheme 5), the 

valence isomerization proceeds with good functional group tolerance,136ï138 and does not involve 

the use of strong bases or oxidizing agents. Furthermore, the reaction will specifically yield 

1,4/1,6-di-substituted COTs, given an accordingly functionalized 1,4-cubane derivative was 

utilized as starting material.136ï138 Various derivatization procedures have been established for 

obtaining the latter cubanes, allowing for a wide range of COT derivatives to be prepared in this 

manner.129,139ï142 Besides the practical limitations, that arise from the need of a well-established, 

but nonetheless elaborate preparation of cubanes, most other synthetic limitations stem from 

possible unwanted rearrangements of the cubane scaffold during derivatization steps prior to 

valence isomerization, in particular when transition-metal cross-coupling conditions are 

applied.141  

Overall, both the valence isomerization (Scheme 7), and COT-dianion approach (Scheme 5) 

resemble attractive synthetic pathways for obtaining 1,4/1,6-di-substituted COT derivatives, with 

certain advantages and drawbacks depending on the type of target molecules that should be 

obtained. While the COT-dianion approach appears to be particularly useful for direct 

attachment of bulky substituents in 1,4/1,6-position of the COT scaffold,102 utilizing the valence 

isomerization approach allows for obtaining COT derivatives with a wider variety of less bulky 

substituents in 1,4/1,6-position.136ï138 
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Scheme 8: Schematic representation of a molecular balance system (top) and literature examples (bottom). 

N-arylimide type molecular balance system 38143 (bottom, left) and 1,4/1,6-di-tbutyl COT119 10/11 (bottom, right). 

Although COTs have been in the slipstream of recent publications on biologically active 

cubanes,136,137 and some COT lanthanide complexes have shown promising single-molecule 

magnet properties,144 widespread applications of COTs are yet to be found. However, the 

abovementioned folding equilibrium of 1,4/1,6-di-substituted COTs, which can be observed by 

1H-NMR, make the system privileged for application as a molecular balance.143,145ï153 The latter 

are molecular systems displaying a chemical equilibrium between a folded and an unfolded state 

(Scheme 8).146,149,150 While in the folded state of the balance, the moieties of interest are in close 

proximity, and exert an intramolecular NCI on one another, in the unfolded state of the balance 

the moieties are pointing away from each other.146,149,150 Readout of the molecular balance 

system is usually carried out via spectroscopic techniques, and the obtained folding equilibrium 

constants Kfold/Keq give direct access to the Gibbs free energy of folding ȹGfold (Scheme 

8).146,149,150 Thereby, NCIs can be quantified through the study of an appropriately functionalized 

molecular balance. One of the most well-known systems is the N-arylimide type molecular 

torsion balance 38, which was first utilized by Wilcox et al. to study LD Aryl -aryl interactions 

(Scheme 8).143,145 N-arylimide balances were later extensively utilized to investigate various 

non-covalent interactions,146,149,150 as well as solvophobic effects.147,154 However, this type of 

molecular balance contains heteroatoms, which can function as hydrogen bond-acceptors, and 

can furthermore lead to significant differences in the molecular dipole-moment between the 
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folded and unfolded state.152 This can lead to complex solvation effects, making an interpretation 

of the solvent- and substituent-dependent folding behavior of the balance non-trivial.152  

In this regard, COT molecular balances have an advantage, as the plain balance scaffold is a pure 

hydrocarbon. Furthermore, the compactness of the balance system helps to minimize solvation 

effects resulting from geometric differences between the folding isomers. Therefore, the obtained 

equilibrium constants Kfold, and thereby the folding free enthalpies ȹGfold, usually have a high 

meaningfulness with respect to capturing the magnitude of the intramolecular NCI at hand.155  

 

Figure 10: Solvent and temperature dependence of the folding equilibrium of 1,4/1,6-di-tbutyl COT 10/11 (left) and 

vanôt Hoff analysis (right). Adapted with permission from Schreiner et al.155 Copyright 2021 American Chemical 

Society. 

Although COT derivatives have been utilized for studying NCIs in solution decades 

ago,119,126,156ï158 it was not until recently, that the potential of a COT molecular balance was fully 

exploited.155 Revisiting the folding equilibrium of 1,4/1,6-di-tbutyl COT 10/11, an extensive 

study was conducted by Schreiner et al., involving temperature-dependent NMR measurements 

in a wide range of organic solvents.155 This allowed the folding free enthalpy ȹGfold to be further 

decomposed into enthalpic ȹHfold (LD interactions) and entropic ȹSfold (solvent reorganization) 

contributions by means of a vanôt Hoff analysis (Figure 10). It was found that LD contributions 

were decisive for the equilibrium in all solvents, with some attenuation as a consequence of 

solvent reorganization.155 Nonetheless, the folded 1,6-isomer was found to be favored in all 

solvents and at all temperatures investigated.155  
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1.4 Phosphorescent trans-Pt(II)-NHC phenylacetylides 

 

Figure 11: Chemical structures of phosphorescent cis/trans-Pt(II)-NHC acetylides.159ï168 

Recent work has shown the potential of organometallic compounds, such as the 

cis/trans-Pt(II)-N-heterocyclic carbene acetylides (cis/trans-Pt(II)-NHC acetylides) shown in 

Figure 11,159ï168 for light emitting applications.169ï172 They are generally included in the category 

of organic light emitting diodes (OLEDs) despite the presence of the metal.169ï172 The heavy 

metal generally facilitates intersystem crossing (ISC), due to strong spin-orbit coupling (SOC), 

between the first excited singlet state S1 and the first excited triplet state T1.
169ï172 If relaxation of 

T1 to the singlet ground state S0 occurs radiatively, a spin-forbidden phosphorescent emission 

can be observed. In OLED devices excitation is promoted electrically, leading to the formation 

of singlet and triplet electron-hole pairs, so called óexcitonsô.169ï172 The utilization of 

phosphorescent materials in OLED devices hence offers the advantage of achieving conversion 

of both singlet and triplet excitons into light, which results in a higher efficiency that can 

theoretically be achieved with phosphorescent OLEDs (phOLEDs).169ï172 The 

photoluminescence quantum yield (PLQY) gives the ratio of the number of photons absorbed 

over the number of photons emitted by an emissive material. In the context of research on OLED 

emitter materials, PLQYs are an important, experimentally easily accessible, indicator for the 

efficiency that can potentially be obtained in an OLED device fabricated from the same 

material.169ï172 
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Scheme 9: Established synthetic pathways for the preparation of trans-Pt(II)-NHC phenylacetylides.160,173 

trans-Pt(II)-NHC phenylacetylides were first described by Venkatesan and co-workers in 

2013,160 and were amongst the first monodentate Pt(II)-NHC acetylides to be utilized in 

phOLED devices.165 The complexes were initially  prepared through isomerization of the 

respective cis-Pt(II) complexes at high temperatures.160 Soon after, a synthesis procedure 

utilizing trans-Pt(II)-NHC dichlorides was published, which allowed a more convenient 

synthesis of trans-Pt(II)-NHC phenylacetylide derivatives.173 Due to the high flexibility in the 

complex structure, trans-Pt(II)-NHC phenylacetylides display low PLQYs in solution, with 

much higher PLQYs (approaching 60%) typically found in thin film samples.159,165 However, at 

thin film doping concentrations of 10wt% and more, which are relevant for potential application 

in OLEDs, a significant drop-off of PLQYs is typically found, which is believed to be due to 

aggregation induced triplet-triplet annihilation.159,165 Nonetheless, the benzimidazolylidene 

derivatives have shown promising photoluminescence properties in the deep-blue region, while 

also showing good thermodynamic stability. Hence, they are attractive candidates for application 

in deep-blue or pure-blue OLEDs, given the issue of phosphorescence quenching at higher 

doping concentrations can be solved. In this regard, silyl -DEDs, could be useful for manipulating 

the aggregation behavior of trans-Pt(II)-NHC phenylacetylides. Especially, since silyl groups 

have recently shown to improve the photophysical properties of pyrene based fluorescent174 and 

tetradentate Pt(II) phosphorescent93 emitters in terms of quantum yield and color purity. 

Although believed to be mostly related to the steric bulk of TMS groups, detailed literature on 

the nature of this seemingly universal PLQY-boosting effect of silyl groups remains sparse.  
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Scheme 10: Emission mechanisms of hyperfluorescent OLED systems utilizing either fluorescent (a), or TADF (b) 

emitters. 

One of the major challenges in the field of OLED research lies in obtaining highly efficient and 

deep-blue (450-484 nm) narrowband emission with good device stability, which is required for 

application e.g., in lighting or display technology.96,175,176 For phOLEDs the latter is particularly 

challenging due to the radical character of the long-lived high energy triplet states involved in 

the emission mechanism (Scheme 10).169ï172 In phosphorescent Pt(II)-complexes, and other 

phosphorescent transition metal complexes, radiative decay of the first excited triplet state T1 to 

the S0 ground state is spin forbidden, which results in T1 usually being long lived, and therefore 

prone to undergo non-radiative decay through triplet-triplet annihilation or polaron-induced 

exciton quenching.159,177,178 The latter processes can also lead to chemical degradation of emitter 

materials and thus severely limit device lifetime.169ï172 A possible workaround to this inherent 

problem of organometallic phOLEDs, is the utilization of suitable singlet emissive co-dopants, 

which transforms phOLEDs into so called óhyperfluorescentô OLEDs.96,175 In such a 

hyperfluorescent OLED device, triplet excitons harvested by the phosphorescent sensitizer are 

converted to singlet excitons via Förster resonance energy transfer (FRET) and are emitted 

through the S1 state of the co-dopant (Scheme 10).96,175 Fluorescent materials (Scheme 10 (a)) as 

well as thermally activated delayed fluorescence (TADF, Scheme 10 (b)) emitters can be suitable 

co-dopants, given there exists a decent overlap between the emission spectrum of the 

phosphorescent sensitizer and the absorption spectra of the co-dopants.96,175 The utilization of 

TADF emitters has the added advantage of preventing triplet exciton build-up, as excitons that 

are transferred from the phosphorescent sensitizer to the co-dopants triplet state (Dexter energy 

transfer, DEX) can be up-converted to a singlet exciton through reverse intersystem crossing 

(RISC), due to the small S1-T1 gap of such emitters.179,180 Furthermore, multi-resonant TADF 
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(MR-TADF) emitters180 usually exhibit narrowband emission (high color purity), which is one of 

the fundamental requirements for achieving high efficiency in electroluminescent devices.176 

 

Scheme 11: Chemical structures of sensitizer and emitter materials utilized in the study of Choi et al.181ï186 

The concept of a organometallic hyperfluorescent OLED device was recently demonstrated by 

Choi and co-workers,181 utilizing a tetradentate Pt(II) phosphorescent sensitizer (PtON7-dtb186), 

in conjunction with a MR-TADF (ɜ-DABNA182), or pyrene-based fluorescent emitter 

(TBPDP183ï185) (Scheme 11). Although the investigated hyperfluorescent devices emitted closer 

in the cyan region (490-520 nm) of the visible spectrum, the EQE could be more than doubled in 

comparison to the phosphorescent device.181 While achieving a peak EQE of more than 25%, 

device lifetime could also be improved by nearly an order of magnitude over the purely 

phosphorescent OLED device.181 The aforementioned, trans-Pt(II)-NHC phenylacetylides are 

interesting candidates for application in hyperfluorescent devices, as they generally show a more 

hypsochromic electroluminescence (439 nm165) in comparison to PtON7-dtb (457 nm186), paving 

the way for deep-blue hyperfluorescent OLED devices. 
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1.5 Motivation 

As outlined in the preceding sections, the concept of strategically incorporating bulky moieties to 

function as dispersion energy donating sites in the design of various molecular systems has just 

recently flourished in the chemical community.61 With few exceptions, such efforts have been 

limited to the use of carbon-based moieties. However, silyl groups clearly hold great potential to 

function as DEDs owing to their basic physical properties (polarizability and bulkiness), with the 

added advantage of the availability of a structurally diverse library of synthetic precursors to 

choose from. At the same time, the 1,4/1,6-di-subsituted COT system has recently proven to be a 

particularly robust molecular balance system for obtaining quantitative experimental insights 

into LD interactions of DEDs.155  

Therefore, the aim of this work was to study the utility of silyl groups as dispersion energy 

donors on a conceptual level utilizing appropriately substituted COT molecular balances. 

Furthermore, we were interested in testing the capabilities of COT as a molecular balance system 

against the background of the fundamental nature of LD interactions as a hidden source of 

stabilization in other NCIs. To investigate potential practical applications of silyl-DEDs, we 

aimed at exploiting the latter for guiding aggregation and fine-tuning electronic properties of 

luminescent functional materials for use in OLED devices. 

We hence prepared silyl COT molecular balances featuring a modest (section 2.1/2.2)187 and 

higher (sections 2.3/2.4)188 degree of flexibility and investigated their folding behavior. In efforts 

related to the molecular balances prepared in section 2.3/2.4, we studied a COT molecular 

balance system modeling an elusive hydrogen bonded dimer (cyclic water dimer transition 

state189) in the folded state of the balance (section 2.5/2.6).190 Finally, we investigated the 

aggregation behavior and photophysical properties of trans-Pt(II)-NHC phenylacetylides 

substituted with silyl- and carbon-DEDs (section 2.7), with the goal of producing molecules with 

the potential for blue-emitting OLEDs. 
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2. Publications & Manuscripts 

2.1 Gauging the Steric Effects of Silyl Groups with a Molecular Balance ï 

Introduction  

In the framework of our first publication187, we quantified the steric influence and LD induced 

stabilization effects exerted by commonly utilized silyl groups on the conformational equilibrium 

of a 1,4/1,6-di-substituted cyclooctatetraene molecular balance system. The molecular balances 

were prepared utilizing the di-anion route described in section 1.3, and the folding equilibrium of 

the balances was investigated via 1H-NMR in deuterated toluene, in a temperature range of 40 °C 

to 100 °C (313 K to 373 K). This allowed us to dissect our experimentally obtained ȹGeq values 

into enthalpic and entropic contributions. We conducted detailed computational analyses 

employing homodesmotic equations and energy decomposition analyses at various levels of 

theory, to quantify the magnitude of LD stabilization in the 1,6-isomer and other attractive or 

repulsive interactions. We also computed activation barriers utilizing multi-reference methods, in 

order to estimate equilibration kinetics.  

We found the equilibrium of the molecular balance to shift, favoring the unfolded 1,4-isomer, the 

bulkier the investigated silyl group. Solely the di-trimethylsilyl (TMS) molecular balance 

favored the sterically congested 1,6-isomer. Our computational investigations revealed LD 

interactions to be the decisive contributor to the stability of folded 1,6-isomers. However, the LD 

governed alignment of silyl groups in the 1,6-isomers also induced substantial strain on the COT 

backbone in bulkier derivatives, resulting in an overall preference for the 1,4-isomer. However, 

as our experimentally determined ȹGeq and ȹHeq values correlated very well with steric 

parameters of the respective substituents, we were able to interpolate steric parameters for the 

recently introduced tri-iso-butylsilyl (TIBS) protecting group.191 We furthermore found TIBS to 

be a particularly good DED, contributing around ī6 kcal molī1 of LD interactions to the stability 

of the 1,6-isomer. The latter was found to be very likely related to the ódistalô substitution 

pattern. TIBS also displayed a considerably smaller apparent bulkiness than comparable DEDs 

such as tri-iso-propyl silyl (TIPS). 
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2.2 Paper 1: Gauging the Steric Effects of Silyl Groups with a Molecular Balance 

 

Abstract: 

We present an experimental and computational study of a cyclooctatetraene (COT)-based 

molecular balance di-substituted with commonly used silyl groups. Such groups often serve as 

protecting groups and are typically considered innocent bystanders. Our motivation here is to 

determine the actual steric effects of such groups by employing a molecular balance. While in 

the unfolded 1,4-valence isomer the silyl groups are far apart (důïů Ó 5.15 ¡), the folded 1,6-

isomer is affected greatly by noncovalent interactions due to close ůïů contacts (důïů Ò 2.58 ¡). 

In order to investigate the thermodynamic equilibrium between the 1,6- and 1,4-valence isomers, 

we employed temperature-dependent nuclear magnetic resonance measurements. Additionally, 

we assessed the nature of attractive and repulsive interactions in 1,6-disilyl-COT derivatives via 

a combination of local energy decomposition analysis (LED) and symmetry-adapted perturbation 

theory (SAPT) at the DLPNO-CCSD(T)/def2-TZVP and sSAPT0/aug-cc-pVDZ levels of theory. 

We identified London dispersion interactions as the main contributor to the molecular stability of 

the folded states, whereas Pauli exchange repulsion and a resulting internal strain favor the 

unfolded diastereomer. 

Reference: 

Henrik F. König, Lars Rummel, Heike Hausmann, Jonathan Becker, Jan M. Schümann, and 

Peter R. Schreiner, J. Org. Chem. 2022, 87, 7, 4670ï4679. DOI:  10.1021/acs.joc.1c03103 

Reproduced with permission from:  

© 2022, American Chemical Society 

1155 16th Street NW 

Washington, DC, 20036 

United States of America 
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