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I love a sunburnt country,

A land of sweeping plains,

Of ragged mountain ranges,
Of droughts andlooding rains.
| love her far horizons,

I love her jewekea,

Her beauty and her terror

The wide brown land for me!

~2'd stanza oMy Country(1908) by Dorothea Mackellar.

But in me a newer yearning wakes,

| 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 playFaust: A Tragedy1790) by Johann Wolfgang von Goethe.
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Abstract

Abstract

The introduction ofsilyl groupsas protecting groups for alcohdias substantially changed

synthetic organic chemistry Although heavily utilized, some aspects of silyl groups,
especially the potentialtof uncti on as so cal |l eidcatalgstangper si o
functional material design remains mostly untappedgspite their generally greater

polarizability and bulkiness in comparison to known carbased dispersion energy donors.

In the first publication (section 2.1/2.2) of this workwe report an experimental and
computational study om rigid cyclooctatetraene molecular balgneemolecular system
exhibiting a conformational equilibriufiny means of which nenovalent interactions can be
quantified, substituted with common silyl protecting groupde were able tauantify the
relative steric demand of silyl groupsnd foundconformationalstrain and Pauli exchange
repulsion contributiongo counteractsignificant stabilization from intramolecular London

dispersion forces the conformational equilibrium

The second publication (section 2.3/2.4)addresses thd.ondon dispersiondominated
attractivepotential of bulky silyl group®y employing asimilar cyclooctatetraene molecular
balance. Strain buitdp was avoided by introducing rotatable spacers between the silyl
groups and the balance scaffolle found ourexperimental findings to be in line withur
theoretical predictions on the potential of silyl grotpfunction as dispersion energy donors,

despiteentroy 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 foheddided state of the balance

to closely resemble the geometric arrangemerd ofclic water dimer transition stat®y

taking strain and solvation contributions into accowst 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 withigh-level computational results. Furthermome were able tadentify

a significantcontributionfrom London dispersiorio the hydrogen bonding energy through

computational energy decomposition analyses.

In the final chapter(section 2.7) we report the preparation of set of phosphorescent
platinum(ll) phenylacetylide complexes substituted with bulky silyl groupsand their
respectivecarborrcounterpartsWe studiedheir photophysical propertiga solution andhin
film, and thus were able to identify the idedyl groupsubstitution pa#rn for application in

a pureblue hyperfluorescent deviceOur 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 dispersiomtrolled aggregation and the electronic
effects of the silyl groups resulting in improvements in photophysical properties over the

parent unsubstituted compound.



Zusammenfassung

Zusammenfassung

Die Einfuhrung von Silylgruppen als Schutzgruppen fir Alkohole hat die synthetische
organische Chemie wesentlich verandé@bwohl Silylschutzgruppen breite Anwendung
finden, bleibt insbesonderir Potenzial als so genannte "Dispersionsenergiedonoren” bei der
Entwicklung von Katalysatoren und funktionellen Materialieeitestgehendungenutzt,
obwohl sie im Vergleich zu bekannten kohlenstoffbasierten Analoga von Natur aus

polarisierbarer und voluminéser sind.

In unserer ersten Veroffentlichur{@bschnitt 2.1/2.2)haben wir eine experimentelle und
computerchemische Studie Uber rigide Cyclooctatethelekularwaaga durchgefihrt,

welche mit haufig verwendeten Silylschutzgruppen substituierterwdes gelang den

relativen sterischen Anspruch der untersuchten Silylgruppen zu quantifizieren und wir stellten
fest, dass Beitrage aus Konformerenspannung und -Raeplilsion die signifikante
Stabilisierung dur ch i ntramol ekul ar e Lon

Konformerengleichgewicht Uberlagerten.

Die Folgeverotffentlichung/Abschnitt 2.3/2.4)befasst sich mit dem attraktiven Potential
volumin®ser Silylgruppen, welches im Wesent|
wird. Hierzu wurden  Konformerengleichgewichte  ahnlicher  Cyclooctatetraen
MolekulamwaageruntersuchtDer Aufbau von Konformerenspannung wujeldochdurch die

Einfuhrung frei drehbarerGruppen zwischen den Silgubstituenterund de eigentlichen
CyclooctatetraeiMolekularwaagevermieden. Unsere experimentellen Ergebnisse dgmm

mit den theoretischen Vorhersagen (ber das Potenzial von Silylgruppen als
Dispersionsenergimnoreniberein, obwohentropische Effektén diesem speziellen Fallie

Gesamtauswirkungen auf das Konformerengleichgewiotthwaclen

In einer dritten Veroffentlichun@Abschnitt 2.5/2.6untersuchten wir eeCyclooctatetraen
Molekularwaage, welche ebenfalls tUber frei drehbare Substituenten verfiigte, jedoch lagen in
diesem Fallezwei ungeschutzteHydroxygruppenvor. Es stellte sich herapsdassim
gefaltete Zustand der Molekularwaage die Geometrie des Ubergangszustaesd des
zyklischen Wasserdimers sebut widergespiegelt ind. Durch die Berlcksichtigung von
Spannung und Solvatationsbeitragen konnten wlie Wasserstoffbrickenbindungsergie

des zyklischen WasserdimBlbergangszustandsstmals experimentedbschatzerEs wurde

eine guteUbereinstimmung der experimentellen Wanrti hochwertigertheoretischen Daten

festgestellt Darlber hinaus konnten wir durchomputerchemische Analyserinen



Zusammenfassung

erheblichenBeitrag von Londord s c¢ bigpersion zur Wasserstoffbriickenbindungsenergie

identifizieren.

Im letzten Abschnitt (Abschnitt 2.7) dieser Arbeit wurden eine Reihe von
phosphoreszierenden  Platin{henylacetygnKomplexen, welche mit sperrigen
Silylgruppen substituiert waren, sowie ihre entsprechenden Kohlesttdfahergestellt.

Die photophysikalischen Eigenschaftdar Komplexe wurdeim Lésung und Dunnschicht
Probenuntersuchtund es konnte so das ideale Silylgrupp8ubstitutionsmuster fur die
potenzielle Anwendung in blauen hyperfluoreszenten Leuchtdioden identifizierden

Unsere experimentellen Ergebnisse stimmen gut mit computerchemischen Untersuchungen
Uberein, welche ein Zusammenspiel aus Aggregation und elektramideffiekten der
Silylgruppen als Ursache fur dieverbesserten photophysikalischen Eigenschaften

vorhersagn
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Introduction

1. General Introduction and Motivation

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

Interactions

Van der Waals forces

Keesom force Debye force London dispersion force

Figure 1: Classical schematic representation of attractime der Waals forcésFrom left to right: Permanent
dipole-dipolemultipole-multipole interaction (Keesorforce?), permanent dipole/multipoleinduced
dipolemultipole interaction (Debydorce®), and induced dipotduced dipole interaction (Londalispersion
forcef®).

Nearly a centuryago, Londm and Heitlerfor the first time describedhe longrange, R'®
dependenf{whereR is the distance between the two spec&tpctive interactions of electren
of closedshell atomsmolecules or molecular fragmentsThese interactionsave been termed
in Londorts honor as "London dispersion interactifosces (LD interactions/forces)often
described as transient induced dipwiduced dipole interactiond.D interactionsare the
weakest (per interactiorgttractivecomponent of the vader Waals (vdW) forces (Figure 1),
and hence are oftegeen as irrelevam the light ofundoubtedlystronger electrostatig<eesom
force€) andinductiveinteractions(Debye force¥y. Onecould evenbe tempted to interpréD
interactions as being type of dipole interactigrbased on thelassicaltextbookdescrption of
instantaneouslipole-induced dipole interaction@igure 1). However, inthe framework othis
classical view ofhoncovalentinteractions(NCIs), it would becounterintuitive to assumeawo
ficloud® of electrons, as charged particles of the same sign, would attract each other
Furthermorethe existence ofiuctuating dipolesseems almost unearthig this context Why
would a spontaneouslyccurringfluke of nature lead to a net effdeirge enough to promote
even partiatharge separatioriQotably, Londonneverresorted to a classicakatmentat allin

his original publicationg® but rigorously derived th@ecessargquationsthat are stillmostly
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valid today from quantum mechanicaperturbation theory He arrived atthe following
approximateequatiof for two interactingatomsj anda:
GGl

R 1, 1 1)

—rdi sp

NI W

Although dipole moments are not immediately involvedenuation(1), the depenence oijj Lsp
on ionization potentialsl alongside polarizabilities U draws a picture of arelectrostatic
interaction at first sight. Howevethe proportionality betweels‘gd | Shdionization potentiald
could also simply be viewed from the perspective of an involvement of electronic excitations,
that do not necessarily involve charge separatiofact, the now widely agreed upomuantum
physical description of LD interactions although still invoking seemingly mysterious
fluctuationsas a result of zerpoint energyexplain the former by means dfirtualé excited
electronic states in interacting atoms, molecules or molecular fragméhfshe immediate
response othe ensemble of neartllectronsto the excitatioleads to a lowering ienergy of
the entire system, and heratgraction Put in other termghe motion ofoneelectronof a system

is influenced by the motion @l surrounding electrons and the other way arotinis effect is
also known agdynamiq electron correlatiop > and properly accounting fothe formerin a
computationally sound fashion has been adstagnding challenge in quantum chemistying

to its nature as a matpody problem.However, capturing as much correlation energy as
possible is a fundamental requirement for theoretical methods to achieve chemical déagacy
in quantum chemistry realmthe correlation energy is defined as the energy difference between
the HartreeFock methodwith aninfinite basis setandthe exact electronic energy eigenvalue
obtained from solving the Schrodinger equatibin recent yeas; theoretical chemists have
made tremendous progress in solving this probldm introducing empirical dispersion
correction terms for density functional theory model®?® and dkveloping local selection
schemes for coupled cluster thedty® which have improved the accuracy of computational

models andsped up computations by orders of magnitude

Technological developments and advancesommutational chemistry ka also madesnergy
decomposition analyses based on variaoisnitio methods accessible tbe broader chemistry
community?®2® As a consequencgve can now look back on a pool of studies in which most
NClsrelevant in chemicahnd biologicakystems have been decompos#d their fundamental
componentsat a reliable level of theod? 4! The greater picture isthat many norcovalently

bound systemsannotbe reduced to beingntirely dominated byust electrostatic, inductie, or
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LD contributions In this regard,hydrogen bondings probably one of the most prominent
examples.®® Typically understood asneelectrostatic Keesom interactiof permanent dipoles or
multipoles it was shownn a recent studthat although electrostatics account for most of the
attraction in an average neutral hydrogen bond, London dispersion cagB80¥%ito the overall

bonding energy?®

Figure2: IntramoleculaiNCI-plot of aTAGCTAG DNA fragment generatagsing conformational parameters from
experimental fibediffraction data>*® Hydrogenatoms not involved in hydrogen bonding omitted for clarity.
Isosurfacesolored redrepresentepulsive interactiongjreen isosurfaces represent weak NClIs (LD interactions),
and blue isosurfaces represatrong attractive interactions (hydrogen bondspvaluesof 0.3, in the range of
signe= 1T0. PRu].to +0.05

In context of therelevanceof hydrogen bonitig for the molecularstructure ofDNA%44¢ or
proteins*®° contributiors from Londondispersiam to intranolecularhydrogen bonding easily
sum up tohundredsof kcal mol* and morein such biopolymers:*-5* Further LD interaction
contributions argresent in the form of-" -stacking®>**52an interaction commonlynisiabded

as aKeesom quadrupolequadrupoleinteraction, which in mostelevant cases isactually
dominated by London dispersi6hAn NCI-plot (Figure 2) illustrates the importance of LD
interactions forthe structural integrity of DNABriefly, NCI-plots are a computational method

for visualizing intra and intermolecular NCls, through the use of electron densities and reduced
density gradient"®® The resulting visualizations indicate strong attraction (ggjectrostatic
attraction from hydrogen bonds) in the form ldéie colored isosurfasg weak norcovalent
interactions (D interaction$ asgreen isosurfaces, and repulsive interactions as red isosurfaces
(Figure2).
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Figure 3: Intermolecular NCliplots of (from left to right) a benzene dimer, benzepelohexane dimer, and a
cyclohexanecyclohexane dimer computed at the PBEPF level of theory. Isosurfaces colored red represent
repulsive interactions, green isosurfaces represent weak NCIs (LD interactions), and blue isosurfaces represent

strong attractive interactions. Isovalsie f 0. 3, i n t)he Fam@edOdDftesigh.(®5 [a. u. ]

Third in the league of attractive vdW forces afipoleimultipole-induced dipolemultipole
interactions(Debye force Figure 1).2 If we consider benzene as a prototypical permanent
guadrupole,one would expect an energy decomposition analysis of a cyclohéemsene
dimer to yield an induction dominated interaction. Howevecentstudies have shown, that
irrespective of the dimer geometry, the interaction is makiipinated by London dispersiéh

The latter can also meen from a comparison of N@lots of dimeric structures of benzene and
cyclohexane(Figure 3), which do not reveal any strong electrostatic interactions through the
presence of blue isosurfacéairthermore, literature studies suggest all of the dimers shown in
Figure3 to have a comparable interaction energy on the orde8 k€al mol .%® Similar to the
"-"-stacking of small aromatic systefisthe interaction of cyclohexane and benzene is an
example of a clearly dispersion dominated interacpoone to being misunderstoab an

electrostaticor in this particular casénductiveinteraction

Having discussedonly a few illustrative examples it is apparentthat characterizing
non-covalent interactions is not necessarily triviag there exists a continuum between the
classical categories of vdW forcdsalso seemsl.D interactions are not only underestimated,
but are often mistaken for a completely different type of interactidowever, asLD
interactions ardetter viewed as an embodiment of dynamic electron correlati@ncertainly
true, thata quantum chemical description of any molecular or atomic system is aetuslly

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 functionglroups, in particular théutyl group are referred tas

dispersionenergy donoi&(DEDS) by thoseexplicitly utilizing such functional groups in the

design ofmolecular system® controlcertain propertiethrough LD interactions”

Figure 4. Intramolecular NClplot of all-meta adamantyl hexaphenylethangeneratedfrom data published by
Schreineret al®? Hydrogen atoms and adamantyl moieties omitted for clarity reasemsurfaces colored red
represent repulsive interactions, green isosurfaces represent weak NCIs (LD interactions), and blue isosurfaces

represent strong attractive interactions. Isovalaod 0. 3, i n ty)hje ¥ am@e0®ft i gh.(B5 |

An exceptional application of DEDs, which has led to discovdmnieadeningour understanding

of chemical bonds is the use DEDs in stabilizing elusive molecular specfs One of the
molecular systems standing out are hexaphenyleth@tieEs) due totheir historic role in
driving the development of models on (mesomeric) resonance and radf¢&fs® The reason

for the instabiliy of plain unsubstitute¢HPE is steric repulsion between the phenyl fags"2
resulting in formationof quinoidlike dimers which are in equilibrium with long-lived
triphenylmethane radicals in solutiof*”™ Thus, the attachment of bulky DEDs,
counterintuitively, leads to a stabilising countering of the steric repulsions through peripheral
London dispersion interactiotiBigure4).5271-"2Notably, nordispersion corrected DFT methods
predict unphysical dissociation energies DED-substitutedHPEs’* The effect of pripheral

LD attraction leading to stabilization efusive bonding moddsa s b e e osorseteffedfg d 06
an effect also responsible for trmbient conditionstability of 'outyl- and trimethylsilyl
tetrahedran&®%* Beyond the stabilization of unusual molecular species, the introduction of
DEDs has been shown t@mve aconsiderableeffect on the behavior of azobenzene molecular
switchesin solutionby Wegner and ecgoworkers’® 8! Through peripheral installment of DEDs
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on a diphenyl azobenzene scaffokiibstantial stabilization of therowded and inherently
thermodynamically disfavoredZ-isomer could be achieved. Thisresuled in an
isomerization/switching ratthat isloweredby more than an order of magnitude in comparison
to the parent diphenyl azobenzéfeExpanding the concept to a system for practical use,
DED-substitution was recently shown to improve energy storage capabilities of

azobenzendasedsolar thermal energy storage materials by Wegner anbdeers!’
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The substantial conceptual efforts on DEDave beenaccompanied by an increasing
acknowledgementf LD interactionsin other fields of research, such eatalysis(Figure5).51-82
Nonethelessgroundup approaches for catalyst desigmgolving the use of DEDsrestill far
from common While the incorporation oSuch moietiescertainly increasethe chance of a
catalyst interacting with a substrate throuigh interactions, unless the models invoked to
predict the outcome aaxcurate andeliable, there is no guarantekachieving an improvement
of a system through DEDThe situation is further complicated by LD interactioh:onpolar
groups/moleculeeing inherently nodwlirectional, and hencemaking nandpaper models
particularly prone for erroneous predictiohfowever, as computational methods for exploring
chemical hypersurfaceshave become very reliable, fast, and setui fully-automated, this

problem can be solvaduch moreefficiently nowaday$®84
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Figure 6: Intermolecular NCiplot of the rate determining transition state of tbepper/SEGPHOS catalyzed
hydroaminatiorof unactivated alkene®ported by Liuet al® Generated from data publishedthe original work
hydrogen atoms on SEGPHOS ligand omitted for cl&fitgosurfaces colored red represent repulsive interactions,
green isosurfaces represent weak NCIs (LD interactions), and blue isosurfaces represent strong attractive
interactions. Isovaluso f 0. 3, i n t)he Fam@eOdD»ftesigh.(®5 [a. u.].

One exampleof successful DED incorporatioman be found inthe coppercatalyzed
hydroamination of unactivated alkenemploying DED-substitutedphosphine ligandswhich
was recentlyreported by Liu and cworkers® Briefly, the activation barrier of the rate
determining transition state could be reduced by sekeshimol ! for all investigated classes of
phosphine ligands througiil-metasubstitutionwith bulky ‘butyl groups Computational models
predicting improved catalystubstrate binding through LD interactiofiSgure 6) were in good
agreement with yield improvements of 80% and nidr&nother noteworthy example of an
application of DEDs in catalysigas recently reported by Hartwig andworkersin theform of
anasymmetric coppecatalyzed hydroboration reacti8hEmployingchiral biphosphine ligands
carrying either peripheratbutyl, trimethylsilyl (TMS), or trimethylgermanium moieties,
increasingoulkiness and polarizabilitwas found to improveselectivityand the overall reaction

ratg due toenhanced.D interactions between catalyst and substfate.
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gUJO
Rec=153A Resi=1.89A Rege=1.96 A Res, =216 A Repp, =224 A
a=53.65[a.u] a=63.68[a.u] a=67.57 [a.u.] a=76.27 [a.u.] a=84.88[a.u.]

Figure 7: Geometries and polarizabilities gfoup 14 neopentyl derivatives computed at the PB&hlevel of
theory.

The latterexamplehighlights the potential of highegroup14 elemertbased moieties to function

as DEDsfeaturinggreater vdW surface areas and polarizabilities in comparison to carbon DEDs
(Figure7). However whenfollowing this appoach chemical inertness has to be kept in mind, as
covalent bond lengths in DEDs generally increase going from carbon to dineven
leadcentered moietie¥. Silyl groups offer a reasonable tradeoff between polarizapility
bulkiness and chemical inertnessn organic synthesis, silyl groups are highly valued
protecting groups for alcoholglue their ease of installation under mild conditions, highly
tunable stability, and selective cleavabifityConsequently, thehemical behaviorof silyl
groupsis well understoodollowing decades oheavy usen synthesisanda library ofvarious

bulky silyl groupsis commerciallyavailable®® %2

N /\\\L Ph
A 200

Pt N O Ph
P 9
o] —
=si ><
7\
PtON7-TMS 5TCzBN TBRb

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

Both 'butyl, and TMS havealso found usén the field oforganicbrganometalliduminescent
materials(Figure 8).9¥% In this field of application, DEDs are typicalljewed as being steric
bulk providers and thushindering oligomerizationinduced nonradiative decay of excitons
which reduce the efficiency and chemical stabilitf (organic)light emitting diodeOLEDs)%

However,multiple studieson DED-substituted molecular specieglicatefree aggregatioto be



Introduction

thermodynamically favoreds a consequence BED attachment’®8 This of course only holds
true for case whereaggregations notenforced possibly leading to an increasing influerafe
steric repulsion Hence, DEDsare much more likelyto affect geometricalparametersof

aggregateswhich can leado photophysical improvementd The implication of aggregate
geometries being of great importance, leads to challenges becausenddgidration at
different points of a molecular backbone can lead to opposing efféotssequently, even
though computationally investigating largad heavyatom containing systemsan be tedious
and computationally challenging, it igery likely worthwhile to studysuch oligomerization

processe silico.®*

As can be seen from the examples discussed in this segtiategically incorporating DEDs
into catalystsand functional materials has several potential advantageEDs are bulky

highly-polarizable hydrocarbon moieties, they combirespects oflipophilicity, chemical

inertness, and solubility However, akey componenfor the successfuexploitation of DEDs in
such applications isupplementargomputational analysis of tlehemical space

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

Balances

1) Na/EtOH

1
g o 2) AcOH, H,S04 g 2) Ag,0
N —_— N / B —
3) Mel
4)

Ag,0
1 2 92 3
1) Br,
2) HNMe,
1) Mel \
5 N—

Schemel: The first reportedynthesis routéor cyclooctatetraens.®®

CyclooctatetraendCOT) 5 is an annulated olefin featuring four double bonds adopting a
tub-shaped D2¢+-symmetric geomettyCOT was first prepared in the beginning of the"20
century, whenising interest in the chemistry eightmembered unsaturated hydrocarbons saw
Willstatter publishing a synthesis routefor the parent COTmolecule starting from
pseudopelletierind (Schemel).®® The latter an eightmembered bridged cyclic ketoneas

isolated from the bark of pomegranate trees on ak@Qtale’®1% This process yieldedbout
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100g of pseudopelletierind, which gave 34g of COT following Wi | | s tsynthésisr 6 s
route 9100
Ni(CN),, CaC, © 2L O/Li co, OCOOH
H———~H > e e
60-70 °C, 15-20 atm
30-60 h .
Li HOOC
6 5 7 8

~90%

Scheme2: Nickel-catalyzed annulation ddicetylene6, and first reported 2 reduction of cyclooctatetraerte

published by Reppet all°

Thereforejt was notuntiReppedés efforts on hi gwerepublsled ur e a
more than30 years laterthat the chemistry of COT could bédely exploredat a reasonable

cost (Scheme2).1%° Reppe and cavorkers found COT as the main product in yields of up to

90% whenpressurizedeaction vesselsharged with tetrahydrofuran aadetylenevere heated

for extended periods of tima the presence of eithaickel(ll) cyanide or thiocyanaf€® It was

envisioned in situ formed nickel(ll) acetylide complexesvould not only catalyze radical
polymerization steps but in particular favor COT-anrelation.!®® Achieving the preferred

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

stands out aa remarkableachievementven more than 80 years later. Besides characterizing
COTand comparing analytical results to Willst?2
COT was explored under various conditidffs These includedoxidative and reductive
conditions, halogenations, and Didlkler reactiong® Although not formally recognized as
aromatic the formation of the COTi-anion7/17 via 2-€ reduction with alkali metals was also
described for the first timgcheme2).1%

Figure 9: Orbital signs of the HOMOs of CGQdi-anion ligands and f.; orbitals of U4* cation (left) Chemical

structure of uranocert(right).10?
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The latter approach prostdo be particularly useful for dunctionalization of COE%21% and

for the preparation oflanthanid&®®!! and actinide'’?''’ complexes.The use of COT
(derivatives)as ligands in theidi-anonic form broughta breakthrougtor obtaining fblock
sandwich metallocené8! Only a few years after the compounds had been suggested to exist
theoretically!'® Streitwieser andMiiller-Westerhoff were ifst to report on the successful
synthesis of such a complesrénocene) in 1968(Figure9).1*?2 The extensive studiesn COT
lanthanocenes and actinocenes that followethedto expandthe models on metal ring bonding
known from dblock metélocenest® The bonding in fblock metalocenescan beunderstood

from a simple orbital symmetry analysig COT-di-anon HOMOs andthe unoccupied-orbitals

of themetalcation(Figure9).10t

1,4-COT 1,6-COT

10 11
Schemes: Folding equilibrium of dibutyl COT10/11 described by Streitwieset al'*®

Notably, Streitwiesemwas also cauthoing the first repored synthesisof di-‘butyl COT 10/11,

which showedanunusual equilibriunbehavior'!® The gerically crowdedL,6-valence isomet0

was found to be favoreaver the 1,4somer in*H-NMR studiesjrrespective othe temperature

in CDCl; solution!'® While Kluttz, Streitwieser, and Lyttle correctly i
attractiono as the s ou-isamerllpthey didt reotbdddress the i o n
isomerization mechanism ithis publication One year afterPaquetteet al hypothesizeda
ring-inversion bond shift mechanisrto be responsible for the dynamical behavior observable

via 'H-NMR of such COT derivative(Schemet).12°

11
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1,4-COT 1,6-cOT
R R R
1 1 6
2 2 5

3 4 3 4

R
13, C, 14, C,
“ AG* = 20-24 kcal mol™ TL
$ % +
[ROR] [RR] [RO/R]
TS1, C, TSpes, Cs TS2, C,
1,4-COT 1,6-COT
R

/ 4 3

5 2
2
6, 1
;4 3 / \
R
12, C, 15, Cs

Schemet: Ringrinversion doubleébond-shift isomerization mechanism f4/1,6-cyclooctatetraene'g® 123

The mechanisnshown inScheme4 has been validated at high computational |é¢&End via
spectroscopic techniqué®. Considering 1,4/1,6-di-sukstituted cyclooctatetraenes, ithe
1,4isomerl2 drawn in the bottom left cornef Schemet is arbitrarily setas thestarting point
it can be seenhat ring inversion proceeds through the plaf&rsymmetrictransition state
structureT S1, in which thedouble bonds are localizebh this waythe C, symmetricl,4-isomers
12 and 13 are interconvertedThe latter are mirror images of each othand hence are
indistinguishable inconventionalNMR spectroscopy The same relation holds true fdre
1,6-isomersl4 and 15, which interconvert hroughTS2, yetbelong to theCs point group, with

an intramolecular plane of symmetry.

The difference in symmetry between the-112/13 and 1,6isomers14/15 is reflected in their
respective NMR spectras well,with the 1,4isomer exhibiting a singlesand two AB-quartet

signals, while the 1;&omer shows three singlet sign#ls.

Transition state structur@S1 can undergo a doubleondshift to TS2 and vice versapassing
through the antiaromatic;s symmetric planar transition structufépss, in which the double
bounds are delocalizeds TSpss is higher in energy thamS1 or TS2, it resembles the rate
determining transitionstate'??> The activation barrier forTSpes has been determined

experimentally for variousdi-substituted derivatives, with giGY typically in the range of

12
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20-24 kcalmol' %, whichimpliesthe systenshouldreach equilibrium within a few hours aéar

ambienttemperatureaccording to transition state thed?)

Schemes: Overview ofsynthetic pathwayshased orCOT-di-anon 7/17, for obtaining difunctionalized COT23
and metallocenekd/22.103105.124

Over the yearsvarious synthgic approachedasedon eitherthe COFdi-anion 7/17,102105124
eightmembered precursgt® or bottomup Diels Alder approache€® have emerged, mostly
motivated bymetallocene synthesi§he COTFdi-anon approach in particular standsit, as
1,4A,6-di-substitution can be achieved in a singj@thesis stepsing either COB or the much
cheaper 1Syclooctadienel6 as starting materialScheme5).1?* The obtained alkali metal
COT-di-anion complexes can be reacted with electrophfiesuch as trimethylsilyl chlorid&?®
Depending on the final application, the intermedditsubstitutedL,3,6cyclooctatrienef0 can
be deprotonated forming a functionalized G@Janon, which might be utilized directly for
preparing metallocene®2.'?’ Alternatively, thefunctionalizeddi-arion can be oxidized, to
obtain the corresponding COT derivat\&8.1% The latter might be useful for lorigrm storage,
as the abovementioned 1,&¥clooctatriene0 have atendencyto undergol,5-hydride shifs
forming either 1,3,&yclooctatriene4 or bicyclo[4.2.0]octadiene&5.1%* The prime limitation
of thedi-anon approacHor obtaining1,4/1,6di-substitutionlies in therivaling 1,2addition of
electrophileq21), as can be seen from resonance structures of the intermediate anien&lfi
(Schemeb).10?
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One of the more unusual approaches for obtai@@ derivativesis based orthe valence
isomerkzation of cubang!?® Cubane chemistry has seen a renaissancecent years due to
potential application®f cubanesn the field offunctional materiald?® and as bioisostemeof

benzeneén medicinal chemistry?9 13!

) NBS

o 2) Br, O/>
3) HNEt, g
é 4)A 1) Ethylene glycol, H* o Br
Br

30 33

KOHl

O StOC|2 then O/>
BuOOH,

(e}
ridine

Br 4— >L py Br

HOOC
36 34
H+
1) KOH

2) SOCl,, then
O 'BuOOH, pyridine

S
s

37 26
Schemes: Original synthesis pathway for cuba®@published by Eatost al 128132

Cubane26 was first prepared by Eatoet al. in 1964 utilizing 2-bromocyclopentadienone,
which had to be prepared inthreestep process starting from cyclopentenod@ (Scheme
6).128132 2_.Bromocyclopentadienondimerizes in analogy to cyclopentadieie a DielsAlder
reaction. The bridgehead ketonef the resulting dimef31 was acetal protected, before an
intramolecular [2+2] photaycloaddition was carried out forming the caged precuBSorA
sequence of Favorskii rearrangements, followed by decarboxyksti@swas then utilized to
obtain cuban&6 in a total of D synthesisstepsand a respectable yield of 68tarting from
30128132 A streamlined synthesistarting from cyclopentanone was published a few years
later,'3® and has recently been further optimizatlowing for the synthesis of the t¢tibane

dicarboxylic acidon a 0.5kg scale in ~30% yield overdit?
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Rhll
Rh' Rh'
— — N e N e
-Rh' -Rh'
26 28 29 5

Rhlll
27

Schemé7: Rhodiun{l)-catalyzed valence isomerization of cuba6eés®

In 197Q Eaton and ceworkers were also first to report on theRh(l)-catalyzed valence
iIsomerization of cubaneforming tricyclooctadienes28 initially, which further isomerize
forming the respective COTEScheme?).*® The reaction idelievedto proceedvia a sequence
of oxidative additios, forming metalorganic Rh(lll) specie7/29, followed by reductive

elimination whichyields two double bond# each sequencé®

The valence isomerization of cubaneffers various advantages for obtainidgd/l,6-di-
substituted COTSs in particulalOppose to the abovementionddarion route Schemeb), the
valence isomerization proceeds with good functional group tolegfdht® and does not involve

the use of strong bases or oxidizing agents. Furthermore, the reaction will specifically yield
1,4A,6-di-sulstituted COTs, given an accordingly functionalized-dybane derivative was
utilized as starting materi&i®**® Various derivatization procedures have been established for
obtaining the latter cubageallowing for a wide range of COT derivatives to be prepared in this
mannert?%139142 Besides the practical limitationthat arise from the need ofieell-established

but nonetheless elaborate preparation of cuhamest othersynthetic limitationsstem from
possibleunwantedrearrangements of the cubane scaffdlding derivatizationsteps prior to
valence isomerizatignin particular when transitionmetal crosscoupling conditionsare

applied*#!

Overall, both the valence isomerizati¢Bcheme?), and COTdianion approaci{Schemeb)
resemble attractive synthetic pathways for obtaidigl,6di-substituted COT™erivatives with

certain advantages and drawbacks depending on the type of target molecules that should be
obtained While the COTdianion approach appears to be particularly useful for direct
attachment of bulky substituents itd/1,6position of theCOT scaffold*?? utilizing the valence
isomerization approach allows for obtaining COT derivatives with a wider variety of less bulky

substituents ir,4/1,6position38 138
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e

unfolded TS folded

(n(Krola) = ~AG1a/RT)

1,4-COT 1,6-COT

Kol

unfolded-38 folded-38 10 11

Scheme8: Schematic representation of a molecular balance system (top) and literature examples (bottom).
N-arylimide type molecular balance syst88*® (bottom, left) andL,4/1,6-di-butyl COT*° 10/11 (bottom, right).

Although COTs have been in the slipstream of recent publications on biologically active
cubaneg®® 3" and some COT lanthanide complexes have shown promising -siigeule
magnet propertie¥* widespread applicationsf COTs are yet to be foundHowever, the
abovementioned folding equilibrium af4/,6-di-sukstituted COTs, which can be observad
'H-NMR, make the system privileged for application as a molecular bal&¢a!>: The latter
are molecular systemsplaying a chemicatquilibriumbetween a folded and an unfoldedte
(SchemeB).146:149.150hijle in the folded state of the balantke moieties of interestre inclose
proximity, and exert an intramolecular NGh one anothelin the unfolded state of the balance
the moieties are pointing away from each offiet*®°Readout of the molecular balance
system is usually carried outa spectroscopic techniques, and the obtafoéting equilibrium
constantsKroa/Keq give direct accessto the Gibbs free energy of foldingGra (Scheme
g8).146.149.150Thereby, NClIs can be quantified through the study afppropriatelyfunctionalized
molecular balanceOne of the mostvell-known systems is théN-arylimide type molecular
torsion balance38, which was first utilized by Wilcoxt al.to studyLD Aryl-aryl interactions
(Scheme8).1431%5 N-arylimide balancesvere later extensively utilized to investigate various
non-covalent interaction¥¢14%1%0as well as solvophobic effecty:*>* However, this type of
molecular balance contarheteroatoms, which can function as hydrogen baxwkptors, and

can furthermorelead to significant differences in the molecular dipolement between the
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folded and unfolded staté? This can leado complex solvation effects, making an interpretation

of the solventand substituendependnt folding behavior of the balance ntivial.'®?

In this regardCOT molecular balances have an advantage, as the plain balance scaffold is a pure
hydrocarbon. Furthermore, the compactness of the balance dyskesnto minimize solvation
effectsresultingfrom geometric differencedsetween thdolding isomers Therefore the obtained
equilibrium constantKiod, and therebythe folding free enthalpiesgGrod, usually have a high

meaningfulness with respect to capturing the magnitude of the intramolsiilat hand:>®
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Figure10: Solvent and temperature dependeotéhe folding equilibrium ofL,4/1,6-di-butyl COT 10/11 (left) and
vanoét Hoff analysis (right). etAad*aGopyegtt 2021 AntericaneChemica s i o n
Society.

Although COT derivatives have been utilized for studying NCIs in solution decades
agql19126.156158 it \was not until recently, that the potentidla COT molecular balanseasfully
exploited!®® Revisiting the folding equilibrium ofl,4/1,6-di-tbutyl COT 10/11, an extensive
study was conducted by Schreirral, involving temperaturelependent NMR measurements

in a wide range of organic solvertt8 This allowed the folding free enthaljgGroi to be further
decomposed into enthalpitHrid (LD interactiony and entropicoid (Solvent reorganization)
contributonsby means of a (FigunedQ). It Was fodind that LDl cgniilbusons
were decisive for the equilibrium in all solventsith some attenuation as a consequence of
solvent reorganizatiot?® Nonetheless, the folded ligomer was found to be favored in all

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

S '

N-
N=Z R' r-NegzN~gr R = alkyl
R’ & /
Pt S R'———Pt—R' R' = aryl, ethynyl aryl,
R, oly-ynes
N_’-\( \R' R*N')“\N'R poly-y
N-R (Benz)Imidazolylidene,
acyclic carbenes
cis-39 trans-39

Figure11: Chemical structures of phosphoresceisitransPt(l1)-NHC acetylideg> 168

Recent work has shown the potential of organometallic comppusdsh as the
cis/transPt(ll)-N-heterocyclic carbene acetylidesig{transPt(ll)-NHC acetylides)shown in
Figure11,5°91®8for light emitting application$®® 172 They are generally included in the category

of organic light emitting diodes (OLEDs) despite the presence of the ¥itt&.The heavy

metal generally facilitatemtersystem crossing (ISCdue tostrong spirorbit coupling (SOC),
between the first excitesingletstate $andthe first excitedriplet state T.1%9 172 |f relaxation of

T1 to the singlet ground state) 8ccursradiatively, a spirforbidden phosphorescent emission
can be observed. In OLED devices excitation is promoted electrically, leading to the formation
of singlet and triplet electrenol e pai r s, s 0'°917¢ FHe |udlidationb @f x c i t o1
phosphorescennaterials 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 pisphorescent OLEDs (phOLEDs)9172  The
photoluminescence quantum yield (PLQY) givee ratio of thenumber of photonsibsorbed

over the number of photons emitted by an emissive mataritdie context of research on OLED
emitter materials, PLQYare an important experimentally easily accessibladicator for the
efficiency that can potentially be obtainéa an OLED device fabricated from the same

materiall6¥172
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Venkatesan et al.
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Scheme9: Established synthetic pathways for the preparatidraoi-Pt(11)-NHC phenyhcetylidest0.173

trans-Pt(I1)-NHC phenyacetylides were first described by Venkatesan andvaréers in
20130 and were amongst the first monodentate RPNH)C acetylides to be utilized in
PhOLED devices®® The complexes werénitially prepared through isomerization of the
respectivecis-Pt(ll) complexes at high temperatur€%.Soon after, a synthesis procedure
utilizing trans-Pt(Il)-NHC dichlorides was published, which allowed a more convenient
synthesis otrans-Pt(Il)-NHC phenyacetylide derivative$’® Due to the high flexibility in the
complex structurefrans-Pt(Il)-NHC phenyacetylides display lowPLQYs in solution with
much highePLQYs (approaching 60%ilypically foundin thin film samples®*1%*However,at

thin film doping concentrationsf 10wt% and more, which arelevant forpotentialapplication

in OLEDs, a significant drogff of PLQYs is typically foundwhich is believed to bdue to
aggregation induced tripktiplet annihilationt®®1%> Nonetheless, thebenzimidazolylidene
derivativeshave showrpromising photoluminescence properties in the d#ap region, while
also showing good thermodynamic stabiliience, they arattractivecandidates for application

in deepblue or pureblue OLEDs, given the issue of phosphorescence quenching at higher
doping concentrations can be solvidthis regardsilyl -DEDs, could be usefulor manipulating

the aggregation behavior tfansPt(l)-NHC phenyacetylides.Especially, sincesilyl groups
have recently shown to improviee photophysical properties of pyrene based fluoreSéeamtd
tetradentate Pt(ll) phosphoresé@nemitters in terms of quantum yield and color purity
Although believedo be mostly related to the steric bulk of TMS groups, detailed literature on

the nature of this seemingly universal PLQ¥osting effect of silyl groups remains sparse.
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Schemel0: Emission mechanisms of hyperfluorescent OLED systems utilizing either fluorescent{ap©er(b)

emitters.

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

deepblue (450-484nm) narrowband emission with good device stahilishich is required for

application e.g.in lighting or display technolog$f:*">1"®For phOLEDs the latter is particularly

challenging due to the radical charactettte# longlived high energ triplet statesnvolved in

the emission mechanisrBchemel0).1%9172 |n phosphorescent Pt({fomplexes, and other

phosphorescent transition metal complexadiative decayf the first excited triplet state; To

the S ground state is spin forbiddewhich results in Tusuallybeinglong lived,andtherefoe

prone to undergo neradiative decay througlriplet-triplet annihilation or polaroinduced

exciton quenching>®1’71®The latter processes can also lead to chemical degradation of emitter

materials andhus severely limit device lifetim&¥172 A possible workaround to this inherent

problem oforganometalligphOLEDs is the utilization ofsuitablesinglet emissive caopants

which transforms phOLEDs int o SO

c al

ed

O6hyp%? hisuchraescent

hyperfluorescent OLERIevice triplet excitons harvested by the phosphoressensitizer are

converted to singlet excitonda Forster resonance energy transfer (FREBmMYl are emitted
through the Sstate of the calopant(Schemel0).°51">Fluorescent materialSchemelO (a)) as

well as thermally activated delayed fluorescence (TABShemel0 (b)) emitters can be suitable

co-dopants, giventhere existsa decent overlap between the emission spectrum of the

phosphorescent sensitizer and the absorption spectra ob-dopants’®17® The utilization of

TADF emitters has the added advantage of preventing triplet excitonupyilals excitons that

are transferred from the phosphorescent sensitizer to tdepamts triplet state (Dexter energy

transfer DEX) can be ugonverted to a singlet exciton through reverse intersystem crossing

(RISC), due tothe small $T1 gap of such emitterd®8 Furthermore multi-resonant TADF
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(MR-TADF) emitterg®®usually exhibit narrowband emission (high color purity), which is one of

the fundamental requirements for achieving hefficiency in electroluminescent devick$

Sensitizer Emitter

u Oc 5 @Ij%)@@
e ? QB8

PtON7-dtb TBPDP v-DABNA
Schemel1: Chemical structures of sensitizer and emitter materials utilized in the study oftGH&iT 186

The concept of arganometallichyperfluorescent OLED device was recently demonstrated by
Choi and ceworkers!®! utilizing a tetradentatd®t(ll) phosphorescent sensitizer (PtQUtB'29),

in conjunction with a MRTADF (3-DABNA'®) or pyrenebased fluorescent emitter
(TBPDP'83189 (Schemell). Although the investigated hyperfluorescent deviessttedcloser

in the cyan regiorfi490-520nm) of the visible spectrunthe EQE could be more than doubled in
comparison to the phosphorescent de¥é&Vvhile achievinga peak EQE of more than 25%
device lifetime could also be improvedby nearly an order of magnitudever the purely
phosphorescent OLED devit& The aforementionedrans-Pt(l1)-NHC phenyacetylidesare
interesting candidates for applicationhyperfluorescent deviceas they generally show a more
hypsochromic electroluminescence (488%%) in comparison to PtONd@tb (457nm!9), paving
the way for deejblue hyperfluorescent OLED devices.
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1.5 Motivation

As outlined in the preceding sections, domcept oftrategically incorporatingulky moieties to
function asdispersion energy donating sites in the design of various molecular systems has just
recently flourished in the chemical commurfitywith few exceptions, such efforts have been
limited to the use of carbemasedmnoieties However, silyl groups clearly hold great potentaal
function as DED®wing to theirbasic physical properties (polarizabilapdbulkiness) with the

added advantage d¢ie availability of astructurally diverse library fosyntheticprecursors to
choose fromAt the same timethe 1,4/1,6-di-subsituted COTsystemhas recently proven to be a
particularly robust molecular balance system dbtaining quantitative experimental insight

into LD interactionsof DEDs%°

Therefore, theaim of this work was to study the utility of silyl groups as dispersion energy
donors on a conceptual level utilizingppropriately 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 naturéD»finteractionsas a hidden source of
stabilization in other NCIsTo investigate potential practical applications silfyl-DEDs, we

aimed atexploiting the latterfor guiding aggregation and fineuning electronic propertiesf

luminescent functional materidisr use in OLED devices

We henceprepared silyl COT molecular balances featurinmedest(section 2.1/2.2¥" and
higher (sections 2.3/2 #§ degree of flexibilityand investigated tlrefolding behavior In efforts
related to the molecular balancpeeparedin section 2.3/2.4we studieda COT molecular
balancesystem modelingan elusive hydrogen bonded dimer (cyclic water dimer transition
staté®d) in the folded state of the balanésection 2.5/2.63%° Finally, we investigated the
aggregation behavior and photophysical propertiestrahsPt(Il)-NHC phenyacetylides
substituted witlsilyl- and carborDEDs (section 2.7)with the goal of producing molecules with
the potential for bluemitting OLEDs
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2. Publications & Manuscripts

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

Introduction

In the framework of our first publicatié®, we quantifiedthe steric influencend LD induced

stabilization effect@xertedoy commonly utilizedsilyl groups on the conformational equilibrium

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

were preparedtilizing thedi-anion route described in sectidn3, and the folding equilibriunof

the balancewas investigatestia *H-NMR in deuteratedoluene in a temperature range of 4G

to 100°C (313K to 373K). This allowedustodi ssect our expé&gvamesnt al |
into enthalpic and entropic contribution¥Ve conducted detailed computational analyses
employing homodesmotic equations and energy decomposition analysasoais levels of

theory, to quantify the magnitude of LD stabilization in the-idgner ad otherattractiveor
repulsiveinteractions. We also computed activation barriers utilizing melérence methods, in

order to estimate equilibration Kinetics.

We foundthe equilibriumof the molecular balance &hift, favoring the unfolded 1;&omer, the
bulkier the investigatedsilyl group Solely the ditrimethylsilyl (TMS) molecular balance
favored the sterically congested li€omer. Our computationalinvestigations revealed.D
interactiongo bethe decisive contributor to the stability of folded-isémes. However, the LD
governed alignment of silyl groups in the Isémersalso inducedubstantial strain on the COT
backbonen bulkier derivatives, resulting in an overplieference for the 1;4omer. However,

as our experi me G ah tlHe opaduest correlmedn verg wetp with steric
parametes of the respective substituents, we were able to interpetatec parameterfor the
recently introduced tiiso-butylsilyl (TIBS) protecting groug® We furthermore found TIBS to

be a particularly good DED, contributigoundi 6 kcal mol' ! of LD interactiongto the stability

of the 1,6isomer The latter was found to be velikely related to thed di st al 6 subst
pattern TIBS alsodisplayeda considerably smaller apparent bulkiness than comparable DEDs
such as triso-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-b@ed)
molecular balancdi-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 1,4alence isomer the silyl groups are far apdife(© 5. 15 ), -t he f ¢
i somer is affected greatly biy oondie® aXx.ex& ji)n.t
In order to investigate the thermodynamic equilibrium between theadgbl,4valence isomers,

we employed temperatuteependent nuclear magnetic resonance measurements. Additionally,

we assessed the nature of attractive and repulsive interactionsdisily6COT derivatives via

a combination of local energy decomposition analysis (LED) and symiagdigted perturbation

theory (SAPT) at the DLPN@CSD(T)/def2TZVP and sSAPTO/augc-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.
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ABSTRACT: We present an experimental and computational study
of a cyclooctatetraene (COT)-based molecular balance disubstituted
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 (d,_, > 5.15 A), the
folded 1,6-isomer is affected greatly by noncovalent interactions due
to close 6—o contacts (d,_, < 2.58 A). 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 sSAPTO0/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.

Internal

Strain ",&go
.V
London . P Pl

Dispersion

Bl INTRODUCTION approximately additive pairwise interactions, it is clear that
large alkyl and silyl groups must be more than just providers of
steric bulk. While LD interactions between alkyl groups,
allegedly, are capable of facilitating labile compounds such as
hexaphenylethane®™>* or coupled diamondoids™* by offering
intramolecular stabilization, the effects of commonly utilized
silyl groups have not been studied in detail. Apart from
intramolecular noncovalent interactions, intermolecular stabi-
lization via silyl groups, that is, in transition structures, can be
of great importance. Hartwig et al.”* already demonstrated the
impact of trimethgflsilyl (TMS) as a dispersion energy donor
group”® (DED'"’) in hydroboration reactions. Here, the
TMS groups increased reaction rates by binding the substrate
more efficiently. With the aim to utilize silyl groups as variable
steric directing groups, we chose a cyclooctatetraene (COT)-
based molecular balance to gauge the size and potential of
commonly used silyl groups to act as DEDs.

A systematic study of the di-tert-butyl-substituted COT
molecular balance in various solvents highlighted the attractive
nature of LD interactions.”® The disubstituted COT system,
initially presented by Streitwieser et al.”’ using di-tert-butyl

Silyl groups often are conveniently employed to transform, for
example, “reactive” hydroxyl groups to “unreactive” silyl
ethers."” These groups enjoy great popularity due to their
commercial availability, simple attachment, as well as mild and
selective detachment procedures. Such silyl-protecting groups
are commonly chosen on the basis of their stability under
typically neutral or basic reaction conditions. The bulkiness of
silyl-protecting groups is mostly considered only with regards
to selective cleavability.” The use of abbreviations such as TPS
(triphenylsilyl) further obfuscates the spatial demand of such
groups. However, attaching bulky silyl-protecting groups to a
flexible backbone can significantly alter conformational
preferences and hence the stereoelectronic properties of a
system. This is highlighted by so-called “super-armed” glycosyl
donors, for which exclusive protection with bulky silyl ethers
enforces an all-axial conformation.”® As a consequence, this
results in a reactivity increase by more than an order of
magnitude in comparison to the benzylated derivatives.*®
Clearly, bulkiness is an important feature of the most
frequently utilized silyl-protecting groups, but this fact is
often not given much attention. Consequently, only a few

efforts have been made to quantify the steric demand of such -
8 Published: March 16, 2022 H
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6

groups.” -
In recent years, the role of London dispersion (LD)

. . 9—12 ..

interactions as a decisive structural factor for conforma-

tional preferences and transition structures emerged in a
: 13-19 : :

variety of molecular systems. Because LD interactions are

© 2022 The Authors. Published by
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Scheme 1. Equilibrium of 1,4- and 1,6-Disilyl Substituted
Cyclooctatetraene

close non-
covalent contact
R3S
Keg R3Si SiR3
SiR3
1,4-COT 1,6-COT

substituents and its folding mechanism (a double-bond valence
shift and r1n§ inversion’”?'), has been studied both
experimentally”’ 273% and computationally.g’s'36 All studies
confirmed the sterically more hindered 1,6-di-tert-butyl COT
to be the preferred valence isomer in solution and in the gas
phase.

We chose the COT system to enforce close 6—¢ contacts in
the 1,6-disilyl-COT (Scheme 1) valence isomer. On the other
hand, the 1,4-disilyl-COT does not display close contacts
between the silyl groups. An analysis of the equilibrium
between 1,6- and 1,4-disilyl- COT should offer insights into the
attractive and repulsive nature between the silyl groups. While
di-tert-butyl substituted COT prefers the folded isomer
independent of the solvent, bulky silyl groups are expected to
disfavor this valence isomer due to an increasing number of
repulsive contacts.”® Therefore, our system is suitable to gauge
the relative bulkiness of various silyl groups.

B RESULTS AND DISCUSSION

We utilized the COT molecular balance substituted with
trimethylsilyl’” (TMS), triethylsilyl (TES), tert-butyldimethyl-
silyl*® (TBDMS), tri-iso-propylsilyl® (TIPS), tri-iso-butylsilyl
(TIBS), tris(trimethylsilyl)silyl (TTMSS), and triphenylsil-
y1*%* (TPS).

We adopted modified literature 1:)1'0cedures37_41 to synthe-
size the disilyl COT derivatives (Scheme 2). We gathered

Scheme 2. Synthetic Procedure for the Preparation of
Disilyl COT Derivatives (Left) and Single Crystal X-ray
Structure of di-TIPS COT (Bottom Right, Bond Distances
in A)“

Silyl triflates:.
Et;SiOTf (TES), (iBu);SiOTf (TIBS), Me,BuSiOTf (TBDMS),
(iPr)sSiOTF (TIPS), PhsSiOTF (TPS), (SiMes);SIOTE (TTMSS)

3 eq n-BuLi
3 eq TMEDA
1.75 eq silyl triflate
or TMSCI

0°Ctort, 48n R R -50°Ctor, 2 F cmnan
penlaneiDME

48-63% when R = SiR;

2 eq - BuL\

O

1

2 eqn-Buli 13% when R = SiPh;
For TMS 28q AgNO;
-50°Ctort, 2h f«
™

1& ,c-,,/' if“
- Xray,R=iPr
55%

“Thermal ellipsoid plot of the molecular structure obtained by single-
crystal X-ray diffraction was drawn at 50% probability level.
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single-crystal X-ray structural data for di-TIPS-COT (Scheme
2) and di-TTMSS-COT (see Supporting Information). Both
compounds crystallize in the unfolded valence isomer form,
thereby maximizing intermolecular alkyl—alkyl interactions. In
solution, di-TIPS-COT equilibrates between both diaster-
eomers. The thermodynamic equilibria were subjected to van’t
Hoft analyses utilizing temperature-dependent nuclear mag-
netic resonance (NMR) measurements to dissect the isomer-
ization enthalpies (AHeq) and entropies (ASeq).

NMR samples were equilibrated for 16 h at 40 °C prior to
the experiment (Figure 1) and measured in the temperature
range of 313—373 K (steps of 10 K; for details, see Supporting
Information). All COT balances show linear regressions with
R* > 0.97. As the folding equilibrium of di-tert-butyl
substituted COT varies with the NMR solvent in a range
from K., = 1.18—2.13, toluene was chosen for temperature-
dependent measurements, as it lies in the middle of the solvent
bias range (K., = 1.55).”°

We also analyzed the noncovalent interactions between the
silyl groups computationally utilizing the well-established
B3LYP*** functional excluding and including LD interactions
with the Becke—_]ohnson (BJ) damped dispersion D3
correction of Grimme et al.””** This provides an estimate of
the LD correction. To validate this method, we compared our
results with those computed using the M06-2X** and wB97X
D™ functional combinations. Ahlrich’s def2-TZVPP basis set*’
was used for all computations. Because all methods show the
same trend, the B3LYP-D3(BJ)/def2-TZVPP-optimized geo-
metries were utilized as the basis for DLPNO-CCSD(T)/def2-
TZVP single-point energy computations***’ (see Supporting
Information). This approach has demonstrated good agree-
ment with experimental data for COT molecular balances.”®
The rate-determining double-bond valence shift barrier was
computationally estimated to be around 24 kcal mol™ for
alkyl-substituted silyl groups, which is similar to that of di-tert-
butyl COT.*® In contrast, the activation barrier for di-TPS-
COT was estimated to be around 35 kcal mol™!, that is,
thermally out of reach for our experimental parameters (see
Supporting Information).

While the silyl groups are even more demanding in size than
a tert-butyl substituent (with van der Waals Volume of around
101 A3, Scheme 3 and Supporting Information), the equilibria
between 1,6- and 1,4-disilyl-COT were assumed to shift
markedly toward the unfolded balance. Figure 2 displays the
experimental enthalpies AH,, (black markings) and the
computed values (red markmg% While computations suggest
that the di-TMS-COT is nearly thermoneutral (AH,q % 0 keal
mol ™), larger silyl groups shift the equilibrium toward 1,4-
disilyl-COT. The computed increase in energy for the
equilibrium depicted in Figure 2 between di-TBDMS-, di-
TES-, di-TIPS-, and di-TTMSS-COT ranges from 0.3 to 1.4
kcal mol™!, favoring 1,4-disilyl-COT. The computational
assessment and the experimental data agree within +0.6 kcal
mol™ with an experimental error smaller than 0.13 kcal mol™.
The experimentally determined enthalpy value for di-TMS-
COT is with AH, = —0.6, only 0.1 kcal mol™ ! higher in energy
than the di-tert- butyl substituted COT.”® While di-TTMSS-
COT is completely in favor of 1,4-disilyl-COT and therefore
cannot be measured, the di-TIPS-COT equilibrium shows the
highest enthalpy (AHeq = 1.7 keal mol™). Interestingly, di-
TIBS-COT does not follow the expected pattern that a larger
van der Waals surface or volume introduces more steric
hindrance into the system. Both the computational and

https://doi.org/10.1021/acsjoc.1c03103
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Figure 1. '"H NMR spectra (600 MHz) and signal assignment of the equilibrium between 1,4- (red) and 1,6-di-TMS (blue) COT at 40 °C.

Scheme 3. Comparison of van der Waals Surfaces and Volumes of Tri-substituted Silyl Groups (Optimized with the Silane
Geometry) at the B3LYP-D3/def2-TZVPP Level of Theory

”‘TL f“ /t: S

Structure \Tﬂ'\r _’\ ,-\’( ! > ‘51\ ‘

Abbreviation ™S TBDMS TES TIPS TIBS TI™ss
V::r'f’::e“(if]" 127.8 1711 1733 219.2 295.7 340.2
Van der Waals
Volume [A?] 109.2 155.5 1515 199.6 285.2 3288
experimental values give a AH,, as high as di-TBDMS- and di- groups. Therefore, the largest alkyl substituent (TTMSS)
TES-COT (AH,, ~ 0.8 kcal mol !). Therefore, an additional stabilizes 1,6-disilyl-COT by around AEy, = —5.0 keal mol™
source of stabilization must be present. Only di-TIBS-COT deviates from the general trend observed.
Three questions arise from the data collected: For better energy estimates of the intramolecular LD
1. What is the origin of the stabilization of the folded di- interactions, we performed local energy deC‘?,"“I’(’Sitionb27)4
TMS-COT? (LED) analyses as implemented in ORCA.” Thereby, we
2. Why do larger silyl groups not show similar behavior? separated each balance into three molecular fragments (F1, F2,
3. Why does di-TIBS-COT not follow that trend? and F3) according to Figure 4 and dissected the interaction

energy into its main parts. Because this process involves bond
splitting, the resulting radical fragment interactions involve
large electrostatic interactions. As a consequence, we can only
isolate an energy term for LD interactions between F2 and F3.

Apart from di-TIBS substituted COT, the results of this
analysis (Figure 4) fit qualitatively to the results of the
correction estimate, which we take, in a first approximation, as homodesmotic equation (Figure 3). While in both cases the

a measure of the dispersion energy. This seems reasonable, as magnitude of intramolecular LD interactions increases from di-
we are comparing similar groups in the same molecular system TMS- to di-TTMSS-COT, di-TIBS-COT is the strongest

To answer the first question, we focused on the noncovalent
interactions between the interacting groups. By utilizing
homodesmotic equations,””*" we extracted the magnitude of
the LD interactions due to close 6—o contacts between the
silyl groups in 1,6-disilyl-COT. Including and excluding LD
interactions via Grimme’s D3(BJ) correction results in an LD

where absolute magnitudes are less important than relative dispersion energy donor (DED) group within the LED
measures for comparison. analysis. On the other hand, di-TMS-COT benefits the least
The analysis reveals large LD contributions between the silyl from stabilizing LD interactions. Nevertheless, it is the only
groups (Figure 3). Whereas the DFT computations excluding case favoring 1,6-disilyl-COT. Counteracting repulsive inter-
LD (red bars) demonstrate the general assumption that large actions do not outweigh the LD stabilization in di-TMS-COT.
substituents repel each other due to steric hindrance, including The strong stabilizing contacts between two TIBS groups
LD (blue bars) suggests the opposite trend. The magnitude of translate into a measurable shift in the equilibrium as well. In
LD interactions (green bars) increases with the size of the silyl comparison to di-TMS-COT, the interaction is not prominent
4672 https://doi.org/10.1021/acs.joc.1c03103
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