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Abstract

The aim of this work is to study the chemistry of pentaarylcyclopentadienyl
systems. Pentaarylcyclopentadienes with different substituents are synthesized in
order to influence their electronic and steric properties. Deprotonation of these
pentaarylcyclopentadienes allows the preparation of the corresponding anions in
the form of alkali metal salts. These anions can be used in salt metathesis reactions
to generate cyclopentadienylpnictogen dichlorides, which serve as synthetic
building blocks for "PnCly" synthons as well as for the synthesis of tetrel(Il)
metallocenes. In addition, these anions can be oxidized to cyclopentadienyl radicals,
which exhibit intriguing Jahn-Teller distortions and exist as two distinct valence
tautomers that have been observed for the first time via single-crystal X-ray
diffraction (sc-XRD).

The cyclopentadienyl radicals can be used directly for the synthesis of metallocenes
or half-metallocenes using activated elemental metals. In addition, attempts were
made to synthesize potentially antiaromatic cyclopentadienyl cations; however,
isolation of the products was not achieved due to decomposition reactions. To
overcome this problem, perfluorination and the use of oxidation-resistant solvents
were employed, leading to the successful synthesis and characterization of the first
crystalline salt of a cyclopentadienyl cation stable at room temperature. The
antiaromatic singlet state of this cyclopentadienyl cation is stabilized by the
environment in the crystal. In addition, the corresponding perfluorinated
pentaphenylcyclopentadienyl radical was prepared and used as a one-electron

oxidizing agent, forming a stable, weakly coordinating anion.



Zusammenfassung

Das Ziel dieser Arbeit ist die Untersuchung der Chemie von
Pentaarylcyclopentadienylsystemen. Es werden Pentaarylcyclopentadiene mit
verschiedenen Substituenten und unterschiedlichen elektronischen und sterischen
Eigenschaften synthetisiert. Die Deprotonierung dieser Pentaarylcyclopentadiene
ermoglicht die Herstellung der entsprechenden Anionen in Form von
Alkalimetallsalzen. Diese Anionen konnen in Salzmetathesereaktionen zur
Erzeugung von Cyclopentadienylpnictogendichloriden verwendet werden, die als
Synthesebausteine fiir "PnCL"-Synthone sowie fiir die Synthese von Tetrel(Il)-
Metallocenen dienen.

Dariiber hinaus konnen diese Anionen oxidiert werden, um Cyclopentadienyl-
Radikale zu bilden, die Jahn-Teller-Verzerrungen aufweisen und als zwei
verschiedene Valenztautomere existieren, die zum ersten Mal ({iber
Kristallstrukturen nachgewiesen wurden. Die Cyclopentadienylradikale konnen
direkt fur die Synthese von Metallocenen oder Halbmetallocenen unter
Verwendung aktivierter elementarer Metalle verwendet werden. Dartiber hinaus
wurden Versuche unternommen die entsprechenden potenziell antiaromatischen
Cyclopentadienylkationen zu synthetisieren. lhre Isolierung wurde jedoch
aufgrund von Zersetzungsreaktionen nicht erreicht.

Dieses  Problem  konnte  durch die  Verwendung  perfluorierter
Pentaarylcyclopentadienylsysteme und oxidationsbestandiger Losungsmittel
tiberwunden werden, was zur erfolgreichen Synthese und Charakterisierung des
ersten kristallinen, bei Raumtemperatur stabilen Salzes eines Cyclopentadienyl-
Kations tiihrte. Der antiaromatische Singulett-Zustand dieses
Cyclopentadienylkations wird durch die Umgebung im Kristall stabilisiert.
Dartiber hinaus wurde das entsprechende perfluorierte
Pentaphenylcyclopentadienylradikal —hergestellt und als Ein-Elektronen-

Oxidationsmittel verwendet.
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Introduction

1 Introduction

The cyclopentadienyl anion is among the most frequently used ligands in
organometallic chemistry. Its use in transition metal chemistry dates back to the
serendipitous observations of Kealy, Pauson, Miller, Tebboth and Tremaine who
prepared a volatile iron(Il) cyclopentadienide (i.e. ferrocene) either during the
attempted synthesis of fulvalene by one-electron oxidation of the cyclopentadienyl
anion with FeCls[!l or by the reaction of cylopentadiene vapor at 300 °C with finely

divided elemental iron.[2]

PN H
16 SN CH
OH—Fe—CH (
CH / N CH
NoH Non?
I
CH
7N CHE\
cH - CH
| CH(Fel+)+) CH |
cH \ CH
Nop” cu?

IT

Figure 1: Lewis formula of ferrocene, postulated by Kealy and Pauson.[!l Miller, Tebboth
and Tremaine formulated an analogous structure.[!

The Lewis structure proposed by these researchers may seem clumsy from a
modern point of view. Nonetheless, they rightly pronounce the aromaticity of the
formed cyclopentadienyl compound:
“The remarkable stability of this substance is, of course, in sharp contrast to
the failures of earlier workers to prepare similar compounds and must be
attributed to the tendency of the cyclopentadienyl group to become
‘aromatic’ by acquisition of a negative charge, resulting in important
contributions from the resonance form (II) and intermediate forms.” 1]
The aromaticity of the cyclopentadienyl anion was already widely accepted at this

time, as it was part of the seminal works of Hiickel.[3!
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Figure 2: Structure of ferrocene, postulated by Wilkinson et al.l4]

Only four months later, Wilkinson et al. had reproduced the results and came to the
right conclusions concerning the structure of ferrocene (Figure 2), based on the
methods available in 1952, i.e. IR and UV /Vis spectroscopy, and determination of
its molar magnetic susceptibility and dipole moment.l*! Its amenability to
Friedel-Crafts Acylation and otherwise low reactivity made them also recognize its
aromaticity.[!

During the following years, the cyclopentadienyl complexes of nearly all transition
metals were prepared. This was later recalled as “the event that led to the
development of the modern field of organometallic chemistry”.l6] Cyclopentadienyl
compounds of the p-block elements followed, e.g. by the Jutzi group.l’!

As is often the case in science, 8l this fundamental research was at first driven by
curiosity.’l Nonetheless, commercially relevant applications followed, especially
the zirconocene or hafnocene derived Kaminsky catalysts.['9] Many other
cyclopentadienyl complexes did not find application in the chemical industry
(possibly due to their high cost), but are of scientific interest. Among these are for
example useful reductants like decamethylsamarocenel™l or cobaltocenell?,
oxidants like ferrocenium salts,*] or low valent compounds like

(pentamethylcyclopentadienyl)aluminium(I) or decaisopropyluranocene.
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2 Theoretical Background

2.1 Aromaticity and Antiaromaticity

Faraday's discovery of benzene in 1825 was recognized as a groundbreaking
chemical achievement.[13] Benzene and its derivatives, often a component of
essential oils, were soon called aromatics, initially because of their often pleasant
and strong odor.[*] The name soon became more generally applied and was defined
by the reactivity of aromatics, which is distinct from that of alkenes, i.e. aversion to
addition reactions and preference for substitution reactions. However, it took
several decades for scientists to gain a deeper understanding of the structure of
benzene. In 1858, Kekulé's daydream by the fireplace was the beginning of a chain
of events that shed light on benzene's unique bonding situation.[3! To understand
the significance of this hypothesis, it is important to remember that it was the first
proposal for a cyclic molecular structure.[1] This was at a time when even the
existence of electrons was unknown.[171 Despite this progress, 19th-century chemists
struggled to explain the low reactivity and relative inertness of benzene towards
hydrogenation.

In 1911, Willstétter's synthesis of 1,3,5,7-cyclooctatetraene further complicated the
situation by challenging the prevailing notion that all cyclic conjugated polyenes
would behave like aromatics.[18] It became clear that the number of o electrons
played a crucial role in the chemical behavior of these cyclic compounds, 1l but it
was not until Hiickel's seminal work in the application of quantum mechanics to
fully conjugated monocyclic alkenes (also termed annulenes) that an explanation for
this phenomenon emerged.l®] Hiickel used the approximations that only the m
electrons needed to be taken into account and that only the orbitals of neighbouring
atoms interacted. This led to what is now known as Hiickel's rule, which states that
cyclic molecules with (4n+2) o electrons (where n is a natural number) have
exceptional stability.

Initially, only benzene and the cyclopentadienyl anion were known as monocyclic
representatives. Both obey Hiickel’s rule with n = 1. However, in 1958 and 1960,

Breslow's cyclopropenyl cation (n = 0) and Katz's cyclooctatetraene dianion (n = 2)
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were discovered, further confirming the predictions of Hiickel's rule and extending
it to other natural numbers.[20] Like other aromatic molecules, these compounds also
exhibited aromaticity and displayed enhanced thermodynamic stability, equalized
bond lengths, and maintained cyclic delocalization of electrons during chemical
reactions.

On the other hand, the concept of antiaromaticity, introduced by Breslow in the
1960s, describes the destabilizing effect of cyclic i1 conjugation in systems with 4n it
electrons.l?l Antiaromatic molecules often avoid this destabilization through
distortion, representing transition states rather than stable compounds. Isolating
antiaromatic systems poses a significant challenge due to their inherent instability
and high reactivity. Furthermore, the fact that the triplet states of these systems are
aromatic renders the isolation of the antiaromatic state nearly impossible in some
cases.

Historically, the cyclopropenyl anion, the cyclobutadiene molecule, and the
cyclopentadienyl cation were considered examples of 4n m-electron systems with
antiaromatic character. Without the need to actually isolate them, Breslow was able
to experimentally demonstrate the destabilization of cyclopropenyl anions by
harmonic AC voltammetry and deuterium exchange experiments.l?2l He also
showed that the stability of the corresponding radicals was in between aromatic and
antiaromatic molecules. In the following years, cyclobutadienes were investigated
as other potential antiaromatic systems. Due to the high reactivity of these systems,
this has often required the use of spectroscopic techniques that circumvent their
isolation; for example, unsubstituted cyclobutadiene has been studied in the gas
phasel?3] and in matrices at low temperature,[?#] but it is too reactive to be isolated.
After decades of unsuccessful attempts,[?4l the progress to “bottleable” compounds
and the elucidation of their crystal structure was made possible by the use of
sterically shielded cyclobutadiene derivatives with t-butyl or trimethylsilyl

substituents.[?3]
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However, the cyclopropenyl anion is now considered to be non-aromatic rather
than antiaromatic,[?°l and the cyclobutadiene molecule is regarded as an exception,
that is difficult to classify,[?] leaving the cyclopentadienyl cation as a simple
prototype of an antiaromatic system.

Unfortunately, the cyclopentadienyl cation (CsHs*) is unstablel8] and has a triplet
ground state, as demonstrated by low-temperature electron spin resonance (ESR)
experiments.l?’l This also applies to substituted cyclopentadienyl cations like
CsCl5*.1301 According to Baird's rule, 4n 1 ring systems have aromatic triplet states,
as the bonding energy is significantly higher than that of the diradical reference
structure.3132] Therefore, the ground states of CsHs* and CsCls* are considered
aromatic rather than antiaromatic. In contrast, pentaaryl-substituted
cyclopentadienyl cations favor the singlet ground state, with a small energy gap
between singlet and triplet states.[33-3¢] These species persist as relatively stable
entities in solution due to the substantial delocalization of positive charge and steric
shielding effects.

When the work presented here was begun, there had been no reports of structurally
characterized cyclopentadienyl cations using single-crystal X-ray diffraction (sc-
XRD) due to their high lability?ll and only cyclopentadienyl cations with strongly
electron-donating substituents have proven to be stable species.[3”] Attempts have
been made to isolate crystalline salts of cyclopentadienyl cations. These have not
been successful, leading to decomposition via various side reactions. For instance,
heating a solution of the CsMes* cation results in the formation of
tetramethylpentafulvene and CsMesH>*,38! while the CsPhs* cation decomposes
through C-H cleavage and additional C-C bond formation.[®l Dimerization was
observed for the CsCls* and CsBrs* cations.[*)] In 2002, a stable B(CsFs)4 salt of the
pentamethylcyclopentadienyl cation (CsMes*) was reported,[38 but subsequent
studies revealed it to be the pentamethylcyclopentenyl cation.[*ll More recently, the
reaction of triplet tetrachlorocyclopentadienylidene with BF3 resulted in the
formation of a zwitterion consisting of an antiaromatic singlet cyclopentadienyl

cation and a negatively charged BF3 unit.[4?]
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211 Measures of Aromaticity and Antiaromaticity

The inherent ambiguity surrounding the concept of aromaticity has led to the search
for a precise and measurable definition, resulting in the emergence of various
aromaticity criteria and indices.43!

In the absence of most of the concepts of modern physical chemistry, aromaticity
was initially defined purely in terms of chemical reactivity. Those unsaturated
molecules that preferred substitution reactions to addition reactions were
considered aromatic. This criterion (as well as others) was later criticized because it
applied to benzene but not to many compounds usually considered aromatic. For
example, it has long been known that many benzenoid hydrocarbons undergo
addition reactions rather than substitution. Phenanthrene and anthracene add
bromine, and the latter serves as a diene in Diels-Alder reactions. Fullerenes are
aromatic, but substitution is not possible.[#4]

Nonetheless, aromaticity can also be investigated by more quantitative means.

A frequently used criterion is bond lengths equalization. While aromatic
compounds are expected to show equal bond lengths, the bond lengths in non-
aromatic or antiaromatic compounds alternate.

In the mid-1960s, the Harmonic Oscillator Measure of Aromaticity (HOMA) index,
a quantitative measure for the averaging of bond lengths was established and
defined as the normalized function of the variance of the bond lengths around the
circumference of the molecule.!5] This approach was limited to purely carbocyclic
11 electron systems. To overcome this, the average bond length can be replaced with
the optimal bond length, Rop:, which can be estimated for each type of bond
(including those with heteroatoms) for which the lengths of the double and single

bonds are available.[46]

a n
HOMA =1 - ;Z(Ropt —R))?
i

n is the number of bonds in the ring and «a is a normalizing constant that was chosen
in a way that HOMA index equals 1 for a system where all R; = Ryt and HOMA

equals O for the hypothetical structure of “cyclohexatriene”.
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Ropt was estimated by minimizing the deformation energy due to stretching and
bending of the double and single bonds, respectively, under the assumption that
both the harmonic potential for the deformation energy, and the force constant for
the stretching deformation for the double bond is twice that for the single bond.
Values typically used are Ry = 1.388 A for a C—C bond and a = 257.7 A-2.14]
However, geometric criteria for aromaticity can be problematic, because some
bond-length equalized systems are not aromatic. For example, borazine has six i
electrons and equalized bond lengths, but it is typically not considered to be
aromatic, because its 1 electrons are largely localized on the nitrogen atoms.3]
Tetracene and phenanthrene, which are typically considered aromatic, have widely
varying bond lengths.[43]

Another possible approach to investigate aromaticity is by energetic criteria -
aromatic systems typically have enhanced stability.[*4 This approach typically relies
on the comparison with reference systems. For example, the hydrogenation
enthalpy of benzene can be compared to cyclohexene and is found to be 35.2
kcal/mol lower than expected.l* The stabilization energy obtained in this way
obviously depends on the chosen reference system and is also influenced by ring
strain and steric effects.[44]

Even more important are magnetic criteria. Aromatic compounds typically show
exalted diamagnetic susceptibility, while antiaromatic compounds often show
exalted paramagnetic susceptibility.l*4l Unfortunately, this effect depends on the
ring area.

The development of NMR spectroscopy has enhanced the use of magnetic criteria,
because it allows insight in the magnetic field strengths at the location of a defined
nucleus. Due to ring current effects, annulenes often exhibit unusual chemical shifts
for example in their TH or 13C NMR spectra. Due to the abundance of NMR
spectroscopy, this is perhaps the most often used criterion today. For aromatic
systems, the ring currents lead to a deshielding of atoms which are outside or part
of the ring and to a shielding of atoms inside the ring. The effect for antiaromatic

systems is the opposite.[47]
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O
OOO

7.3 5.6 8.14 - 8.67 (ring) 6.95 - 7.27 (ring) 9.0 (outer)
-4.25 (CH3) -0.51 (CH,) -3.0 (inner)

Figure 3: TH NMR chemical shifts in ppm for different aromatic or non-aromatic
systems.[43]

Positions inside the ring or above the ring planes are preferentially used because
the induced effects are larger,[*3] but are often not accessible in smaller rings. This
can be overcome by using the chemical shift of a lithium ion as a magnetical probe.
Lithium cations are well suited because they typically form complexes at the
optimal sites, i.e., the m faces of aromatic systems. Due to the predominantly
electrostatic nature of lithium bonding, the experimental 7Li chemical shifts tend to
be very similar for most compounds, but can be strongly influenced by the
proximity of 1 systems.[43]

Obviously, it is not possible to prepare the corresponding Li complex for each
system under investigation. Moreover, the system is influenced - albeit only slightly
- by the proximity of a lithium ion.[*3] The use of calculated chemical shifts (Nucleus
Independent Chemical Shifts; NICS) therefore expands the possibilities
enormously.[4348]

NICS offers several advantages over other aromaticity criteria. Firstly, it does not
necessitate the use of reference standards, increment schemes, or calibration
equations for evaluation. Secondly, unlike the susceptibility which relies on the ring
area, NICS demonstrates only a modest dependence on the size of the ring.
However, it does exhibit a reliance on the number of 11 electrons. For instance,
systems with 10 1 electrons yield significantly higher NICS values compared to

those with six 1 electrons, such as the cyclooctatetraene dication and dianion.[43]
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2.2 The Jahn-Teller Effect and Valence Tautomerism

In 1937, Jahn and Teller proved by theoretical considerations that a non-linear
molecule in a spatially degenerate electronic state is unstable and will reduce its
symmetry to lift the degeneracy.l*l A molecule is spatially degenerate when it has
molecular orbitals that have the same energy eigenvalue but are filled to different
extents. In this situation (for non-linear molecules) there will always be a distortion
of the molecule that lowers the energy of the orbitals which are filled to a higher
extent and raises the energy of orbitals which are filled to a lower extent, resulting
in an overall gain in stability.

&
Jahn-Teller

47 4—‘» distortion _1_ %

Figure 4: Jahn-Teller distortion of a hypothetical molecule with two degenerate
molecular orbitals and 3 electrons.

A Jahn-Teller distortion also occurs in the case of the cyclopentadienyl radical.
While the Cp anion with fully filled orbitals assumes a fully symmetric (Dsr) shape,
the symmetry of the Cp radical, which has one electron less in its orbitals, is lowered
to Cov. There are two different ways in which this distortion can occur, depending
on which orbital is filled to what extent (cf. Figure 4).
The two differently distorted forms can be called "valence tautomers" if the
transitions between these differently distorted forms are interpreted as breaking
and forming double and single bonds.
IUPAC defines valence tautomerism as follows:[3]
The term describes simple reversible and generally rapid isomerizations or
degenerate rearrangements involving the formation and rupture of single

and/or double bonds, without migration of atoms or groups; e.g.

o=
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Cp anion: 1 electronic state

i — — g — &
gy T
B8 -+ Fa8 -+

{2

Cp radical: 2 electronic states

i — 1 B — &b i
T T TR B R =
893+ f -+

(Y

Cp cation: 3 electronic states

Figure 5: MO diagrams for the different electronic states of Cp anions, radicals, and
cations, accompanied by the Lewis structures visualizing the bond length alternations.
(Additional excited electronic states exist, but are omitted for clarity).

Sc-XRD analysis has revealed Jahn-Teller distortion in numerous annulenes that do
not conform to Hiickel's rule. However, at the beginning of the research described
here, no sc-XRD data were available for cyclopentadienyl cations, and all known
structures of Cp radicals exhibited severe disorder or were substituted in a way that

itself strongly influenced their structure.
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Figure 6: Annulenes with known crystal structures. For exact substitution patterns see
the references.[51,52-54]

2.3 Super Acids and Weakly Coordinating Anions

As established by Lewis, acids are compounds which are able to accept electron
pairs and bases are compounds which can donate electron pairs.[5! In honor of him,
these reagents are also called Lewis acids and bases.

Because of the abundance of water as a solvent, protons play an especially
important role as Lewis acids. Compounds which can release protons therefore
have their own name and are called Bronsted acids or Bronsted-Lowry acids.150]
(Historically, Brensteds concept is older and was preceded by concepts which relied
on the taste of substances or the color change of plant dyes.)[57]

The proton - possessing no electrons - is not susceptible to electronic repulsion, but
is itself able to strongly polarize the electron shell of other molecules. Due to their
high electron affinity, “naked” protons cannot be observed in the condensed state.
Protons are always interacting with molecules of the acid or the solvent.

For Brensted acids in aqueous solution or in other solvents that can accept protons,
the strength of an acid can be measured by its acid dissociation constant, i.e. the
extent to which the acid protonates the solvent.l®l There are many strong acids
which are able to protonate water nearly quantitatively, rendering this measure for
their strength insignificant and limiting their utility. The choice of solvent generally

has a levelling effect on the maximum acidity that can be reached in this medium,

11
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because only bases that have a higher basicity than the solvent will react
quantitatively with the acid.[>°]

This problem can be overcome by the use of less basic solvents. AICl; in organic
solvents and neat sulfuric acid are common examples for acidic media that can
exceed the acidity that is amenable in dilute aqueous solutions. Acids which are
stronger than these “conventional” acids are considered super acids.l>]

In contrast to Brensted acids in water, there is no single scale of acidity for Lewis or
Brensted acids in other solvents, because the equilibrium constant for their reaction
with bases depends on the environment and the order of acidity can be reversed
depending on the circumstances. Nonetheless, acids can be compared when a
specific reference system is chosen. A well-established reference system is for
example the protonation of electron-deficient anilines or other very weak bases as
indicators, which can be followed by UV/Vis or NMR spectroscopy.[>60 By using
several pairs of conjugated acids and bases with overlapping ranges this method
can be used to define an extension of the pH scale in aqueous solutions to other
solvents, known as Hammett acidity function (Ho). The Ho values in different
solutions are only comparable if the ratio between the equivalence points of the
different indicators is independent of the medium.0] This assumption is fulfilled
well enough to enable at least qualitative comparisons.[>]

Another elegant approach is to measure the electrochemical potential at a reversible
hydrogen electrode (Hz/Pt) and compare it with the potential of a redox couple
whose potential is assumed to be independent of the solvent like
ferrocene/ ferrocenium.[611 This method yields another extension of the pH scale and
is known as the Strehlow redox function (Ro(H)).[62! It has been used to compare the
acidity of solutions of various Lewis acids in anhydrous HF solution, although it is
somewhat limited, because solutions which react with Hz/Pt do not yield
meaningful results.

The acidity of Lewis acids can also be evaluated by quantum mechanical
computations. In this case, the enthalpy of reaction between the Lewis acid and a
model base, often a fluoride or a hydride ion, are calculated, leading to the fluoride

(FIA) or hydride ion affinities (HIA).[%3] The order of FIA values roughly agrees with

12
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the experimentally determined other acidity measures from Table 1 and has been
recently newly determined for an extensive set of compounds with modern
methods.[63]

Table 1: pH, pF, Ro(H), and H values of solutions of different buffers in anhydrous HF,
determined electrochemically.l®!l Cave: The pHur and pFur values correspond to much
higher acidities than the corresponding values in H,O.[61l

buffer pHur pFur Ro(H) Ho FIA
SbFs (1 mol/L) 0 13.7 -27.9 -22.1 362
AsFs/(AsFs)~ 2.1 11.6 -25.8 -20.0 323
TaFs/(TaFe)~ 4.6 9.1 -23.3 -17.5

BFs/(BF4)~ 6.6 7.1 -21.3 -15.5 258
NbFs/(NbFe)~ 7.0 6.7 -20.9 -15.1

PFs/ (PFe)~ 9.5 4.2 -18.4 -12.6 276
KF (1mol/L) 13.7 0 -14.2 -8.4

The conjugate base of a strong acid is necessarily a weak base and does show a low
tendency to coordination. Anions which possess this property are called weakly
coordinating anions. Their salts show a high solubility in organic solvents, can
stabilize unusual electrophilic species and the low electric field at their surface can
establish “pseudo gas-phase conditions” in condensed phases.[*4! Beside the anions
mentioned above, there are newer examples which have been designed to have a
low charge density. This is achieved by a low charge - typically singly negative -
and by a large size that is often realized by large organic substituents. Fluorination
of these substituents distributes the charge and leads to higher stability towards
nucleophilic attack. These requirements are for example met by
tetrakis(pentafluorophenyl)boratel®! tetrakis(nonafluoro-tert-butoxy)aluminate,[66]
a variety of carborate anionsl®’], or many others.[6468]

The stability of Weakly Coordinating Anions (WCAs) has been compared by
computationally studying their stability towards ligand abstraction by the
trimethylsilyl cation (Table 2).1]

13
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Table 2: Reaction energies AU in kJ/mol for ligand abstraction by the trimethylsilyl
cation for different WCAs in the gas phase, in chlorobenzene solution, and in 1,2-
difluorobenzene.[6%

Anion AU (gas) AU (PhCl) AU (F2C¢Ha)
BF.4 —-622 -272 -210
PFe —-566 —-228 -168
AsFe —-534 -203 -145
SbF -471 -164 -109
SbaF11 —437 -149 -98
SbsF16 —404 -140 -93
SbaF2 —-402 —-145 -100
[B(OTeFs)4] —-404 -157 -114
[As(OTeFs)s] —-388 -144 -102
[Sb(OTeFs)e] —-337 -94 =52
[AI(OC(CF3)3)4] —400 -142 -96
[(RO);AIFAI(OR)s]  —301 —-65 -23
R = OC(CFs)s

[B(CéFs)4] —488 —-232 -187
[B(CFs3)4] —-348 —-49 +5

The stability of the complex aluminate bases is probably overestimated in this study
because they typically decompose by fluoride abstraction and release of
perfluoroisobutylene oxide instead of simple ligand abstraction.[?)l Moreover, it is
noteworthy that among the fluoroantimonates, the SbsF1¢ anion is the most stable
in polar media. Both higher and lower degrees of condensation (Sb2F11 and SbsF21)
result in a destabilization.

24 Carbocations

A carbocation is a cation that has a substantial portion of its positive charge on a
carbon atom.’% Carbocations can be further divided into carbenium ions, that have
at least one important contributing structure containing a tervalent carbon atom

with a vacant p-orbital, and carbonium ions which have a higher number of
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substituents and often involve three-center-two-electron bonds.[”!] Unfortunately
both terms are also often used with other meanings.[50l

The actual existence of carbocations has long been unproven. This changed, when
compounds containing the tritylium cation were discovered!’2l and were soon
recognized to behave ,salt-like”.[”3] The similar nature of many dyes was soon
understood.[74]

These triarylmethyl cations were regarded as a peculiar, isolated phenomenon,
much like Gomberg's triarylmethyl radicals. In general, hydrocarbon cations were
thought to be inherently unstable, and their existence was even questioned due to
their transient nature.[’!l The realization that carbocations might be intermediates
in reactions between neutral molecules came from the observation that the rate of
some reactions increased with the dielectric constant of the solvent and in the
presence of Lewis acids.[”>]

The development of mass spectrometry confirmed the presence of gaseous cations,
but it provided no insight into their structure or their behavior in solution
chemistry. The direct observation and comprehensive study of stable, long-lasting
carbocations, apart from strongly stabilized ones, remained a challenging objective
that had yet to be achieved.[”!]

The transient nature of carbocations in reactions is a result of their reactivity
towards nucleophiles in a system. To isolate them, it is crucial to eliminate the
presence of nucleophiles, including nucleophilic solvents or counterions.

In order of increasing rigor, this principle was successfully used by Meerwein to
isolate trialkyloxonium salts, by Seel to isolate acetyl tetrafluoroborate, and finally
by Olah to isolate a variety of carbocations.[”¢] The latter was particularly successful
because he used very strong Lewis acids such as SbFs and weakly basic solvents
such as SO, SO.CIF, HSOsF or HF, often at low temperatures. The carbocations

were typically characterized using NMR spectroscopy.!1]

2.4.1 Selected Results

In Friedel-Crafts chemistry, it was observed that the acylation of aromatics with

pivaloyl chloride not only yielded the expected ketones but also t-butylated
15
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products. It was hypothesized that the formation of these products involved the
decarbonylation of the intermediate pivaloyl complex or cation.””] Consequently, it
was not surprising that the (CH3);CCOF-SbFs complex exhibited a significant
propensity for decarbonylation. Tracking of this process using NMR spectroscopy
led to the observation of the formation of the first stable, long-lived alkyl cation salt,

specifically t-butyl hexafluoroantimonate.

(0]
SbF +..0
—5> = —_— v
F -co

Figure 7: Synthesis of the pivaloyl cation and its decarboxylation to the t-butyl cation.

This groundbreaking discovery resulted in other general methods to obtain long-
lived alkyl cations in solution.

A noteworthy dispute in carbocation chemistry occurred when non-classical cations
were discovered, which questioned the prevailing comprehension of organic
structural chemistry during that era. The 2-norbornyl cation played an important
role in this debate.”8] In 1949, it was reported that the acetolysis of exo-2-norbornyl-
p-bromobenzenesulfonate was 350 times faster than that of its endo isomer and that

the same exo acetate was obtained from both reactants under racemization. [7]

fast slow
OBs —>» OAc —-— H
H H OBs
rac.

common intermediate?

A

2-norbornyl cation

Figure 8: Acetolysis of Norbornylbrosylates and the 2-norbornyl cation.

The explanation of the observations based on bridged or non-classical cations was
questioned and an alternative rationalization based on classical cations was
proposed. This led to a prolonged debate spanning several decades and involving
extensive analysis of spectroscopic and kinetic data.[8] Over time, evidence for a
non-classical structure gradually emerged. However, an important missing piece of

evidence was finally provided in 2013 through the use of low temperature sc-XRD.
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This breakthrough conclusively demonstrated that, at least under these specific
conditions,[”8] the 2-norbornyl cation is non-classical.[80l

A carbon centered cation which is interesting to discuss in the light of
antiaromaticity is the hexamethylbenzene dication. It is prepared by slow
dissolution of hexamethyl Dewar benzene epoxide in magic acid (HSO3F/excess
SbF5) followed by crystallization via addition of an excess of anhydrous HF at low
temperatures. When an excess of SbFs is used, the dication remains fairly stable in
solution at low temperatures.[8!l Formally, it should have 4 m electrons and could
potentially be planar, making it a candidate for an antiaromatic system. But it
evades antiaromaticity through a remarkably strong distortion, as first
demonstrated by NMR spectroscopy and reactivity studies beginning in 1973,[82]
and later confirmed by sc-XRD.[81]

o

singlet triplet singlet singlet
pyramid flat chair flat boat
0 82 80 129 118

experimentally observed
Figure 9: Calculated relative energies of Cs(CH3)s2* isomers in kcal/mol.[81]
Some carbon centered radical cations are also worth mentioning, even though they
are often not considered "carbocations".[8] Benzene radical cations have for example
been investigated in detail. They also show a Jahn-Teller distortion with two

possible valence tautomers which have both been observed in the crystalline state

(cf. Figure 10).[52-54]

17



Theoretical Background

Figure 10: Molecular orbitals of the hexafluorobenzene cation radical.[5

Another radical cation of interest in this context is the hexamethylbenzene radical
cation. This can be prepared in o-difluorobenzene, dichloromethane or sulfur
dioxide as solvent from hexamethylbenzene by oxidation with iodine and silver
tetrakis(perfluoro-t-butoxy)aluminate.84! The reaction of this radical cation with
elemental gallium or indium leads to the formation of the hexamethylbenzene
complexes of the monovalent gallium or indium ions. The hexamethylbenzene
radical cation is thus to be regarded as a ligand-forming oxidizing agent and in this

respect is very similar to the cyclopentadienyl radicals. 84

® -

2 + 2 Ag +hp — 2 + 2 Agl

® -

Scheme 1: Reaction of elemental gallium or indium with the hexamethylbenzene radical
cation as a ligand-forming oxidant.
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2.5 Pentaarylcyclopentadienyl Systems

2.5.1 Ligand Synthesis

The steric protection of reactive systems has emerged as a prominent strategy in
organic and organometallic chemistry. It serves as a key approach to successfully
isolate challenging targets that would otherwise be difficult to obtain. This strategy
has also been applied to cyclopentadienyl systems.
Unfortunately, despite the ease of availability and affordability of the dimer of
unsubstituted cyclopentadiene, the synthesis of numerous cyclopentadiene
derivatives often involves intricate multi-step procedures. [8]
However, a notable exception is the synthesis of pentaarylsubstituted
cyclopentadienes, which provides a contrasting simplicity.
Pentaarylcyclopentadienes are traditionally prepared through laborious multi-step
Aldol C-C coupling reactions, which offer the advantage of adaptability for the
synthesis of unsymmetrical pentaarylcyclopentadienes.l353¢] Nonetheless, it is a
laborious multi-step procedure.

I

OEt
©/\\\N * base > Hy0"
° ° v, O O
o

- NH,*
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Br OH
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¢ then H30*
-~ 3

o O O o O

Scheme 2: Example for a synthesis of pentaphenylcyclopentadiene via classical carbonyl
reactions.[3536]

The synthesis of symmetrically substituted Pentaarylcyclopentadienes was
significantly improved by Dyker and Miura et al., who designed a one-step
synthesis through multiple palladium-catalyzed cross-coupling reactions between
zirconocene dichloride and bromoarenes.[86-88]

The synthesis is preferably carried out with aryl bromides. Aryliodides lead by

homocoupling to biphenylderivatives as main products. Arylchlorides have not
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been investigated, but are generally less reactive than arylbromides in palladium-
catalyzed cross-coupling reactions. 8]

When triarylphosphanes are used as ligands in catalytically active palladium
complexes, it is observed that the aryl groups used in the phosphane are found in
the product. With the exception of the synthesis of pentaphenylcyclopentadiene,
where triphenylphosphane can be used, the use of tri-t-butylphosphane is

recommended, where this problem does not occur.[8¢]

@‘ Cl PdOAc/ PR, Ar Ar
ArBr + Zr, —_—
@ Cl CSQCO3
Ar Ar

R= Ph, t-Bu

Scheme 3: Synthesis of pentarylsubstituted cyclopentadiene by fivefold Pd-catalyzed
cross coupling|ssl

2.6 Pentaarylcyclopentadienyl Anions and Pentaarylcyclopentadienyl

Metal compounds

2.6.1 Compounds with Monovalent Metals

Sodium, potassium and cesium pentaphenylcyclopentadienide are accessible by the
reaction of pentaphenylcyclopentadiene with the alkali metals in boiling toluene. 8]
The synthesis of the corresponding lithium compound succeeds using
n-butyllithium (Scheme 4).181 In this synthesis, the high reaction temperature of
110 °C is striking, indicating low reactivity of pentaarylcyclopentadienes toward

metal alkyls.
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Scheme 4: Synthesis of alkali metal pentaphenylcyclopentadienides.[®!

Giesbrecht et al. applied a similar synthetic route to alkyl substituted ligands in the
meta-position and were able to determine the crystal structures of the substituted
lithium cyclopentadienides thus obtained. The crystal structures obtained by them
under different crystallization conditions (Figure 11) testifies to the dynamic
behavior of the compounds in solution, which could also be verified by 7Li NMR
spectroscopy.[®® The 7Li NMR spectrum of the lithium pentakis(3,5-
dimethylphenyl)cyclopentadienide shows three signals were be assigned by the
authors to different lithium species, which also appear in a similar way in the crystal
structures.

As expected from the large steric demand of the ligands, the Li-Cp distance in the
aryl-substituted lithium cyclopentadienides is 2.094 A for the lithium atom
coordinated by two ligands (Lil in Figure 11, top left), significantly higher than the
distance of 1.969 A observed in the unsubstituted compounds.[l The crystal
structure of potassium pentakis-(4-n-butylphenyl)cyclopentadienide is also known
(Figure 13) and shows the opposite effect. The aryl-substituted cyclopentadienyl
ligands are not further apart here than in wunsubstituted potassium

cyclopentadienide, as would be expected due to their high steric demand, but come
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closer together, as evidenced by a reduced K-Cp distance of 2.664 A compared to
2.816 A. This effect is attributed to hydrogen bonds between the ortho-carbon atoms

of opposing ligands.[°1]

Figure 11: Sections from the crystal structures of lithium pentakis(3,5-
dimethylphenyl)cyclopentadienide after crystallization from THF (top left and bottom)
or a mixture of THF and tetramethylethylenediamine (top right). Hydrogen atoms and
the aryl groups in the lower image are omitted for clarity.[*

(CpAr*s)Li(THF),

[(CpAF*5),LiT

[Li(THF),]" J
O.IO -1.'0 -2,'0

Figure 12: 7Li NMR spectrum of lithium pentakis(3,5-dimethylphenyl)cyclopenta-
dienide in THF-ds.1%]
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These hydrogen bonds are probably also the reason for the linear environment of
half of the potassium ions. While the polymeric chains of unsubstituted potassium
cyclopentadienide are bent from potassium ion to potassium ion by an angle of 138°
in each case, two different types of potassium ions occur in potassium pentakis(4-
n-butylphenyl)cyclopentadienide, one of which is exactly linearly coordinated
because the potassium ions are located on inversion centers of the crystal. The
coordination geometry of the other type of potassium ions also deviates only
slightly from linearity at 167.7°.191.92]

Also of note, potassium pentakis(4-n-butylphenyl)cyclopentadienide crystallizes
from a diethyl ether-containing solvent mixture in solvent-free form.! This fact

also indicates a particularly high stability of the obtained complex.

Figure 13: Crystal structure of potassium pentakis(4-n-butylphenyl)cyclopentadienide
with viewing direction parallel (a) or perpendicular (b) to the polymeric chain structures.
The hydrogen atoms as well as the butyl groups in figure b are omitted for clarity.[!
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The sodium, indium(I) and thallium(I) complexes of para-alkyl substituted
pentaphenylcyclopentadienes were investigated for their suitability to form liquid
crystalline mesophases.[3] While this desired goal was not achieved by the authors,
they were nevertheless able to develop methods for the synthesis of the desired
target compounds. Thus, the deprotonation of the cyclopentadienes studied
succeeds with both sodium amide and thallium(I) ethanolate in THF. The indium(I)
complexes are accessible by salt metathesis between the sodium cyclopentadienides

and indium(I) chloride (Scheme 5).!

thf

LH + NaNH, ———> INa + NHj
thf

LH +  TIOEt —_— Tl +  EtOH
Et,0

LNa + InClI —_ Lin + NaCl
R

PR
LH = OOO R= &

2N
O O NN
R R 2NN

Scheme 5: Possibilities for the synthesis of the sodium, indium(I) and thallium(I)
derivatives of para-alkylated pentaphenylcyclopentadienes.[®]

In DMSO, all the complexes obtained are completely dissociated, as evidenced by

the absence of metal-13C coupling in the NMR spectra of the products.

2.6.2 Compounds with Divalent Metals

So far, the decaarylmetallocenes of the divalent metals calcium, barium,
germanium, tin, lead, ytterbium, europium, samarium, iron and nickel are
known.[94-%] All unsubstituted decaphenylmetallocenes exhibit low solubilities in
common organic solvents at room temperature. For example, boiling
1-methylnaphthalene is reported as a suitable solvent for the crystallization of

decaphenylstannocene.[%4]
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One way around this problem is to isolate the solvent-separated ion pairs
[M(THF)¢][CsPhs],  which can then be converted to the desired
decaphenylmetallocenes by precipitation with toluene (Scheme 6).[%!

2LH + HgPh, + M + 6THF —»  M(THF)elL, + Hg . 2PhH

M(THF)gL, ~— ML, + G6THF

LH = Q Q O M = Ca, Ba, Yb

v O

Scheme 6: Synthesis of decaphenylcalcocene, -barocene, and -ytterbocene via the
solvent-separated ion pairs.[%!

Harder et al. have taken a different route to increase the solubility of
decaarylmetallocenes and thus use the pentakis(4-n-butylphenyl)cyclopentadienyl
ligand (CpBis »-Bu), whose derivatives are very soluble in organic solvents. For this
ligand the compounds with divalent calcium, strontium, barium, tin, europium,
yttrium, ytterbium and samarium are known.[91,97,98]

The syntheses of the alkaline earth metal complexes again show the low tendency
of the pentaarylcyclopentadienes to react with metal alkyls. Despite the high
basicity of the alkaline earth metal benzyls used, reaction times in these cases were
up to 72 h at 60 °C.P°1

An analysis of the crystal structures of the above compounds leads to the conclusion
that hydrogen bonds between the ortho-carbon atoms of the ligands also play a
major structure-determining role in these systems.[*]

These are also the reason why all known representatives of the
decaphenylmetallocenes crystallize in the arrangement with S10 symmetry (Figure

14), since only in this arrangement suitably oriented CH-C contacts are possible.[*’]
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Figure 14: Conformational isomers of decaarylmetallocenes with D5 symmetry (left) and
S10 symmetry (right).

The attraction of the ligands mediated by the hydrogen bonds can also be seen from
the fact that the aryl groups of the ligands are bent toward the metal when the
distance is sufficiently large. The diffraction angle is an approximately linear

function of the distance between the metal ion and the cyclopentadienyl ring.[*!

bending angle of phenyl groups [°]

T T T T T T T T T T T 1
1,6 1,8 2,0 2,2 2,4 2,6 2,8
distance between metal atom and centroid of Cp ring [A]

Figure 15: Dependence of the bending angle on the distance between the metal ion and
the geometric center of the cyclopentadienyl ring.[*]

For small cations, the opposite effect is observed and the aryl groups bend away
from the metal. Steric reasons are probably responsible for this effect.

While the influence of a single one of these hydrogen bonds is only relatively small
with 2 - 5 kcal/mol, the total influence of all ten hydrogen bonds is probably
significant for the structure formation.[®’]

Due to the great steric demand and the high rigidity of this ligand class, their
complexes have further unusual properties. For example, all known

decaarylmetallocenes have a linear structure, in contrast to differently substituted
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metallocene derivatives of tin and lead.[°#%7] This is seen as an indication that the
angled arrangement of many unsubstituted metallocenes is not due to electronic
reasons, but results from van der Waals attraction of the ligands.[?” This argument
does not hold for the calcium, strontium, barium and lanthanoid(II) metallocenes.
They, too, show a parallel position of the ligands and a linear ligand-metal-ligand
arrangement on time average. However, a high anisotropy of the electron density
at the metal center indicates a highly fluctuating structure in which the metal center
is bent out of the line connecting the ligand centers.[7%]

An unusual application for organometallics of some decaarylmetallocenes is in
cancer therapy. Decaphenylgermanocene and -stannocene, for example, show
promising properties as cancerostatic agents with significantly higher activity than
the free ligands.[100101] Among the organometallic compounds, cancerostatic
properties are otherwise known almost only from the compounds of the platinum
metals.[100,101]

Decaphenyleuropocene further exhibits strong luminescence in the solid and in
solution at an emission wavelength of 606 nm and with a quantum yield of 45%.[%
Due to the small ionic radius of the iron(Il) ion (75 pm)[l%2l the synthesis of a
decaphenyl ferrocene is fraught with difficulties, in contrast to the synthesis of the
unsubstituted ferrocene. However, the synthesis succeeds by reacting
pentaphenylcyclopentadienyl bromide with iron pentacarbonyl followed by

disproportionation.[®]

Figure 16: Solid-state structure of decaphenylferrocene.%!
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2LBr + Fe(CO)s ———>» LFeBr(CO), + 3CO
LFeBr(CO), ———> Fel, + FeBr, + 2CO

FeL, + NOBF, ————> Fel,BF, + NO

®

o O

Scheme 7: Synthesis of  decaphenylferrocene and  oxidation with
nitrosyltetrafluoroborate to give decaphenylferrocenium tetrafluoroborate.%!

The decaphenylferrocene thus obtained can be oxidized in a further synthesis step
with nitrosyltetrafluoroborate to give decaphenylferrocenium tetrafluoroborate
(Scheme 7).

Decaphenylferrocene is stable to humid air and dilute hydrochloric acid and is
sparingly soluble at room temperature in all solvents studied.
Decaphenylferrocenium tetrafluoroborate, on the other hand, dissolves well in
polar organic solvents.[]

The large steric demand of the pentaphenylcyclopentadienyl ligand is
demonstrated by the example of ferrocene by the existence of another coordination
isomer in which one of the ligands 7° is bonded via a phenyl group, thus partially

evading the steric pressure of the other ligand (Figure 17).[193]

28



Theoretical Background

Figure 17: Solid-state structure of the coordination isomer of decaphenylferrocene.[103]

The isomeric decaphenylferrocene converts to the symmetric form upon heating in
solution or under acid catalysis.[10]

Since the pentaarylcyclopentadienyl ligands in the decaaryl metallocenes show
strong attractive interactions with each other and the coordination of a third of these
ligands is simultaneously impossible for steric reasons, the oxidation number +II is
strongly preferred in the corresponding metal complexes.. The strong attractive
interactions of the ligands are reflected in the relatively simple synthesis of the
lanthanoid(II) metallocenes and in the fact that the Schlenk equilibrium for the half-
sandwich complexes of the alkaline earth metals is completely on the side of the
homoleptic complexes.[26-%]

When it is attempted to synthesize trivalent ytterbium complexes of the CpBig n-Bu
ligands, spontaneous reduction of the metal center occurs and the homoleptic

complex (CpPBig -Bu),YD is formed (Scheme 8).
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LH = O O Ln =Yb, Sm

CpBig n—BuH

Scheme 8: Formation of ytterbium(II) and samarium(II) decaaryl metallocenes by
spontaneous reduction, ! and definition of CpBis”-BuH.

While the spontaneous reduction of europium (E°(Eu®*/Eu?*) = -0.35 V)[04 is a
frequently observed process, there are few other examples of such a process for
ytterbium  (E°(Yb3*/Yb?*) = -1.15V).[141  For example, the reduction of
(MeCsHa)2YbMe with elimination of ethane to (MeCsHai)2Yb succeeds only with the
addition of diethyl ether and after heating to 80 °C for several hours.[*8

The spontaneous reduction to the lanthanoid(Il) decaryl metallocenes succeeds
even in the <case of the even more reducing samarium
(E°(Sm3*/Sm?*) = —1.55 V).[98104] Samarium(Ill) compounds are so reducing that
samarium(Il) iodide has found many applications in organic chemistry as a one-
electron reducing agent, for example, for reductive initiation of radical reactions.[1%]
Decamethylsamarocene is even reactive enough to react with elemental
nitrogen.l'%] In this context, the spontaneous reduction of a samarium(Ill)
compound to a samarium(Il) compound is noteworthy. (CpBig»-Bu);Sm on the other
hand, is so stable that it behaves inertly toward most of the potential reactants
studied.[196107] The only exceptions where a reaction was observed were cuminil and

the combination of phenazine and dioxygen (Scheme 9). No reaction was observed
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with ketones, white phosphorus, dinitrogen, carbon dioxide, carbon monoxide,

pyridines or alkenes.

O O PN
o O

Sm---N N
N\ /\ S,
- D —— Q)
= O O
N \/
N N----Sm

Scheme 9: Reaction of (CpBig"-Bu),Sm with cuminil and with oxygen in the presence of
phenazine (L = CpBig »-Bu),

It is assumed that in the case of both ytterbium and samarium a lanthanoid(III)
complex forms first, which in addition to the two CpPig »-Bu ligands also contains a
dimethylaminobenzyl ligand bonded to the metal, which is then cleaved off in the
sense of a sterically induced reduction. The 1,2-bis-(2-
(dimethylamino)phenyl)ethane expected as a by-product in this case could be
detected in the reaction mixture. Nevertheless, the postulated reaction mechanism
cannot be definitively proven beyond doubt. The intermediate formation of
CpBign-Bu radicals seems likely due to their stability. The reactivity of the related,
sterically also strongly overloaded samarium complex Sm(Cp*)s is much better
studied. Although it is a samarium(III) complex, it has a strong reducing effect. This
is explained by the fact that Sm(Cp*); is in equilibrium on the one hand with
decamethylsamarocene Sm(Cp*):2 and the dimer of the
pentamethylcyclopentadienyl radical (Cp*)2 and on the other hand with the
separated ion pair [Sm(Cp*)2]*[Cp*]. Both Sm(Cp*)2 and the free

pentamethylcyclopentadienyl anions can then act as reducing agents.[108]
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Scheme 10: Equilibrium of Sm(Cp*); with Sm(Cp*)2 and [Sm(Cp*)2]* [Cp*]-.[108]

The equilibrium between Sm(Cp*); on one side, and Sm(Cp*)2 and (Cp*)2 on the
other side is strongly reminiscent of the mechanism of sterically induced reduction
of pentaarylcyclopentadienyl-substituted ytterbium and samarium compounds
postulated above.[10810] In the first case, however, the equilibrium is far on the side
of the trivalent compound, in the second case on the side of the divalent
compounds. This particular stability of the divalent decaarylmetallocenes is again
attributed to the formation of a hydrogen bonding network between the ligands, as

already mentioned.[*]

2.6.3 Other Compounds of Pentaaryl Cyclopentadienyl Anions

In contrast to the reactions of the corresponding europium, ytterbium and
samarium compounds, the reaction of CpBignBull  with  tris-(2-
dimethylaminobenzyl) yttrium does not lead to the spontaneous reduction of the
metal to form a sandwich complex due to the significantly lower stability of the
divalent oxidation state. Instead, the reaction stops at the stage of the isolatable half-

sandwich complex.[8]

N/
\N/ \
N
@:/Y N\/ + 2LH > L—Y v~
~N
/ /
N
\

Scheme 11: Synthesis of the complex CpBis”-BuY(2-Me:N-benzyl), (L = CpBig -Bu),[%]
Despite  the great stability of the homoleptic complexes of
pentaarylcyclopentadienyl ligands, some half-sandwich complexes of this ligand

type with transition metals are also known. For example, salt metathesis of
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CpBignBuK with iron(ll), nickel(ll), and cobalt(Il) bromide in THF yields the
respective  half-sandwich  complexes CpBign-BuFeBr, CpBig»BuNiBr, and
CpBig-BuCoBr (Scheme 12). The syntheses were also performed with the similar
CpBigEt ligand.[110]

LK + MBr > LMBr + KBr

M = Fe, Ni, Co
Scheme 12: Synthesis of transition metal half-sandwich complexes (L = CpBig»-Bu),[110]

Such half-sandwich complexes are useful intermediates for introducing CpBig Et-
metal fragments into other compounds.[110111] That this stabilization of the half-
sandwich complex also succeeds when pentaarylcyclopentadienyl ligands are used
seems at first surprising, since in the case of the alkaline earth metal and lanthanide
complexes of this ligand it has been shown that the Schlenk equilibrium is on the
side of the homoleptic complexes.['12l A possible explanation for this different
behavior lies in the smaller ionic radii of iron, nickel and cobalt compared to the
alkaline earth metals and lanthanides. While for the latter there is an attraction of
the ligands by hydrogen bonds, which is also noticeable by a convergence of the
aryl groups of the ligands, a repulsive interaction is more likely to occur at smaller
distances between the ligands due to a smaller size of the metal ion.

In this case, the boundary between attractive or repulsive interaction of the ligands
would be assumed to be approximately at a metal-ligand distance of 2.3 A (Figure
15).

The large steric demand of pentaarylcyclopentadienyl ligands promises
applications in the synthesis of particularly selective catalysts. In some cases, this
concept has been realized.

While mixtures of chromium(IIl)-2-ethyl hexanoate, triethylaluminum and
hexachloroethane as chloride source normally catalyze the polymerization of
ethene, the addition of pentaphenylcyclopentadiene to this system leads to the
selective formation of 1-hexene (selectivity of 70%), a valuable starting material for
the preparation of copolymers.[113]

The enantioselectivity of chiral catalysts can also be greatly enhanced by the

introduction of a pentaphenylcyclopentadienyl group. Scheme 13 shows the use of
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a chiral substituted ferrocene as a nucleophilic catalyst for the enantioselective

acetylation of alcohols.

OH REK?R\R )(L
R')\R" * )ko)k > o)

NEt; Et,0, 25 °C /k
racemate ' R'

Ru

R = Me, Ph

Scheme 13: Enantioselective acetylation of alcohols wusing a substituted
pentaphenylferrocene as a chiral catalyst.[114]

The sterically less demanding pentamethylcyclopentadienyl complex (R = Me)
shows almost no enantioselectivity, while the use of the corresponding
pentaphenylcyclopentadienyl complex (R = Ph) leads to high enantiomeric excesses
between 95.2% and 99.7%.[114]

The promising results in the use of the pentaphenylcyclopentadienyl ligand to
increase the selectivity of catalysts suggest a reasonable use of this ligand in
Kaminsky catalysts. Pentaphenylcyclopentadienylzirconium trichloride and some
related compounds are known but have not been evaluated for their ability to
polymerize alkenes.[15l However, they exhibit Lewis acidic properties and can

catalyze Diels-Alder reactions.!113]

> > >
o L S L & &L &

< 5 I < 5 I < 5>

/Zr,ll /Zr,ll ,
\ “cl \ “cl \ “cl
T T cl

Scheme 14: Known zirconium compounds with pentaarylcyclopentadienyl ligands.[115]

2.7 Cyclopentadienyl Radicals

2.7.1 Reactivity

Due to their large conjugated m electron system, pentaarylcyclopentadienyl systems
form stable radicals that do not dimerize. The longest-known representative of this

group of substances, the pentaphenylcyclopentadienyl radical, was first prepared
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in 1925 and can be stored indefinitely in the absence of oxygen.[11¢l Pentakis-(4-
alkylphenyl)cyclopentadienyl radicals, on the other hand, are known to decompose
in solution at room temperature within hours to days, with the substituted
cyclopentadiene, among others, being reformed.[117]

The ESR spectrum of the pentaphenylcyclopentadienyl radical shows a multiplet
with 33 lines resulting from the hyperfine structure splitting with the phenyl
protons. The measured g-value of 2 is identical to that of the free electron within the
limits of measurement accuracy.[118]

The pentaarylcyclopentadienyl radicals are strongly colored in solution and as
solids, which simplifies their optical detection in solution and makes it easy to tailor
reaction times to individual reactants.[116.117]

LNa + CuBr R — L + Cu + NaBr

E E
214 L/E\E/ \L

L + E_I_E > \/
M/ i

m

E=P, As

Scheme 15: Reaction of different alkyl substituted pentaarylcyclopentadienyl radicals
with white phosphorus and yellow arsenic under homolytic bond breaking of a P-P and
As-As bond, respectively.[117.119]

However, despite these promising properties as reactants for the synthesis of
organometallic derivatives, very few examples of the application of the
pentaarylcyclopentadienyl radicals have been published. These are mainly limited
to the activation of white phosphorus and yellow arsenic (Scheme 15), and to the
synthesis of decaphenylnickelocene from nickel(0)-alkene complexes.

In addition, it is known that pentaarylcyclopentadienyl radicals can act as single-
electron oxidizing agents toward transition metal halides. This reaction has been

studied with cobalt(Il) iodide and nickel(Il) iodide (Scheme 16).[110]

LNa + CuBr — > L+ Cu + NaBr

L+ M, —— LML, M = Ni, Co

Scheme 16: Reaction of nickel(II) and cobalt(II) iodide with pentaarylcyclopentadienyl
radicals (L = CpBig»-Bu),[110]
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Another known stable substituted cyclopentadienyl radical is the
pentaisopropylcyclopentadienyl radical. This can be obtained from sodium
pentaisopropylcyclopentadienide with both iron(Il) bromide and bromine as
oxidizing agent at low temperatures (Scheme 17).1120.121]

2 LNa + FeBr, —_ 2 + Fe + 2 NaBr

2 LNa + Bry —> 2L + 2 NaBr

LH =

Scheme 17: Syntheses of the pentaisopropylcyclopentadienyl radical.[120121]

The ESR spectrum of the pentaisopropylcyclopentadienyl radical shows a broad
singlet at room temperature that is split by hyperfine coupling at 190 K to form a
multiplet with 20 lines. A simulation of the spectrum yields a coupling constant of
0.16 G to the methine protons and 0.32 G to the methyl protons. The small coupling
constant to the methine protons is due to the fact that the CH bond is nearly
perpendicular to the m-orbitals.['20] The observed g-value of 2.0025 is identical to
that of the free electron within the limits of measurement accuracy.

The reaction of the pentaisopropylcyclopentadienyl radical with metallic calcium,
strontium, barium, samarium, europium, and ytterbium leads directly to the
decaisopropyl metallocenes. In the latter case mercury was used to activate the

metal.[122]

M = Ca, Sr, Ba, Sm, Eu, Yb

Scheme 18: Synthesis of decaisopropyl metallocenes by reaction of
decaisopropylcyclopentadienyl radical with different metals.[122123]
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In the case of the alkaline earth metals, the reaction in liquid ammonia is particularly
suitable, since the metals are soluble in this reaction medium with the formation of
electride solutions.['2] However, the reaction also succeeds in THF using

ultrasound.[123]

2.7.2 Crystal Structures

Ph NH,
Ph Ph
NC CN
Ph Ph NC CN
A B c

Figure 18: Cp radicals with known crystal structures.

When the work described here was begun, only 4 cyclopentadienyl radicals were
characterized by sc-XRD. Unfortunately, the crystal structures of symmetrically
substituted cyclopentadienyl (Cp) radicals A and B (Figure 18) display significant
crystallographic disorder, making it impossible to determine their exact symmetry.
In contrast, asymmetrically substituted Cp radicals such as C and D, as well as other
cyclopentadienyl and fluorenyl-based radicals, have yielded high-quality crystal
structures that reveal deviations from five-fold symmetry. However, it should be
noted that the unequal electronic influences of the various substituents in these
asymmetrically substituted Cp radicals can interfere with the fundamental
electronic factors contributing to the deviation from five-fold symmetry in these

compounds.

2.8 Cyclopentadienyl Cations

Cyclopentadienyl cations are typically unstable compounds.[?8] As singlet systems
they are antiaromatic and therefore destabilized and as triplet systems, they are
aromatic,[31124] but still very reactive. The study of cyclopentadienyl systems often
involves their stabilization in a frozen matrix at low temperatures. This has for
example been accomplished in frozen SbFs for the parent CsHs* and CsCls*, which
exhibit a triplet ground state.[?30125] The singlet ground state is more stable for
pentaarylcyclopentadienyl cations and due to steric shielding and charge
delocalization they are persistent enough to be observed in chloroform or
dichloromethane solutions at low temperatures.[21,33-36]
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2.9 Fluorinated Cyclopentadienyl Ligands

While electron-rich cyclopentadienyl ligands are widely used in organometallic
chemistry, cyclopentadienyl ligands with fluorinated substituents are relatively
rare. This rarity can be attributed to the challenges associated with both the
synthesis of these ligands and their subsequent coordination to transition metals.
However, due to the electron withdrawing properties of fluorinated substituents,
complexes containing such ligands often exhibit enhanced oxidative stability or
other desirable properties.[12¢]

Examples of fluorinated Cp ligands include CsFs-, C5(CFs)5- and Cs(CeFs)sH-. The
preparation of these ligands often requires the use of sophisticated experimental

techniques or reagents like the use of elemental fluorine or flash vacuum pyrolysis.

Cl. Cl

Cl. F
HgF, FolAr
280 °C Cl Cl 78!00 °C F MN(SIM93)2 F
F )
Cl Cl

M = Li, Na, Cs, Tl,
Na(18-crown-6)

CF; K+ NaH, CgFg

Cl Cl 18-crown-6 diglyme, reflux2d ¢ F, CeFs
ulfolane 190°C,3d then NH,CI/H,0
Cl = R .
/
cr ol CeFs  CeFs

Scheme 19: Synthesis of pentafluorocyclopentadiene,27-129] pentakis(trifluoromethyl)
cyclopentadiene and tetrakis(pentafluorophenyl)cyclopentadiene.

Pentafluorocyclopentadiene can be synthesized through a three-step process
involving the exhaustive fluorination of pentachlorofluorocyclopentadiene using
elemental fluorine, followed by reduction with zinc (Scheme 19). Regrettably, its
salts decompose in solution, resulting in the formation of metal fluorides. However,
it has been observed that the salts of cesium and thallium decompose relatively
slowly at room temperature.[12]

The authors who prepared the pentafluorocyclopentadienyl anion also tried to
generate the corresponding cation, but these attempts were unsuccessful. The
precursor hexafluorocyclopentadiene was prepared in a similar way as
pentafluorocyclopentadiene (Scheme 20). A reaction was only achieved with the
very strong fluoride acceptors AsFs and SbFs, but did not lead to the desired cation.

Instead, addition to a double bond was observed.

38



Theoretical Background
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Scheme 20: Adverse side reactions during the attempted synthesis of the
pentafluorocyclopentadienyl cation.[127]
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3 Motivation and Scope of the Work

The primary objective of this study is to conduct a comprehensive investigation into
the chemistry of pentaarylcyclopentadienyl systems. Special attention will be given
to the synthesis, isolation, and characterization of their stable neutral radicals,
particularly through the utilization of sc-XRD to determine their solid-state
structures. Additionally, the study aims to explore their reactivity with activated
forms of metals, such as amalgams, as this synthetic route holds promise for the
direct preparation of cyclopentadienyl metal complexes from elemental metals.
Furthermore, the synthesis and attempted isolation of the corresponding
cyclopentadienyl cations will be pursued.

Another focal point of this research is the synthesis of a perfluorinated
pentaphenylcyclopentadienyl system, along with an investigation into its

chemistry, including the exploration of its anion, radical, and cation.

40



Results

4 Results

4.1 Pentaarylcyclopentadienes

The palladium-catalyzed arylation of cyclopentadiene or zirconocene dichloride
has been mainly used in the preparation of the pentaarylcyclopentadienes
described here. Unfortunately, the synthesis described in the literature uses very
large amounts of catalyst (5% - 12% Pd compared to cyclopentadiene).8¢-88] It was
found that the yield of the reaction is not greatly reduced when smaller amounts
(1%) of catalyst are used.

In addition, the scope of the reaction is unfortunately limited when carried out in
DMEF, as suggested in the literature, because DMF can reduce aryl bromides under
these conditions.[130] In the case of sterically unhindered aryl bromides, the product
of this reaction is the corresponding biphenyl. For more hindered aryl bromides,
the corresponding arene is formed.

The limits of this synthesis were tested by using different para-substituted aryl
bromides. The most electron-rich aryl bromide that can be used in the classical
synthesis is 4-methoxybromobenzene. In contrast, 4-dimethylaminobenzene does
not give the desired product, but only 4,4'-bis(dimethylamino)biphenyl. On the
electron-poor side, the most electron-poor arene that has been used in a known
synthesis in the literature is 4-trifluoromethylbromobenzene, but a significant
decrease in yield (19%) is already observed in this case.[131]

To address the issue of unwanted reduction of the bromoarene, diglyme can be
employed as a solvent instead of DMF. This solvent change enabled the successful
synthesis of a diverse range of differently substituted pentaarylcyclopentadienes

with varying solubilities, steric demands, and electronic properties (Figure 19).
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solubility

steric demand

CpBig OMery CpBia CoFey CpBi9 CF3y

Figure 19: Synthesized pentaarylcyclopentadienes, varied properties, numbering, and
naming scheme.

4.2 Pentaarylcyclopentadienyl Anions

The synthesis of a series of salts of all non-radioactive alkali metals has been carried
out with CpBign-Bu, CpBigi-Pr, and CpBig#Bu, The reaction of cyclopentadienes with
equimolar amounts of alkali metal amides MN(SiMes)2 (M = Li, Na, K, Rb, Cs) at
room temperature has been found to be particularly suitable for the preparation of
alkali metal salts of these cyclopentadienes because of the high solubility of these
amide bases in most organic solvents and because of their ready availability for all
alkali metals. These metal cyclopentadienyl compounds were obtained as colorless,
crystalline solids in high yields.

Compounds 9 to 23 (Table 3) are soluble in organic solvents such as acetonitrile,

toluene and THF, respectively. 13C NMR resonances of the Cs ring are almost
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identical for 1 - 15, proving the ionic nature of the metal cyclopentadienyl bonds.[132]
In addition, the metal cyclopentadienyls except for the potassium salts (3, 8, 13)

were characterized by heteronuclear (“Li, 22Na, 87Rb, 133Cs) NMR spectroscopy.[132]

n-Bu
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M =Li, Na, K, Rb, Cs

C
0. L0
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Scheme 21: Synthesis of alkali metal salts.

Table 3: Numbering scheme of pentaarylcyclopentadienyl alkaline metal compounds.

metal R =4-i-Pr-Ph R =4-n-Bu-Ph R =4-t-Bu-Ph
Li 9 14 19
Na 10 15 20
K 11 16 21
Rb 12 17 22
Cs 13 18 23
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421 Crystal Structures

Unfortunately, the majority of metal cyclopentadienyl complexes could not be
structurally characterized by single-crystal X-ray diffraction. This was primarily
due to prohibitive disorder issues caused by the incompatibility of the ligand's
tivefold symmetry with a gapless periodic packing. As a result, voids were created,
allowing for the presence of disordered solvent molecules or permitting alkyl
substituents to occupy more than one position, especially in the case of n-butyl
substituted complexes.

In contrast, complexes with i-Pr and t-Bu groups exhibited lower degrees of
conformational freedom, resulting in higher-quality data sets for the CpBigi M and
CpBig “BuM complexes and the succesful refinement of six crystal structures (Figure
20 - Figure 25) which have been extensively discussed in a separate publication.[132]
The structures show either infinite chains with alternating Cp anions and solvent
coordinated metal ions (Figure 20 - Figure 22) or solvent separated ion pairs which

often feature CpPBig;M- anions (Figure 23 - Figure 25).

P ¥

Figure 20: Solid-state structure of 13a; H atoms are omitted for clarity; thermal ellipsoids
are shown at 50% probability levels. Pale colored atoms are generated by symmetry.
Alternate positions of disordered solvent molecules and lattice solvent molecules are
omitted for clarity.
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Figure 21: Solid-state structure of 13b; H atoms are omitted for clarity; thermal ellipsoids
are shown at 50% probability levels. Pale colored atoms are generated by symmetry.
Alternate positions of disordered solvent molecules and lattice solvent molecules are
omitted for clarity.

Figure 22: Solid-state structure of 18; H atoms are omitted for clarity; thermal ellipsoids
are shown at 50% probability levels. Pale colored atoms are generated by symmetry.
Alternate positions of disordered solvent molecules and lattice solvent molecules are
omitted for clarity.
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Figure 23: Solid-state structure of 19; H atoms are omitted for clarity; thermal ellipsoids
are shown at 50% probability levels. Pale colored atoms are generated by symmetry.
Alternate positions of disordered solvent molecules and lattice solvent molecules are
omitted for clarity.

Figure 24: Solid-state structure of 21a; H atoms are omitted for clarity; thermal ellipsoids
are shown at 50% probability levels. Pale colored atoms are generated by symmetry.
Alternate positions of disordered solvent molecules and lattice solvent molecules are
omitted for clarity.
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Figure 25: Solid-state structure of 21b; H atoms are omitted for clarity; thermal ellipsoids
are shown at 50% probability levels. Pale colored atoms are generated by symmetry.
Alternate positions of disordered solvent molecules and lattice solvent molecules are
omitted for clarity.

4.2.2 Salt Methathesis Reactions with Divalent Germanium, Tin, and Lead
Halides

Alkali metal pentaarylcyclopentadienyl complexes are of potential interest as Cp-
transfer reagents in organometallic synthesis. Since the CpBigt-Bu-substituent showed
less disorder problems compared to the n-Bu and i-Pr substituted analogues, CpBigt-
BuK 21 was used for salt metathesis reactions with GeClz-dioxane, Snl,, and Pbl; in
THE. This resulted in all cases in the formation of the corresponding homoleptic

complexes CpBigt-BuyM 24 - 26.[133]

K+
O Ar
Ar\QAr
2 () “u
-2KX Ar Ar
Arl'j\Ar
Ar

M= Ge 24, Sn 25, Pb 26

Scheme 22: Salt methathesis reactions between CpBis *BuK and GeClz-dioxane, Snl;, and
Pbl; in THF, resulting in the formation of the homoleptic metallocenes
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The products could be crystallized from THEF. The structures are discussed below

together with other homoleptic complexes of divalent metals.

4.2.3 Salt Methathesis Reactions with Pnictogen Halides

Due to the labile CpBig “Bu—E bond, it was hypothesized that compounds of the
formula CpbBig Bu-ECl, might be valuable synthetic aquivalents for the synthon
-ECla. Therefore salt metathesis reactions of CpBig#BuK with pnictogen chlorides
ECl; (E =P, As, Sb, Bi) were investigated.

Reactions of CpBig#BuK 21 with ECl; (E = P, As, Sb, Bi) occurred with elimination of
KCl and formation of CpBigtBuECl, (E = P 27, As 28, Sb 29, Bi 30), which were
isolated after re-crystallization from solutions in n-hexane as colorless crystalline
solids in almost quantitative yields (Scheme 23). Unfortunately, single-crystals of X-
ray quality were only obtained for 28. TH and 3C NMR spectra of 27 - 30 recorded
in THF-ds solution show the expected resonances of the cyclopentadienyl
substituents. The 13C NMR resonances of the Cs ring are clearly different from those
of the ionic alkali metal compounds 9 - 23, shifting from 132.8 ppm for the arsenic
compound 28 to 126.4 ppm for the bismuth compound 30. These results are
consistent with the decreasing electronegativity of the pnictogen atom. The 13C
NMR resonance of the cyclopentadienyl atoms of the phosphorus compound 27
could not be determined due to rapid intramolecular conversion, resulting in a
significant peak broadening. The [1,5]-sigmatropic rearrangement is also evident in

the VT TH NMR spectra of 27 (Figure 26).

ECl,
ECI Ar
() e A KO
-KCl Ar

Ar

O O E =P, As, Sb, Bi

Scheme 23: Synthesis of CpBis#BuECI, (E = P 27, As 28, Sb 29, Bi 30) by salt metathesis
reactions between CpBis #-BuK 21 and ECls.
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Figure 26: Variable-temperature 'H NMR spectrum of of Cp(4-¢-Bu-Ph)sPCl; 27 in THF-

ds.

Figure 27: Solid-state structure of 28. H atoms and disordered parts are omitted for clarity;

atoms displayed as spheres of arbitrary radii.
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Crystals of 28 suitable for a single-crystal X-ray diffraction study were obtained by
slow crystallization from n-hexane at 25 °C. 28 crystallizes in the monoclinc space
goup P21/n with one molecule in the asymmetric unit.

The arsenic atom in 28 adopts an almost perpendicular orientation to the central Cs
ring and the As1-C1 bond length of 2.0590(18) A is typical for an As-C o bond,
whereas the As1-C1-C10 bond angle of 124.26(13)° is significantly larger than the
expected value for a sp3-hybridized carbon atom. The other As-Ccp distances in 28
are substantially longer (As1-C2 2.5677(2) A, As1-C5 2.6138(2) A, As1-C3 3.0828(2)
A, As1-C4 3.0616(3) A) and not indicative of a covalent interaction. Therefore, 28
should be regarded as a 1> Cp complex. Almost identical As1-C1 bond lengths have
been reported for Cp*AsXa complexes (X = F 2.026(10) A, C12.035(7) A, Br 2.052(10)
A, 12.066(10) A),1521 Cp*2AsCl (2.038(3) A, 2.045(3) A)I53] as well as i-Prs(H)C5AsCl,
(2.056(6) A),I54 whereas the As-C bond lengths in the sigma-bonded Ass butterfly-
type structure (CpBis#Bu),Asy (2.1003(25) A, 2.0941(23) A) are slightly elongated.[5]
The As1-C2 and As1-C5 bond distances in the Cp*AsX: complexes are slightly
shorter compared to those in 28, hence the bonding nature of the Cp* substituents
was described as "pseudo )3". Moreover, intermolecular Cp --As interactions as was
observed in Cp*AsCl> were not observed in 28, which can be attributed to the higher

steric demand of the CpBig #Bu ligand.
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Figure 28: One of the disordered components of the crystal structure of CpBis#BuSbCl, 29
crystallized from n-hexane. Hydrogen atoms are omitted for clarity. Atoms are depicted
as spheres of arbitrary radii.

29 crystallized in the monoclinic crystal system in the space group Cz (Figure 28).
Due to problems with refinement caused by a high degree of disorder, the bond
angles and lengths obtained are not meaningful. The connectivity, however, can be
considered secure.

The suitability of CpBig-BuAsCl, 28 to serve as a synthetic aquivalent of the synthon
-AsCl> has been demonstrated by Helling et. al.[134]

AsCl, . Dip c Di

D Ar
Dip\N/Ga\N/Dip Al N/ \ ,N Ar A
2 + Ar A qa\As/G‘a ) + Ar= —§ Dip =—§
M Ar Ny 25 4N
DipDip
Ar Ar

Ar

Scheme 24: Application of CpBis*BuAsCl, 28 in the preparation of an arsenic centered
radical.[134]
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4.3 Pentaarylcyclopentadienyl Radicals

It has long been hypothesised that cyclopentadienyl radicals should exist as two
valence tautomers as a result of a Jahn-Teller distortion, but at the time this work
was started this had not been clearly demonstrated by sc-XRD (vide supra).
Therefore, an aim of this work was to provide clear experimental evidence
supporting the existence of two valence tautomers in cyclopentadienyl radicals with
symmetric substitutions. To achieve this, the bulky pentaarylcyclopentadienyl
systems presented above were used. The additional substituents in either the para-
(31-33) or meta-positions (34, 35) (Scheme 26) prevent radical dimerization without
introducing steric strain or compromising the symmetry of the central
cyclopentadienyl ring. Additionally, the aryl substituents serve a secondary
purpose: they facilitate the transmission of structural information from the
cyclopentadienyl skeleton to the aryl groups through conjugation, and the resulting
structure is effectively frozen through aromatic ring interactions in the crystal
lattice. This strategy allowes the observation of the Jahn-Teller distortion
phenomenon in the solid-state. The resulting Cp radicals were further analyzed by
various techniques, including UV/Vis and EPR spectroscopy, as well as
cyclovoltammetry (CV).

The oxidation of 31-K-35-K (32-K equals 21 from above) was first studied by H.
Micha Weinert via CV in THF and was found to be reversible, indicating the stability
of the corresponding radicals. The observed oxidation potentials E1/2 are in
accordance with the electronic influences of the substituents (31-K/31: -1.06 V; 32-
K/32: -1.00 V; 33-K/33: -0.48 V; 34-K/34: -1.11 V; 35-K/35: —0.68 V). Since 31-K -
35-K were found to be rather strong reducing agents, the mild oxidant CuCl was
employed for preparation of 31-35 to prevent overoxidation (Scheme 25).

In addition to CuCl, other oxidants such as silver or ferrocenium salts were tested
and found to be effective. However, CuCl was found to be the most convenient

choice due to its ease of use in terms of separating excess reagent and the by-
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products Cu and KCl, all of which are insoluble in non-coordinating solvents.

Ar Ar
Ar_ X Ar cucl @
—_—
Ari‘j\Ar _Cu -KClI Ar Ar
Ar
Ar
1-K - 5-K 1-5
Ar = —g—@—OMe _EOt-BU —E—@—CGFs
31 32 33
t-Bu Ph
t-Bu Ph
34 35

Scheme 25: Synthesis of cyclopentadienyl radicals 31-35 from the corresponding

potassium salts 31-K-35-K by one-electron oxidation with CuCl.

The same synthetic protocol was also applied to CpBigCHK, CpBignBuK, and

CptigiPrK. The radical of CpBig CF3 was not formed under these conditions and the

corresponding radicals of CpBig»-Bu, and CpPBigi-Pr could not be isolated due to their

high solubility in all organic solvents tested.

L
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Figure 29: Possible valence tautomers of a cyclopentadienyl radical and selected

electronic transitions (blue, see below).
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bond lengths [A]: angles [°]:
72.29(3)
1.4073(12) _1.4107(12)
39.97(4) @ 41.60(3)
1.4726(12) 1.4685(12)
1.3790(12)
56.66(4) 49.68(4)

Figure 30: Solid-state structure of CpBig OMe. 31 with bond lengths in the cyclopentadienyl
ring and dihedral angles between the aryl groups and the plane of the cyclopentadienyl
ring. Hydrogen atoms are omitted for clarity.
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bond lengths [A]: angles [°]:
36.54(5)
1.4451(16) 1.4445(17)
1.3873(17@1 .3883(17) 52.40(5) 54.15(4)
1.4766(16)

4420(6) 42.37(5)

Figure 31: Solid-state structure of CpBigPh2. 35 with bond lengths in the cyclopentadienyl
ring and dihedral angles between the aryl groups and the plane of the cyclopentadienyl
ring. Hydrogen atoms and minor components of disorder are omitted for clarity.
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bond lengths [A]: angles [°]:
26.55(3)
1.456(16) 1.4453(17)
@ 65.89(5) 65.75(5)
1.3785(17) 1.3810(17)
1.4710(16)
49.29(5)  49.12(8)

Figure 32: Solid-state structure of CpBis #Bu. 32 with bond lengths in the cyclopentadienyl
ring and dihedral angles between the aryl groups and the plane of the cyclopentadienyl
ring. Hydrogen atoms and minor components of disorder are omitted for clarity.

The resulting radicals 31-35 have been successfully isolated in their pure form and
exhibit excellent stability at ambient temperature under an argon atmosphere for
several months without undergoing decomposition. These radicals are soluble in
aromatic hydrocarbons and THF. Additionally, radicals 32 and 34 display solubility
in hexane and pentane as well. By storing saturated solutions of 31, 32, and 35 in

benzene, n-pentane, and benzene/n-hexane respectively at 25 °C, single-crystals
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suitable for X-ray diffraction were obtained. Crystallization of 33 and 34 was
achieved using benzene and n-hexane at 25 °C, although the resulting crystals were
not suitable for sc-XRD.

The crystal structures showed distinct Jahn-Teller distortions. Notably, both valence
tautomers were observed. Radicals 32 and 35 exhibited the type I geometry, while
radical 31 exhibited the type II distortion of the Cp ring (Figure 29).

Compound 31 adopts the “allyl radical” type valence tautomer II (Figure 29). The
C-C bond lengths within the allyl unit of compound 31 measure approximately 1.41

o

A, which is consistent with the values observed in crystalline aryl-substituted allyl
radicals (1.40 A - 1.41 A)[135] and the parent allyl radical in the gas phase (1.43 A).[136]
The remaining C-C bond lengths within the Cp ring of compound 31 are
approximately 1.47 A and 1.38 A, which align closely with the expected values for
C-C single and double bonds between sp?-hybridized carbon atoms. This supports
the depicted Lewis structure of compound 31, which shows alternating single and
double bonds.

Compounds 32 and 35 exhibit a molecular structure in the single-crystals that
corresponds to the “localized radical” tautomers I (Figure 29). The C-C bond
lengths adjacent to the radical center in compounds 32 and 35 are longer at 1.45 A
compared to compound 31. However, the remaining C-C bond lengths closely
resemble those observed in compound 31, with values of approximately 1.47 A and
1.38 A. The alternating pattern of these bond lengths in compounds 32 and 35
resembles the depicted Lewis structure. Similar geometrical distortions have been
observed in the gas-phase analysis of the parent Cp radical, although to a lesser
extent.[137]

Quantum chemical computations performed by Prof. Dr. Gebhard Haberhauer
support the sc-XRD measurements, accurately reproducing the measured bond
lengths in the cyclopentadienyl core with a maximum deviation of 0.011 A.[138]
Valence tautomers I and II have distinct geometric structures but possess nearly
identical energies (Table 4). The computations also reveal the distribution of spin
densities in the tautomers, providing additional information not directly obtained

from the Solid-state structures (Table 6). The computed results align with the
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assigned Lewis structures (Figure 30 - Figure 32). Analysis of the aryl group torsion
angles demonstrates that higher spin densities on carbon atoms correspond to a
closer-to-planar conformation. This correlation is evident in both the computational
results and the crystal structures (Figure 30 - Figure 32).

Thus, the arrangement of aryl groups influences the structure of the Cp core,
creating an energy difference that prevents re-tautomerization in the crystalline
environment, thereby enabling the observation of distinct tautomers.

UV /Vis spectroscopy was employed to assess the electronic properties of the
radicals in solution. The UV /Vis spectra display a strong absorption band at 611-
656 nm and a weaker band at 498-523 nm, with enhanced intensity in the para-

substituted compounds (Figure 33).

Table 4: Absolute energies [au] of tautomers I and II of the pentaarylcyclopentadienyl
radicals 31-35 calculated using (a) UB3LYP-D3BJ/6-31G*[3] and (b) UB3LYP-D3B]/def2-
TZVP//UB3LYP-D3BJ/6-31G*.1140]

Tautomer a b
1 I -1921.5679370 —-1922.2780200
1 IT —-1921.5679340 —-1922.2780140
2 I —-2135.3221430 -2136.0726390
2 IT —-2135.3221330 -2136.0726300
3 I —4984.9993220 —4987.0740300
3 IT —4984.9993200 —-4987.0740510
4 I —3659.7972400 -3661.0678170
4 IT —-3659.7972540 -3661.0678480
5 I —2921.7598490 —-2922.7787680
5 IT —2921.7598450 —2922.7787680
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Table 5: Calculated bond distances [A] of the tautomers I and II of the
pentaarylcyclopentadienyl radicals 31-35.

g = W N =

g = W N =

Table

g = W N =

g = W N =

6:

Tautomer C1-C2

| ]

IT
II
II
IT
IT

Calculate

1.44753
1.45237
1.44745
1.45433
1.44675

1.41672
1.42621
1.41942
1.43336
1.41530

C2-C3

1.38911
1.38543
1.38801
1.38503
1.38935

1.47278
1.46623
1.47088
1.46038
1.47332

spin densities of
pentaarylcyclopentadienyl radicals 31-35.

Tautomer C1

—

II
II
I1
I1
I1

+0.474
+0.493
+0.490
+0.482
+0.498

-0.177
-0.175
—0.180
-0.161
-0.185

C2

—0.110
-0.095
-0.114
—0.086
-0.118

+0.424
+0.470
+0.448
+0.474
+0.438

the

C3-C4

1.48461
1.48579
1.48568
1.48520
1.48450

1.37978
1.38000
1.37909
1.38248
1.38011

tautomers

C3

+0.253
+0.234
+0.261
+0.219
+0.267

+0.041
-0.018
+0.021
-0.054
+0.049

C4-C5

1.38983
1.39142
1.38859
1.39344
1.38938

1.47585
1.48187
1.47820
1.48390
1.47451

I and

C4

+0.262
+0.298
+0.267
+0.306
+0.267

+0.071
+0.136
+0.092
+0.177
+0.062

C5-C1

1.44616
1.44207
1.44647
1.44009
1.44670

1.41216
1.40277
1.40855
1.39799
1.41343

II of

C5

—-0.115
—-0.136
-0.118
—0.143
-0.118

+0.406
+0.380
+0.406
+0.341
+0.431

the
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Quantum chemical computations by Prof. Dr. Gebhard Haberhauer were employed
to support the interpretation of the UV /Vis spectra.[138] The main absorption band
in the visible region around 600 nm is attributed to the electron transition from the
HOMO-2 to the SOMO ()2, Figure 29, Table 7). The forbidden transition between
the HOMO-1 and the SOMO, expected in the near-infrared region at approximately
1700 nm (\1; Figure 29, Table 7), was outside the frequency range accessible to our
equipment and was therefore not observed. Weaker absorption bands around 500
nm result from transitions between aryl-centered orbitals and the SOMO. A
comparison of the UV/Vis spectra reveals that substituents with m-donating or -
accepting properties (such as Ph, C¢F5, OMe) induce a bathochromic shift and
higher absorption coefficients. The influence of these substituents is more
pronounced in the para-positions, where the orbital coefficients of the transition
orbitals are larger.

1

absorption

T T T T T T
400 500 600 700
wavelength [nm]

Figure 33: UV/Vis spectra of the cyclopentadienyl radicals 31-35 in toluene (50 uM).
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Table 7: Vertical singlet excitations of the tautomers I and II of the
pentaarylcyclopentadienyl radicals 31-35.

Tautomer Sp—5S1 So—S2
A1 [nm] A2 [nm]

31 I 1671.65 553.41
32 I 1668.78 520.44
33 I 1705.33 530.87
34 I 1663.63 528.91
35 I 1779.75 536.20
31 II 1667.04 553.02
32 II 1673.12 520.37
33 II 1714.38 530.87
34 II 1664.51 529.00
35 II 1791.93 536.29

The electronic properties of the cyclopentadienyl radicals have also been examined
by EPR spectroscopy by Dr. Blaise L. Geoghegan and Dr. George E. Cutsail III.[138]
Despite the unequal distribution of spin density observed in the solid-state
structures, the EPR spectra exhibit equal spin populations for all cyclopentadienyl
carbon atoms. Such observations can be either attributed to the rapid reorientation
of the radicals at room temperature or an electronic valence equilibrium that occurs
within the timescale of the EPR experiment (approximately 107 s). The spectra of
compounds 34 and 35 can be accurately simulated by utilizing hyperfine couplings
of 2.01 and 2.10 MHz for the ortho- and para- protons, respectively. This behavior is
consistent with a Hiickel-like spin density distribution.!!4!l The spectra, however,
do not exhibit resolved signals for the weaker 'H couplings of the meta substituents.
This lack of resolution is expected, given the low spin density at the meta-
position.[142]

The EPR spectrum of para-OMe substituted radical 31 does not exhibit resolved
hyperfine splittings. It can be simulated as a broad S =1/2 signal. On the contrary,
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the spectrum of compound 32 is well reproduced by considering two groups of ten
protons. These protons originate from the ortho- (1.97 MHz) and meta- (0.75 MHz)
nuclei on the phenyl rings. Compound 33 shows an even more complex spectrum
as additional hyperfine splittings arise from the °F nuclei on the para-C¢Fs group.
The EPR spectrum of compound 33 can be accurately reproduced by including two
groups of 10 protons corresponding to the ortho- (1.95 MHz) and meta- (1.40 MHz)
positions on the phenyl rings. Furthermore, the simulation incorporates 15
equivalent 1°F nuclei with 0.50 MHz hyperfine couplings originating from the ortho-
and para-positions of the para-Ce¢Fs group. These hyperfine couplings follow the
same spin density distribution and Hiickel pattern as the phenyl groups. The para-
CeF5 substituent, being highly electron-withdrawing, facilitates spin delocalization
through the fluorine p-orbitals. This leads to a significantly larger spin density
observed at the meta-carbons of the phenyl ring.

Frozen solution spectra were also measured, but were much more broadened and
their hyperfine contributions could not be resolved.l38! Additional ENDOR

measurements and DFT computations can be found in the original publication.[138]

Table 8: Simulated EPR parameters for 31-35. (All g values and hyperfine couplings are
isotropic. Gaussian line-widths measured peak-to-peak.)

orthog;g, metag;e, paragic, Line-width
Simulation  giso

[MHz] [MHz] [MHz] [Gauss]
31 2.00253 - - - 2.650
32 2.00240 1.97 0.79 - 0.250
33(1H) 2.00241 1.95 1.40 - 0.165
33(19F) 0.50 - 0.50
34 2.00239 2.01 - 2.01 0.180
55 2.00239 2.10 - 2.10 0.240
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35 m-Ph

34 m-tBu

33 p-C,F,

32 p-tBu

31 p-OMe

I L] ] ] ] 1 1
3360 3362 3364 3366 3368 3370 3372
Magnetic Field [Gauss]

Figure 34: Experimental (black) and simulated (red) room-temperature CW X-band EPR
spectra for 31-35.1138]

4.4 Reactions of Cyclopentadienyl Radicals with Activated Metals

The stable cyclopentadienyl radicals mentioned earlier have the potential to
undergo direct reactions with elemental metals, leading to the formation of
cyclopentadienyl metal compounds. The Cp#ig #Bu ligand was again selected for this
study due to its high tendency for crystallization compared to other
pentaarylcyclopentadienyl ligands.

The CpBig Bu- radical 32 reacts with magnesium anthracene or metal amalgams of
group 2 (Ca, Sr, Ba), group 13 (Ga, In, Tl), and group 14 (Sn, Pb). These metal
amalgams are formed by mixing the respective metals with Hg. The reaction results
in the formation of homoleptic metallocenes, CpBig -Bui;M (M = Mg 36, Ca 37, Sr 38,
Ba 39, Sn 25, Pb 26), as well as half metallocenes, CpBigBuM (M = Ga 40, In 41, Tl
42), in almost quantitative yields (Scheme 27). Additionally, the reaction of radical

32 with mercury yields CpBig#Bu,Hg 43. The low oxidation potential of radical 34
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prevents the formation of the highest oxidation states of group 13 (+III) and group
14 metals (+1V).
Ar
Ar Ar\QAr
|

Ar
2 Ar, Mg(anthracene)(thf), - Mo %

- anthracene r r
-3 thf %ﬁ\
Ar Ar Ar Ar

, Ar A Ar '\I/| Ar M = Ca (37), Sr (38), Ba (39),
—_——
(Ho) Ar Ar Sn (25), Pb (26)
e,
Ar Ar Ar Ar
Ar
Ar
Ar Ar Y Ar M Ar
(Hy) ————— M = Ga (40), In (41), TI (42)
Ar Ar
Ar Ar Ar

Scheme 27: Synthesis of main group cyclopentadienyl compounds from
cyclopentadienyl radicals and amalgams.

Compounds 25, 26, and 37 - 43 exhibit solubility in toluene, benzene, and THF, with
the exception of 41 and 42, which are only slightly soluble in THF.

The structures of the group 2 and group 14 metallocenes, with the exception of
compound 37, were determined using single-crystal X-ray diffraction.

The crystals of the group 13 half-metallocenes diffracted poorly. Therefore, detailed
structural information could not be obtained. In the case of compound 40, the data
set obtained suggested the formation of a disordered chain-like structure, but the
disorder was too pronounced to be completely resolved during refinement.
Compounds 36 and 24 - 26 exhibit centrosymmetric structures, where the metal
atoms are located at the inversion centers. These compounds crystallize in different
space groups: P1 (36), C2/c (24), P21/n (25), and P1 (26). Compounds 38 and 39
crystallize in the monoclinic space group P21/n, while compound 43 crystallizes in
space group P1 with the molecule placed on a general position.

In these compounds, the aryl groups adopt a propeller-like conformation, which is

attributed to intramolecular CH - -- 1 interactions.
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Figure 35: Front (left) and side (right) view of CpBis*Bu;Ba 39 as a typical CpBis*Bu,M
metallocene. Hydrogen atoms and minor components of disorder are omitted for clarity.
The other metallocene structures are depicted in the original publication.[133]

The metal atoms in compounds 36, 38, 39, and 24 - 26 are linearly coordinated by
two n-coordinated CpBig#Bu Jigands. The metal atoms are positioned nearly above
the center of the cyclopentadienyl rings.

In contrast, compound 43 exhibits n'-coordination of CpBigBu lJigands in the solid-
state (Figure 36). However, the variable temperature "H NMR spectra of compound
43 in toluene-ds, as shown in Figure 37, indicate that the aryl groups remain
equivalent within the temperature range of —80 °C to 100 °C. This suggest a highly
fluxional behavior in solution and indicates that the molecule undergoes
sigmatropic shifts with a very low energy barrier, allowing for rapid
interconversion of the aryl groups. At temperatures above 40 °C, increased
dissociation into CpBig#Bu. and mercury metal was observed both in TH NMR

spectra and visually (mercury droplets and blue color of CpBig #Bu.),
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Figure 36. Solid-state structure of CpBis*Bu,Hg 43. Hydrogen atoms

components of disorder are omitted for clarity.

and minor

+100 °C
Cpfot. |
ke x S
+80°C
J_JJL; R AV
‘)\M + 60 °C
ol — &
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+20°C
A M
Jk 0:2C
A M
L -20°C
ro -
-40°C
T J\‘
- 60 °C
-80°C
7.r5 7.In E.‘S sjn 5‘.5 5.Iﬂ 3‘.5 3:0 2r5 210 1.5 Ijﬂ 0.5

4.5 4.0
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Figure 37: VT TH NMR spectra of CpBisBu,Hg 43 in toluene-ds.
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Table 9: Selected bond lengths [10\] and angles [°] of 36, 38, 39, 24, 25, 26, 43, 44. C; = best
plane of C;-Cs; C. = centroid of Cp ring; 2l for non-parallel planes C-C.. Any values
related to centroids are not available with s.u.; Pl C.-Ga-C;; [ C-Hg-C 174.69(5)°

36 38 39 24 25 26 43 13
M-C, 2.0624(6) 2.4923(10), 2.6413(7), 2.2417(5) 2.3995(8) 2.4587(8) 2.1989(13), 1.9351(8)
2.4935(10)  2.6411(7) 2.1370(14)
M-C. 2.063 2492, 2.642, 2.242 2.400 2.459 2.631, 1.936
2.495 2.641 2.734
Cr/Crlal 4125 4.984, 5.282, 4.483 4.799 4918 4.724, -
4.986 5.282 4.307
C-M-C. 180 177.8 178.3 180 180 180 147.71c 174.3(b]
5.4 Ba (n-Bu) -«
Ba (t-Bu)
3.4 Ba (H)
) Yb
2
T 1.4 Ca (n-Bup
g
% Pb (t-Bu)
Re) -
® Sn (t-Bu)
%-0.6
o Sn (H)
©
-2.6
6 *"Mg (t-Bu) Fe (H), 1.72 A, -0.20°
2.05 2.15 2.25 2.35 2.45 2.55 2.65

metal centroid distance [A]

Figure 38: Average bending angles for decaarylmetallocenes with different para-
substituents. The bending angle is defined as the angle between the Cp plane and the
Ccp-Cipso bond. Positive angles indicate aryl groups bending towards each other. The data
for t-Bu substituted complexes are derived from this work, while the remaining data are
obtained from the literature.

The bending angles of the aryl groups in decaarylmetallocenes conform to the

previously mentioned behavior (Figure 15). Specifically, for large metal ions, the

aryl groups tend to bend towards each other, while for small metal ions, they bend

away from each other. Including the identity of the para-substituent in the study

revealed that the attractive forces between the aryl groups are stronger for

n-butylphenyl groups compared to unsubstituted phenyl groups. This increased
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attraction is likely due to enhanced dispersion interactions. In the case of
t-butylphenyl groups, the effects lie somewhere in between, resulting from a
combination of attractive forces and steric repulsion (Figure 38).

To verify the monovalent nature of the group 13 half-metallocenes 40 - 42, for which
suitable single-crystals were not obtained, 40 - 42 were reacted with (coe)Cr(CO)s.
This reagent has been previously utilized for synthesizing CpGaCr(CO)s and
Cp*GaCr(CO)s complexes.[143144] Jt was found that only compound 40 reacted with
(coe)Cr(CO)s, resulting in the formation of the expected chromium pentacarbonyl
complex CpBig +BuGaCr(CO)s 44 (Scheme 28). This reaction confirms the monovalent

nature of compound 40.

Cr(CO)s
Ga coe)Cr(CO
Ar Ar (coe)Cr(CO)s5 Ar Ar
Ari}é N e Ari}é N
Ar Ar

Scheme 28: Synthesis of CpBis*BuGaCr(CO)s 44 from CpBis*-BuGa 40.

The ™H and 3C NMR spectra of compound 44 exhibit resonances corresponding to
the CpBig#Bu ligand as expected. In the 13C NMR spectrum, additional resonances
originating from the carbonyl groups were observed, with chemical shifts of 223.39
ppm (CO axial) and 218.23 ppm (CO equatorial).

In the IR spectrum of compound 44, two A1 (2056 cm, 1948 cm) and one E
(1928 cm?) vibrational modes were observed. These vibrations correspond to the
symmetrical and asymmetrical stretching of the transoid and cisoid CO groups,
which is in line with the expected Cs, symmetric M(CO)s fragment.

Furthermore, an IR forbidden B: fundamental stretching mode was detected at
1982 cm!. The presence of this band can be attributed to the perturbation of the
ideal Cs4» symmetry in the molecule.[14%]

The shift of the transoid CO band to a lower wavenumber from the CO absorption
band in Cr(CO)e (2000 cm) suggests that the CpBig -BuGa ligand exhibits a weaker
m-acceptor character in comparison to CO. Comparable finding were reported for
the Cp*GaCr(CO)s (A12052, 1918 cm; E: 1902 cm1; B1: 1982 cm),[143] whereas only
two IR absorption bands were reported for CpGaCr(CO)s (2074, 1953 cm1).[144]
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Single-crystals of 44 were obtained from a solution in benzene at 25 °C (Figure 39).
44 crystallizes in the monoclinic space group P21/n with one molecule and two
additional solvent molecules in the asymmetric unit. In compound 44, the Ga atom
exhibits an n’-coordination mode to the cyclopentadienyl ring, similar to what is
observed in metallocenes. The Ga-C distances in 44 range from 2.2683(17) to
2.3136(16) A, with an average value of 2.2897 A. This is consistent with the Ga-C
distances reported for Cp*GaCr(CO)s (2.260(3) - 2.282(4) A; average 2.260(3) A),
which also features an nP-coordinated Cp substituent.[143] The C.-Ga-Cr angles
become more linear with increasing steric demand of the cyclopentadienyl
substituent (44 174.3°, Cp*GaCr(CO)s 167.4°, CpGaCr(CO)s 164.2°).[143144] The Ga-
Cr distance of 2.3931(4) A is similar to the distance reported for CpGaCr(CO)s

o o

(2.3955(3) A)[144] and Cp*GaCr(CO)s (2.4046(7) A).0143]

Figure 39: Solid-state structure of 44. H atoms of solvent molecules and disordered parts
are omitted for clarity. Selected bond lengths [A] and angles [°]: Gal-Cr1 2.3931(4), Gal-
Cl1 2.2683(17), Gal-C2 2.2965(16), Gal-C3 2.3136(16), Gal-C4 2.2996(16), Gal-C5
2.2703(17), Cr1-C1_1 2.894(3), Cr1-C1_2 2.904(2), Cr1-C1_3 2.904(2), Cr1-C1_4 2.896(2),
Cr1-C1_5 2.866(2); Gal-Cr1-C1_5 177.30(8), Gal-Cr1-C1_1 89.33(7), C1_1-Cr1-C1_3
178.50(10), Cr1-C12 2.894(3) .
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A strong trans effect of the CpPigBuGa ligand in 44 is also observed in the crystal
structure, resulting in a significant shortening of the transoid Cr-COa.x bond length

(1.866(2) A) compared to the equatorial Cr-COeq bond lengths (av. 1.899 A).

4.5 Attempts to Prepare Unfluorinated Cyclopentadienyl Cations
Several attempts have been made to prepare the cyclopentadienyl cations
corresponding to the cyclopentadienyl radicals presented above, mainly by halide

abstraction from cyclopentadienyl halides.

K
Ar Ar
+ XeF, x—> Ar Ar
Ar Ar -Ae
Ar -KF

Ar. F
Ar Ar
Ar_ Br
K
Ar Ar Ar Ar
+ Br, ————>
Ar Ar - KBr
Ar
Ar Ar
Ar |
K
Ar Ar | Ar Ar
—>
+ 2
Ari'j\Ar - Kl
Ar
Ar Ar
Ar. X Ar
Ar Ar ) . solvent Ar Ar -
+ Lewis acid E—— anion
Ar Ar Ar Ar
X= F, Br, |
Lewis acid: AgBF, AgPFs AgSbFgs AgBCgFs SbFs5 PhsCBCgF5 Al,Brg Alylg TMS f-al, B(CgFs)3
Solvent: DCM, fluorobenzene, 1,2-difluorobenzene, SO, toluene, CS,
Ar= —§—< :)—é —§@—0Me —§@—CF3 —§<i>—c6F5
Ph t-Bu
Ph t-Bu

Scheme 29: Synthesis routes to cyclopentadienyl halides and attempts to prepare the
corresponding cations.

The latter could be prepared by the reaction of cyclopentadienyl potassium salts

with elemental halides (Brz, I>) in THF or with XeF: in acetonitrile. The preparation
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of cyclopentadienyl chlorides was not attempted because of the inconvenience of
handling gaseous chlorine and the lack of advantages over bromides or iodides.
Numerous attempts were made to abstract halide anions from cyclopentadienyl
halides using various Lewis acids to generate different anions. This was done with
the expectation of increasing the likelihood of crystallization. The reactions were
typically performed at low temperatures (-78 °C). Unfortunately, none of these
attempts were successful, frequently without clear reasons for the failures.

It has been previously reported that pentararylcyclopentadienyl cations can
decompose via C-C bond formation between the ortho-positions of adjacent aryl

groups.!

O v O

Scheme 30: Decomposition of the pentaphenylcyclopentadienyl cation in concentrated
sulfuric acid.3

4.6 The Perfluoropentaphenylcyclopentadienyl System

The above mentioned investigations have shown that in order to prevent the
decomposition of the pentaarylcyclopentadienyl cations, weak points such as C-H
bonds should be avoided. In particular, the ortho-positions must be protected to
prevent C-C bond formation. In addition, sterically demanding substituents are
preferred to inhibit dimerization reactions. Pentafluorophenyl groups were
considered a suitable choice due to their steric demand and chemical stability.
However, the high electron deficiency of this compound would require synthesis

under strongly oxidizing or strongly Lewis acidic conditions.

4.6.1 Synthesis

Attempts were made to synthesize perfluoropentaphenylcyclopentadienole using
the palladium catalyzed route described above, but unfortunately, no defined
product was obtained.

Consequently, an alternative approach was pursued (Scheme 31).
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Scheme 31: Synthesis of pentakis(pentafluorophenyl)cyclopentadienole 47. a) EtMgBr in
THEF/Et;O (i), diglyme, CuBr (7i), tribromoethylene, diglyme, 120 °C (7ii); b) Co2(CO)s,
decaline, 25 °C, then 190 °C (i), I» (ii); ¢) CsFsMgBr, THF, -78 °C to 25 °C.

In the first reaction (a, Scheme 31) bromopentafluorobenzene is first metallated
using ethylmagnesium bromide in diethyl ether. This reaction has the advantage
that the product, pentafluorophenylmagnesium bromide, is stable for weeks at
25 °C, in contrast to pentafluorophenyl lithium, which is typically handled at =78 °C
and decomposes at higher temperatures. Pentafluorophenylmagnesium bromide
can also be prepared directly from bromopentafluorobenzene, but the reaction is
accompanied by the formation of black by-products. Pentafluorophenylmagnesium
bromide is then converted into pentafluorophenylcopper which reacts with

tribromoethene to form bis(pentafluorophenyl)ethyne 45.[14]

F F
MgBr Cu O
F

EtMgBr F
Et20 CuBr F F
_—
- CuBr | |
EtBr MgBrz
F F - CoFsH
F F
F

45
Scheme 32: Synthesis of perfluorotolane 45.
The next reaction (b, Scheme 31) is a modified Pauson-Khand-reaction,!'#”] which
begins with the formation of a dicobalt hexacarbonyl acetylene complex,148] which
is thermally decomposed under incorporation of a CO molecule and then oxidized
with iodine to the corresponding cyclopentadienone (Scheme 33). Omitting the

oxidation step yields a cobalt-containing complex of unknown structure.
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Scheme 33: Synthesis of perfluoropentaphenylcyclopentadienone 46.

46 is then reacted with pentafluorophenyl magnesium bromide to form
pentakis(pentafluorophenyl)cyclopentadienole 47. The reaction succeeds only
when the Grignard reagent is added at —=78 °C and the reaction mixture is the slowly
warmed to 25 °C (Scheme 34). Otherwise, conjugate addition to the double bonds is

the predominant reaction.

F F Arf, ArF
Ar Ar thi
-78°Cto25°C
_
Arf ArF Arf

0 HO' A

46 47

ArF ArF = CgF

Scheme 34: Synthesis of perfluoropentaphenylcyclopentadienole 47.

The reactivity of compound 47 was found to be remarkably low, which can be
attributed to two factors. Firstly, the formation of the energetically unfavorable Cp
cation intermediate 48 hinders Sx1 reactions. Secondly, the bulky Ce¢Fs substituents
provide steric protection. For instance, 47 exhibits stability towards triflic anhydride
with or without strong bases (such as pyridine or 4-dimethylaminopyridine), HBr

in acetic acid, and PCls at temperatures up to 110 °C in toluene.
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Scheme 35: Alcohol 47 can be reacted with reducing or non-reducing Lewis acids to
prepare radical 49, and 48, respectively. These compounds can be interconverted through
oxidation or reduction processes.

However, under superacidic conditions, 47 reacts with SbF5SO2 to form 48,
containing the desired Cp cation 48*. In contrast, when reacted with the Friedel-
Crafts-type superacid system AlBrs/EtBr/benzene (Scheme 35), it forms the
corresponding cyclopentadienyl radical 49. To handle the high oxidation potential
of 48, solvents resistant to these conditions (SO, hexafluorobenzene) are required.
Furthermore, oxidation of radical 49 with an excess of XeF, and SbF5-SO2 in CsFe
also yields 48. Conversely, reactions of 48 with weak reducing agents such as
alkanes, dichloromethane (DCM), difluorobenzene, and even polypropylene
syringes yield radical 49.

In situ NMR spectroscopy showed the complete conversion of 47 in the reaction
with SbFs-SO; in SO». After the addition of SbFs-SO;, the 1F NMR spectrum (Figure
40, red) shows more signals than expected for the Cp cation salt 48 (three signals of
para-fluorine atoms for a C; symmetric structure; one signal of para-fluorine atoms
for a time-averaged Cs symmetric structure). It is unclear whether this is due to
impurities, equilibria between different species, formation of contact ion pairs, or

other reasons.
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Figure 40: ©YF NMR spectra in liquid SO, at -30 °C of
pentakis(pentafluorophenyl)cyclopentadienol 47 before (top, cyan) and after (middle,
red and bottom, black) the addition of five equivalents of SbFs SO using a glass
capillary with acetone-ds as reference. The multiplet marked with an asterisk arises from
Sb.FnOH, species.

The different species can be easily distinguished visually. While the alcohol 47 is
pale yellow, the cation salt 48 is deep blue and the radical 49 is pink. This was also
quantitatively analyzed by UV/Vis spectroscopy. 47 does not exhibit significant
absorption in the visible region. 48 and 49 show absorption maxima at 678 nm and
546 nm, respectively (Figure 41). The UV /Vis spectra have also been predicted by
quantum chemical methods by Prof. Dr. Gebhard Haberhauer. The measured
spectra are well reproduced by the computations. When comparing the measured
spectrum of 48 with the predicted spectra for the singlet Cp cation and the triplet
Cp cation, it indicates that 48* predominantly exists in the singlet state in the

hexafluorobenzene solution.
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Figure 41: UV/Vis spectra of cation salt 48, radical 49, and alcohol 47 (50 pmol/L in
hexafluorobenzene). The solution of 48 contained an excess (250 umol/L) of SbFs SO to
scavenge traces of reducing agents or nucleophiles. Quantitative results for 48 may be
imprecise because the concentration of 48 was not accurately known due to difficulties
in the handling of its solution with a slightly leaking glass syringe.

Solutions of 48 in SOz and 49 in toluene were also examined by Blaise L. Geoghegan
and Dr. George Cutsail III using EPR spectroscopy. The EPR spectrum of 49 showed
a characteristic signal consistent with a Cp radical, with a g value of 2.0033 and a
line width of 0.75 mT (Figure 43). No EPR signal was detected for 48 in solution at
room temperature. It is important to note that the absence of a signal does not
provide conclusive evidence for the complete absence of molecules in the triplet

state.
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Figure 42: UV/Vis spectra of cyclopentadienyl fluoride (a), radical 49 (b) as well as of the singlet
(c) and triplet (d) state of 48" calculated by Prof. Dr. Gebhard Haberhauer at TD-PBEO (SMD,
hexafluorobenzene)/def2-TZVP//B3LYP-D3BJ/TZP level of theory.
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Figure 43: EPR spectrum of the pentakis(pentafluorophenyl)cyclopentadienyl radical 49.
For the simulation, a g-value of 2.0033 and a linewidth (peak-to-peak) of 0.75 mT were
used.

A magnetic susceptibility measurement conducted by Daniel ]. SantaLucia on the
crystalline solvate Cp(CsFs)5SbsF16 1.5 CeF5 48a confirms that the ground state of the
compound is diamagnetic. The observed temperature-independent paramagnetism
is attributed to Van Vleck paramagnetism, which arises from the mixing of the low-
lying excited aromatic triplet state with the ground state under the influence of an
applied magnetic field, providing additional evidence that the triplet state must be
close in energy but higher in energy than the singlet state (Figure 45).[14°]

Because ypT = 0.019 cm® mol™! K at 2 K (as opposed to the expected 0 cm® mol™* K

for the singlet system) (Figure 45), it was necessary to model a §=1/2
paramagnetic impurity in the sample of 4.6%. This impurity arose from a small
portion of the sample being oxidized, which was observed as a thin layer of pink
powder on the top of the susceptibility sample (Figure 44). The non-linearity in the
susceptibility data is due to imperfect correction of diamagnetism for the sample
holder, since it was observed that the uncorrected data is completely linear (Figure

45).
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Figure 44: SQUID sample after measurement. A layer with the pink color of the radical

49 is clearly visible and probably results from traces of reducing agents.
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Figure 45: (Top) Uncorrected paramagnetic susceptibility data for 48a; (bottom)
paramagnetic susceptibility data corrected for inherent diamagnetism of the sample

holder.
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Cyclic voltammetry (SO2, NBusSbFs) was conducted by Susanne Rupf on a solution
of the radical 49 to determine the potential at which it is oxidized to the cation 48*.
The measurement showed that the interconversion of 49 and 48* occurs at an anodic
peak potential of Epa = +2.30 V vs. ferrocene (Figure 46 and Figure 47). Despite the
larger n-system, this value is significantly higher than the anodic peak potential for
the oxidation of the perfluorinated trityl radical to its cation C(CeFs)3* (+1.11 V vs.
Cp2Fe in 1,2-difluorobenzene),1%0] possibly indicating antiaromatic destabilization

of the cation.

E.=345V !
{CEECEFE}E} radical X '
baseline
E=230V
200 pA
o 1 2 3

E IV vs. FeCp,™*

Figure 46: Cyclic voltammogram of the pentakis(pentafluorophenyl)cyclopentadienyl
radical 49 at 20 °C in SO, with NBusSbFs. The first redox event at E,, =2.30 V is assigned
to the oxidation of radical 49 to cation 48*. The cause of the second redox event at E,, =
3.45 V is unclear, but it is only observable in the presence of the sample and is possibly
attributable to the subsequent oxidation of the aryl groups.

80



Results

E, .= 3.45 V)

[B12Cly2) _2;__1_."..

200 pA

-0.5 0 0.5 1 1,6 2 2,5 3 3.5 4
E |V vs. FeCp,”*

Figure 47: Cyclic voltammogram of the pentakis(pentafluorophenyl)cyclopentadienyl
radical 49 with Li»B12Cl1; as reference at —20 °C in SO, with NBusSbFe.

The CV experiments were performed with the Cp radical 49 starting from 0 V and
going to higher potentials. Two oxidation processes were observed above 2 V which
were referenced with Li>B12Cli2 whose oxidation potential vs. ferrocene is known
(oxidation from the dianion to a monoanion at 2.11 V and from the monoanion to a
neutral species at 2.67 V).[1511 It should be noted that due to the high reactivity of the
generated species an unspecified decomposition of the mixture was observed
during the second oxidation and reduction cycle in the referencing experiment. A
possible oxidation of the conducting salt was ruled out by measuring the
conducting salt alone (see baseline in Figure 46).

The results of the CV measurements were confirmed by calculating the reaction
enthalpy of the isodesmic reaction shown in Scheme 36.

Arf

ArF Arf + 5
Arf Ar ArF
Arf Arf ArfF
49 48+(S|nglet

Scheme 36: Isodemic reaction between the perfluorinated cyclopentadienyl radical 49
and the perfluorinated trityl cation to the perfluorinated cyclopentadienyl cation 48+ and
the perfluorinated trityl radical.
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The quantum chemical computations were performed by Prof. Dr. Gebhard
Haberhauer at the DLPNO-CCSD(T)/cc-pVTZ level of theory. The calculated
oxidation potential for 49 is 0.94 V (21.7 kcal/mol) higher than that for the
perfluorotrityl radical (observed difference: 1.19 V).

<@ @
1a F10_3 dihedral angles: bond lengths to aryl ring: 1b JF6_1 dihedral angles: bond lengths to aryl ring
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Figure 48: Solid-state structures of 48a (left) and 48b {(right), including selected bond
lengths and dihedral angles between the Cp plane and the aryl groups (defined as best
fit planes of the five Cp carbon atoms and six aryl carbon atoms). Anions and solvent
molecules are depicted as wireframe models. Ellipsoids are drawn at a probability level
of 50%. Non-participating solvent molecules are omitted for clarity.

It was possible to crystallize 48 from a solution in hexafluorobenzene at 6 °C.
Different crystallization experiments yielded two distinct solvates,
Cp(CsFs)sSbsF16 1.5CsFs (48a) and Cp(CeF5)sSbsF1s 2CeFs (48b, Figure 48).

Despite intentionally choosing a solvent (Ce¢Fs) and a counteranion (SbsF167) with a
low nucleophilicity, the Cp cations in both structures exhibit a weak interaction
with a negatively polarized fluorine atom from either the counter anion
(Cp(CeFs)5SbsF16 48a in Cp(CsFs)5SbsF16 1.5 CsFe) or the solvent (Cp(CeFs)sCeFs 48b
in Cp(CeF5)55bsF16 2 CeFe). The distances between the carbon atoms of the Cp ring
and these fluorine atoms (Figure 48) fall within the range of the sum of van der
Waals radii of carbon and fluorine (3.17 A).[152 These distances do not indicate a

covalent interaction. Furthermore, the sums of bond angles of all carbon atoms in
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the Cp ring are all above 359.0°, ruling out the presence of a tetrahedrally
coordinated carbon atom. As a comparison, the corresponding cyclopentadiene 53
(discussed below) with a hydrogen atom instead of fluorine has a sum of bond
angles of 334.5(5)° or 332.6(4)° (two independent molecules) between the carbon

0 — — g% By — —8% 8 — — 8%
B — ey gy 88 B 8
g% H- g8 H- i -

3

Figure 49: Triplet cyclopentadienyl cation (right) and two possible valence tautomers of
a singlet cyclopentadienyl cation (left and middle).

Further quantum mechanical computations were performed by Prof. Dr. Gebhard
Haberhauer to gain a deeper understanding of the electronic structures. Key
structures were optimized, and energies of the singlet and triplet states of the
cyclopentadienyl cation 48* (Figure 49 left and right) were calculated using DFT
approaches. Geometry optimizations were carried out using (U)B3LYP and
(U)YCAM-B3LYPI153] computations and atom-pairwise dispersion correction with
Becke-Johnson damping (D3B]). Open-shell singlet states were calculated with the
"guess = mix" keyword, and restricted open-shell computations yielded the same
energy values as closed-shell computations. Single-point computations were
performed using the double-hybrid method B2PLYP-D3BJ/TZ2PI154 and DLPNO-
CCSD(T) with various basis sets (from def2-SVP to def2-QZVPP).

The singlet-triplet gaps calculated with various methods can be found in Table 10
and Table 11. These results suggest that the triplet state is energetically favored over
the singlet state in the gas phase. When the proximity of the anion is taken into
account, the singlet state gets less unfavorable and was even preferred in one case
(B2PLYP-D3BJ/TZ2P/ /B3LYP-D3B]/TZP). When the computations are performed
with the geometrical data from sc-XRD measurements, the singlet state is clearly

preferred (Table 12).
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Table 10: Energy (AE) and Gibbs energy (AG) of the triplet state of 48+ and 48+ SbFs
relative to the singlet state in kcal/mol. 2 The zeroth order regular approximation

(ZORA)[15] to the Dirac equation was used.

method

cam-B3LYP-D3BJ/6-31G(d)
cam-B3LYP-D3BJ/6-311++G(d,p)
B3LYP-D3BJ/6-31G*

B3LYP-D3BJ/TZP

B3LYP-D3BJ/TZP2
B2PLYP-D3BJ/TZ2P//B3LYP-D3BJ/ TZPa
B2PLYP-D3BJ/TZ2P//B3LYP-D3BJ/ TZPa

molecule

48+
48+
48+
48+
48* SbFe
48+
48* SbFe

AE

-6.20
-5.55
-5.62
-4.96
-3.65
-2.27
-0.75

AG

-5.43
-4.58
-5.39
-5.45
-2.54
-2.77
+0.36

These computations show that the preference of the singlet state is a result of the

proximity of a negatively polarized fluorine atom, leading to the localization of the

positive charge on one specific carbon atom. Consequently, the interaction between

the anion and the differently polarized carbon centers becomes stronger, as

compared to the interaction with five equally polarized carbon atoms. This

increased interaction arises from the shorter distance between the anion and the

localized carbon atom.

The calculated APT (atomic polar tensor) and NBO (natural bond orbitals) charges

provide further insights. In the singlet cation, a pronounced localization of the

positive charge at C1 is observed, whereas in the triplet cation, the positive charge

is delocalized over all five carbon atoms. These findings are illustrated in Figure 50.
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Table 11: Energy (AE) of the triplet state of 48* relative to the singlet state. The
geometrical data for these single point computations stem from the B3LYP-D3B]J/TZP

computations. The values are given in kcal/mol.

method

DLPNO-CCSD(T)/def2-SVP
DLPNO-CCSD(T)/cc-pVDZ
DLPNO-CCSD(T)/ def2-TZVPP
DLPNO-CCSD(T)/ cc-pVTZ
DLPNO-CCSD(T)/ def2-QZVPP

AE

-5.8
-5.9
-6.4
-5.8
-5.6

Table 12: Energy (AE) of the triplet state relative to the singlet state in kcal/mol. The
geometrical data for these single point computations stem from the X-ray structure

analyses.

method

B3LYP-D3BJ/TZP

B2PLYP-D3BJ/TZ2P

DLPNO-CCSD(T)/ def2-SVP

DLPNO-CCSD(T)/def2-TZVPP

molecule

48a
48b
48a
48b
48a
48b
48a
48b

AE

+0.6
+5.0
+4.2
+8.1
+3.0
+6.7
+2.4
+6.5
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48*(singlet) 48*(triplet)

Figure 50: APT (atomic polar tensor) charges (blue; CAM-B3LYP-D3B]/6-311++G(d,p))
and NBO (natural bond orbitals) charges (red; CAM-B3LYP/def2-TZVP//CAM-B3LYP-
D3BJ/6-311++G(d,p)) of 48* in the singlet and triplet.

Upon comparing the calculated C-C bond lengths in the triplet state of the
cyclopentadienyl cation 48*, it is observed that nearly identical bond lengths are
obtained (1.431-1.434 A for B3LYP-D3BJ/TZP). This observation supports the
aromatic nature of the triplet system. In contrast to the triplet state, the singlet state
of cation 48+ exhibits a pronounced C—C bond length alternation, as observed in
both computational computations (1.366-1.539 A for B3LYP-D3BJ/TZP) and
measured solid-state structures of the cyclopentadienyl cations 48a (1.375-1.484 A)
and 48b (1.359-1.510 A). This further supports that the cyclopentadienyl cation salts
(48a and 48b) adopt singlet states in the solid-state.

The HOMA values of the calculated (B3LYP-D3BJ/TZP) and experimentally
determined geometries for 48*S) and 48*(T) have been calculated:
HOMA (48*(S)(calculated)) = -0.69, HOMA(48*(T) (calculated)) = +0.49,
HOMA (48a(measured)) = +0.01 and HOMA (48b(measured)) = —0.39.

That is, while the triplet state of 48+ should be aromatic, the calculated singlet state
of 48* and the cyclopentadienyl cation 48b found in the solid-state are antiaromatic
while 48a can rather be considered as non-aromatic by this criterion.

NICS (Nucleus Independent Chemical Shift) values were calculated using CAM-
B3LYP along a line perpendicular to the center of the ring plane, spanning a distance
of 5 A, with a step size of 0.1 A. This analysis was performed for both the singlet
and triplet states of the cyclopentadienyl cation 48+ (Figure 51). Consistent with the
other results, this indicates that the triplet state of the cyclopentadienyl cation 48*
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exhibits aromatic behavior, while the singlet state displays anti-aromatic

characteristics.
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Figure 51: NICS scans of 48+ calculated using CAM-B3LYP/def2-TZVP//CAM-B3LYP-
D3BJ/6-311++G(d,p). Blue-colored curve refers to singlet state and red-colored curve
refers to triplet state.

The Lewis acidity of Cp(CeFs)s* was quantified by Moritz Malischewski by
calculating its hydride (HIA) and fluoride ion affinities (FIA). The calculated values
for HIA and FIA were found to be high, with HIA at 1014 k]J/mol and FIA at
774 kJ/mol. These values even exceed those of the highly reactive
perfluorotritylium cation C(C¢F5)s* (HIA: 955 kJ /mol; FIA: 697 k] /mol), which was
already used for comparison above.[15]

When considering solvation effects, the calculated HIA and FIA are significantly
lower, with values of 448 k] /mol (HIA in CH2Clz) and 246 kJ/mol (FIA in CH2Cl).
Similarly, accounting for solvation in other solvents, such as SO», results in lower

values of 455 kJ/mol (HIA in SO>) and 223 kJ/mol (FIA in SO3). Nevertheless, to
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stabilize Cp(CeF5)s* as a room temperature stable salt, an excess of the powerful

Lewis acid SbFs (FIA: 496 k] /mol) was necessary.

4.6.2 Reactivity

48 was found to readily react with the weak Lewis base carbon monoxide in C¢Fe or
SOz, but unfortunately no crystalline product was isolated. It is proposed that a
carbonyl complex 51 is formed, similar to the previously reported synthesis of an
isoelectronic borole carbonyl complex obtained from the reaction of CO with the
highly Lewis acidic perfluoropentaphenylborole.5] The formation of 51 was
indirectly confirmed by hydrolysis leading to the corresponding carboxylic acid 52,
which was identified by F NMR spectroscopy and sc-XRD. 52 underwent
decarboxylation under the hydrolysis conditions (H20, 25 °C), resulting in the

formation of the novel pentakis(pentafluorophenyl)cyclopentadiene 53.

Arf, Arf Arf, Arf Arf, Arf
o Cp,Fe, (Ph3C-), or
oxidation Cp*Al
Arf Arf — Arf ArF > AF ArF
reduction
Arf Arf ArF
48* 49 50"

Co pyridine [ L HCl(aq)
Arf, ArF Arf, Arf ArF, ArF
H,0 AT
Arf ArF TOAF ArF -co, T OAF ArF
O// Arf HOOC" 5 H ArF

51 52 53
not isolated

Scheme 37: Reactions of 48 - 53.

Reed and Richardson proposed pentakis(pentafluorophenyl)cyclopentadienide 50-,
the conjugated base of 53 as a “carbon-based weakly coordinating anion”, but did
not prepare it.71 Compared to the known pentacyanocyclopentadienel!®’] and
pentakis(trifluoromethyl)cyclopentadiene,[1%] compound 53 is anticipated to be
less acidic. However, its larger size and the presence of non-basic C¢Fs side arms, as
well as its stability to polymerization and HF formation, render it an interesting

candidate as a strong carbon acid that forms a weakly coordinating anion. The pKa
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value of 53 was estimated by chemical means to be between -1 and 4.76, because 50
is protonated by hydrochloric acid, but not by acetic acid, while 53 can be
deprotonated with pyridine to give the pyridinium salt pyrH-50.[15]

An alternative method for obtaining salts of anion 50- is through the direct reaction
of radical 49 with reducing agents. Cyclic voltammetry studies by H. Micha Weinert
using 49 (1,2-difluorobenzene, NBusB(Ph-3,5(CFs)2)s) demonstrated a reversible
reduction to form 50- at a half-wave potential of 0.48 V vs. ferrocene.

50- may prove useful as an “innocent” oxidant, which avoids the production of
undesirable byproducts typically associated with traditional one-electron oxidants
like NO* or Ag*, thereby circumventing separation challenges or adverse reactivity.
Furthermore, reactions involving 49 can be visually monitored due to its intense
pink color. Compound 49 can be purified by sublimation and stored for several
months, even in the presence of air and moisture. It can also be washed with water
without significant decomposition. To evaluate its practical applicability,
compound 49 was reacted with ferrocene, Gomberg’s dimer (Ph3C-)2, and Cp*Al
(Scheme 37), in all cases yielding the respective salts of anion 3 (FeCp2* 50- (50a),
Ph;C* 50~ (50b), (Cp*)2Al* 50- (50c¢)) in single-crystalline and pure form. The Solid-
state structures of 50a-c have been determined by sc-XRD. These structures exhibit
nearly symmetrical Cp rings with C—C bond lengths ranging from 1.405 A to 1.415
A (Table S1). The cations are positioned in close proximity to the negatively charged
Cp ring, with the shortest distances between the Cp centroid and the hydrogen
atoms measuring 2.546 A - 3.131 A (Table 13, Figure 56~ Figure 60).

The crystal structures of 45, hexakis(pentafluorophenyl)benzene, 49 (crystallized
from benzene and SO2), 52, and 53 were also measured (Figure 52 — Figure 55, Figure

59, Figure 60).
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Table 13: Bond lengths in the Cp ring and shortest distance of the Cp centroid to an
adjacent hydrogen atom for 50a-c.

50a 50b 50c

bond length (A) of C1-C2  1.405(5) 1.406(3) 1.409(3)
bond length (A) of C2-C3  1.408(5) 1.409(3) 1.420(3)
bond length (A) of C3-C4  1.415(6) 1.412(3) 1.401(3)
bond length (A) of C4-C5 1.411(5) 1.409(3) 1.414(3)
bond length (A) of C5-C1 1.405(5) 1.411(3) 1.411(3)
distance (A) between 2.546 2.683 3.131
centroid(Cp) and next H

& © = S

4
¢ 6—6 {
Q = © 0%

Figure 52 Solid-state structure of bis(pentafluorophenyl)ethyne 45, crystallized from
benzene. Ellipsoids are drawn at a probability level of 50%.
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Figure 53 Solid-state structure of hexakis(pentafluorophenyl)benzene. Ellipsoids are
drawn at a probability level of 50%. Hexakis(pentafluorophenyl)benzene was obtained
as a by-product in the synthesis of C and crystallized from toluene/DCM.

Figure 54: Solid-state structure of pentakis(pentafluorophenyl)cyclopentadienyl radical
49, crystallized from benzene. Ellipsoids are drawn at a probability level of 50%.
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Figure 55: Solid-state structure of pentakis(pentafluorophenyl)cyclopentadienyl radical
49, crystallized from SO.. Ellipsoids are drawn at a probability level of 50%.

Figure 56: Solid-state structure of ferrocenium pentakis(pentafluorophenyl)-
cyclopentadienide 50a, crystallized from 1,2-difluorobenzene/hexane. Ellipsoids are
drawn at a probability level of 50%.

92



Results

Figure 57: Solid-state structure of tritylium pentakis(pentafluorophenyl)-
cyclopentadienide 50b, crystallized from toluene. Ellipsoids are drawn at a probability
level of 50%.

Figure 58: Solid-state structure of decamethylaluminocenium pentakis(pentafluoro-
phenyl)cyclopentadienide 50c, crystallized from benzene. Ellipsoids are drawn at a
probability level of 50%. Hydrogen atoms are omitted for clarity.
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Figure 59: Solid-state structure of pentakis(pentafluorophenyl)-
cyclopentadienylcarboxylic acid 52, crystallized from hexafluorobenzene/hexane.
Ellipsoids are drawn at a probability level of 50%.

Figure 60: Asymmetric unit of pentakis(pentafluorophenyl)cyclopentadiene 53,
featuring two independent molecules, crystallized from acetonitrile/hexane. Ellipsoids
are drawn at a probability level of 50%.

More information on the crystal structures can be found in a separate

publication.[160]
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5 Conclusion and Outlook

The goal of this work was the study of the chemical behavior and properties of
pentaaryl cyclopentadienyl anions, radicals, and cations.

The cyclopentadienes 1 - 8 which were required as precursors could be prepared
by a fivefold palladium catalyzed Heck reaction in a one pot protocol. This enabled
the manipulation of the solubility, crystallization behaviour, and the steric and
electronic properties of the resulting cyclopentadienes and their follow-up
products.

Deprotonation of these cyclopentadienes with alkali metal
bis(trimethylsilyl)amides resulted in all cases in the formation of alkali metal salts
9-23 comprising the corresponding cyclopentadienyl anions. Their behavior in
solution and in the solid-state was investigated by multinuclear NMR spectroscopy
and sc-XRD. These alkali salts could be used in salt metathesis reactions resulting
in other metal compounds.

Oxidation of the cyclopentadienyl anions resulted in the formation of stable,
isolable cyclopentadienyl radicals 31-35. Sc-XRD of these radicals provided
experimental evidence for their Jahn Teller distortion in the solid-state. In solution,
a permanent distortion could not be observed by EPR spectroscopy, potentially due
to fast tautomerization.

The resulting radicals could also be used to prepare cyclopentadienyl metal
compounds 36-43 by their reaction with activated elemental metals. Activation was
mainly achieved by dissolving the metals in mercury.

The preparation of the corresponding cyclopentadienyl cations was also attempted,
but no defined product could be isolated due to the high reactivity and fast
decomposition of these systems.

In order to eliminate all possibly weak points (such as C-H bonds) that could lead
to decomposition, the perfluorination of the pentaarylcyclopentadienyl scaffold
was considered. Unfortunately, the preparation of
perfluoropentaphenylcyclopentadiene 53 was not possible by the usual Heck
protocol mentioned above, but a different route via perfluorotolane 45 and
perfluorotetraphenylcyclopentadienone 46 was successful and yielded
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perfluoropentaphenylcyclopentadienol 47. This could be dehydroxylated to the
corresponding cyclopentadienyl radical 49 which was found to be a useful oxidant.
It was used as a precursor to different salts 50a-d of the corresponding
cyclopentadienyl anion and to the cyclopentadiene 53.

The synthesis of cyclopentadienyl cation 48+ was finally achieved under highly
oxidizing and Lewis acidic conditions. Either, radical 49 was oxidized by
XeF2/SbFs 5Oz or a hydroxide ion was abstracted from 47 by an excess of SbFs SOs.
As 48* reacts even with weak reductants like DCM and weak Lewis bases like CO,
this necessitated the use of solvents which are inert to these conditions (CsFes or SO2).
48* could be crystallized in form of a room-temperature stable salt with the [SbsF1]-
anion.

Cyclopentadienyl cations can be present in the triplet or singlet state. In the singlet
state, two different valence tautomers can further be distinguished. All these forms
have a similar anticipated energy. In the solid-state, 48* was found to be present in
the singlet state, comprising the valence tautomer with the positive charge mainly
localized on one carbon atom. This could be confirmed by the characteristic bond
lenghts alternation which was observed by sc-XRD and predicted by quantum
mechanical computations. Temperature dependent magnetic susceptibility
measurements also provided evidence for a singlet ground state in the solid-state
and indicate the presence of an energetically low lying triplet state. UV/Vis
spectroscopy combined with quantum mechanical computations also implies that
48* is predominantly present in the singlet state in solution. Both in the solid-state
and in solution, the singlet state, exhibiting a higher charge localization than the
triplet state, is probably favored due to its more effective interaction with a
negatively polarized atom of either the solvent or the counteranion. As a planar
singlet system with four cyclic conjugated 1 electrons, 48+ represents one of the few
examples for an isolable antiaromatic molecule.

Being a strong Lewis acid, 48* reacts with the weak Lewis base CO. The product
could be hydrolyzed to the cyclopentadienyl carboxylic acid 52, which

decarboxylates to cyclopentadiene 53.
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The use of the perfluoropentaphenylcyclopentadienyl system as a ligand in
coordination chemistry is still completely unexplored and might result in new
insights and applications due to its weakly electron donating character combined
with a high stability. The perfluoropentaphenylcyclopentadienyl radical might also
become a useful innocent oxidant in synthetic applications due to its convenient
oxidation potential (0.48 V vs. ferrocene) and inertness towards air and moisture in

the solid-state.
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6 Experimental Part

6.1.1 Synthesis of CpBig»-BuH 1

@Z ACl Pd(OAc), / P(t-Bu)z O
+ r. —_—
@'CI Cs,C04

Pentakis-(4-n-butylphenyl)cyclopentadiene was synthesized according to an
adapted literature procedure.[12-14]

96 mmol (31.2 g) of cesium carbonate, 160 mL of dry DMF, 102 mmol (17 mL, 21.7 g)
of 1-bromo-4-n-butylbenzene, 2 mmol (0.802 g) of tri-t-butylphosphine, 8 mmol
(2.34 g) of zirconocene dichloride, and 2 mmol (0.46 g) of palladium(Il) acetate were
sequentially added to a 250 mL Schlenk flask. The mixture was heated to 140 °C in
a sealed flask for five days. During this time, the reaction mixture changed color
from green and red to brown. After this period, 20 mL HCl.q (37%) was added and
the reaction mixture was diluted with 300 mL of dichloromethane. The organic
phase was separated, dried with MgSOs, and concentrated on a rotary evaporator
followed by vacuum distillation at 80 °C to remove residual solvent. The resulting
brown oil was purified by column chromatography (silica, n-hexane:DCM 4:1) and
crystallized from a mixture of 10 mL n-hexane and 100 mL isopropanol at -30 °C.
Yield: 4.7 g (3.24 mmol, 81%) 'H-NMR (300 MHz, CDCls, 25 °C) 6 7.16 - 6.73 (m,
20H, Car), 4.99 (s, 1H, CpH), 2.66 - 2.32 (m, 10H, ArCH>), 1.51 (m, 10H, ArCH>CH>),
1.41-1.15 (m, 10H, ArCH>CH2CH>), 1.01 - 0.75 (m, 15H, ArCH>CH>CH>CH3). Other

analytical data match those reported in the literature.[*3]
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6.1.2 Synthesis of CpBigiPrH 2

@z ACl Pd(OAc), / P(t-Bu)s Q O O
+ NG
@'Cl Cs,COq

- $» Q

Pentakis-(4-isopropylphenyl)cyclopentadiene was synthesized according to an
adapted literature procedure.[12-14]

96 mmol (31.2 g) of cesium carbonate, 160 mL of dry DMF, 102 mmol (20.3 g, 15 mL)
of 1-bromo-4-isopropylbenzene, 2 mmol (0.802 g) of tri-t-butylphosphine, 8 mmol
(2.34 g) of zirconocene dichloride, and 2 mmol (0.46 g) of palladium(Il) acetate were
sequentially added to a 250 mL Schlenk flask. The mixture was heated to 140 °C in
a sealed flask for five days. During this time, the reaction mixture changed color
from green and red to brown. After this period, 20 mL HCl.q (37%) was added and
the reaction mixture was diluted with 300 mL of dichloromethane. The organic
phase was separated, dried with magnesium sulfate, concentrated on a rotary
evaporator and subjected to vacuum distillation at 80 °C to remove residual solvent.
The resulting brown oil was purified by column chromatography (silica,
hexane:DCM 4:1) and crystallized from 50 mL of acetone at -30 °C.

Yield: 3.3 g (5.0 mmol, 62%) 'H NMR (300 MHz, CDCl3, 25 °C) 6 7.32 - 6.87 (m, 20H,
Car), 5.13 (s, 1H, CpH), 2.89 (m, 5H, ArCH), 1.47 - 1.14 (m, 30H, ArCH(CH3)2). Other

analytical data match those reported in the literature.[107]
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6.1.3 Synthesis of CpBigtBuH 3

@ Ke Pd(OAC), / P(t-Bu)g O O
+ Zr; _—
@ Cl Cs,CO3 O
" » O

Pentakis-(4-t-butylphenyl)cyclopentadiene (Cp¥Bis -BuH) was synthesized according
to an adapted literature procedure.[86-88]

336 mmol (71.6 g, 58.3 mL) of 1-bromo-4-t-butylbenzene, 336 mmol (109 g) of cesium
carbonate, 28 mmol (8.81 g) of zirconocene dichloride, 2 mmol (0.450 g) of
palladium(Il) acetate, and 4 mmol (0.810 g) of tri-t-butylphosphine were suspended
in 560 mL of dry DMF. The mixture was heated to 140 °C in a closed 1 L nitrogen
flask for twenty hours. The resulting brown suspension was cooled to room
temperature, treated with 100 mL HClaq (37%), and diluted with distilled water to
a final volume of 1 L. The precipitated brown solid was filtered and washed three
times with 100 mL of distilled water. The filter cake was dissolved in a mixture of
400 mL of methanol and 400 mL of cyclohexane, then filtered and transferred to a
separatory funnel. The methanol phase was discarded, and the extraction with
methanol was repeated. The cyclohexane phase was then concentrated on a rotary
evaporator and subjected to vacuum distillation at 80 °C to remove volatile
components. The crude product obtained in this manner was dissolved in 100 mL
of dichloromethane and filtered through 50 mL silica. The product was eluted with
an additional 200 mL of dichloromethane, and the combined filtrates were
evaporated using a rotary evaporator. The pre-purified crude product was
dissolved in 100 mL of hot toluene, mixed with 100 mL of methanol, and left to
crystallize overnight at =30 °C. The crystallized colorless product was isolated by
filtration, washed with 100 mL cold methanol (=30 °C), and dried in vacuo.

Yield: 22.0 g (53%) Mp: 240 °C Anal. caled. for CssHes: C 90.85, H 9.15%, Found: C
91.3, H 9.24% 'H-NMR: (300 MHz, CDCl3) 6 = 7.21 - 7.14 (m, 4H, Har), 7.10 (d, 3Jun
= 8.3 Hz, 4H, Har), 7.04 - 6.94 (m, 8H, Har), 6.90 (d, 3Jun = 8.3 Hz, 4H, Hax), 5.04 (s,
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1H, CpH), 1.25 (s, 18H, Hesu), 1.23 (s, 9H, Hipu), 1.19 (s, 18H, Hipa). BC-NMR: (75
MHz, CDCls) § = 149.26 (Car), 148.72 (Cax), 145.24 (Car), 137.99 (Car), 136.26 (Cax),
134.08 (Car), 133.34 (Car), 132.93 (Car), 132.88 (Car), 129.78 (Car), 129.00 (Car), 128.40
(Cax), 125.45 (Car), 124.63 (Car), 124.57 (Cay), 34.59 (C6), 34.54 (C6), 34.46 (C6), 31.48
(C7), 31.42 (C7), 31.36 (C7). IR: 2959, 2903, 2866, 1516, 1503, 1475, 1461, 1393, 1362,
1268, 1113, 1018, 855, 833, 589, 566, 546 cm.
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6.1.4 Synthesis of CpBish2H 4

Pd(OAc),
tBuzPHBF,
Cs,CO;4

DMF
then HCl(5q)
—
- CsBr

-CO,
-H,0

80,9 mmol (25.0 g) of 5'-bromo-m-terphenyl, 6.26 mmol (1.83 g) of zirconocene
dichloride, 80.9 mmol (26.4 g) of cesium carbonate, 1.26 mmol (365 mg) of
tri-t-butylphosphonium tetrafluoroborate and 0.623 mmol (140 mg) of palladium(II)
acetate were dissolved in 250 mL of dimethylformamide and stirred for 16 h at
140 °C. The dark brown reaction mixture was cooled to room temperature and
200 mL HClaq) (37%) and 200 mL of toluene were added. The two phases were
separated and the (upper) organic phase was washed two more times with 200 mL
HCl(aq) (37%). The aqueous phases were discarded, and the organic phase was dried
with MgSOs. The dried organic phase was filtered through a pad of silica (100 mL
silica), which was washed with 100 mL toluene. The light brown combined filtrates
were concentrated on a rotary evaporator and freed of any left volatiles at
1 pubar/100 °C. The raw product obtained in this way was combined with 12.5 mmol
(2.5 g) of KN(TMS)2 and dissolved in 50 mL of THEF. All volatiles were removed in
vacuo and the product was re-crystallized thrice from toluene/n-hexane (50 mL/100
mL) at —30 °C. The obtained crystals (7.96 mmol, 10.5 g, 64%) were dried in vacuo.
The product obtained in this way contains one equivalent of THF, which cannot be
removed in vacuo.

7.96 mmol (10.5 g) CpBis Pi2K.-THF was suspended in 200 mL toluene and 50 mL of
HCl(aq) (10%, 153 mmol) was added. The upper (organic) phase was separated, dried
with MgSOs, concentrated on a rotary evaporator, and freed of any left volatiles at
1 pubar/100 °C. The product was then dissolved in 80 mL benzene, diluted with 500
mL n-hexane and crystallized at —30 °C. CpbBig Pi2H is obtained as a white, free
flowing powder.

Yield 5.9 g, (4.89 mmol, 39% with respect to zirconocene dichloride). Mp. 278 °C
Anal. calcd. for CosHes: C, 94.5; H, 5.51%. Found: C, 94.3; H, 5.49%. TH NMR (400
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MHz, CsDs) 6 8.02 (d, 4Jun = 1.6 Hz, 4H, Hortho, p to CpH), 7.93 (d, 4Jun = 1.7 Hz, 2H,
Hortho, bonded to CpH), 7.85 (d, 4Jun = 1.7 Hz, 4H, Hortho, a to CpH), 7.73 (t, 4Jun =
1.7 Hz, 2H, Hypara, a to CpH), 7.52 (t, 4Jun = 1.6 Hz, 2H, Hpara, B to CpH), 7.49 (t, *Jun
= 1.7 Hz, 1H, Hypara, bonded to CpH), 7.44 - 7.38 (m, 4H, Ph), 7.38 - 7.32 (m, 16H,
Ph), 7.15 - 7.02 (m, 30H, Ph), 5.75 (s, 1H, CpH). 13C NMR (101 MHz, C¢De¢) 6 147.2
(Ccp, P to CpH), 145.9 (Ccp, a to CpH), 143.2, 143.0, 142.1, 141.6, 141.5, 140.8, 138.4,
136.4, 129.0, (at least three signals including Cortho, a to CpH), 127.7 - 127.5 (several
overlapping signals including Cortho, bound to CpH and Cortho, p to CpH), 125.9
(Cpara, bound to CpH), 125.7 (Cpara, a to CpH), 125.2 (Cpara, p to CpH) 62.6 (Ccp-H).
IR v = 3034, 1587, 1494, 1412, 1076, 1027, 881, 757, 695, 612 cm1.

Comments: CpBig Pi2H is purified in the form of its potassium salt, which can be
hydrolyzed to obtain pure CpBig Ph2H. This indirect route is advantageous, as CpPig

Ph2K.THF is purified more easily than CpBig Ph2H.
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6.1.5 Synthesis of CpBigt-Bu2H 5

Pd(OAc),
tBu;PHBF,
Cs,CO;
Br DMF

140 °C, 16 h
then HCliyq)
Cp,yZrCl, +5 >
- CsBr a
t-Bu t-Bu

-CO,
-H,0

tBu tBu
Pentakis-4-methoxycyclopentadiene (CpPis OMeH) was synthesized according to an

adapted literature procedure.®l

2.00 mmol (584 mg) Cp2ZrCly, 24.0 mmol (4.44 g) 3,5-dimethyl-1-bromobenzene,
24.0 mmol (7.82 g) cesium carbonate, 0.500 mmol (112 mg) palladium(Il) acetate,
2.00 mmol (404 mg) tri-t-butylphosphine, and 50 mL DMF were combined in a
Schlenk tube. The mixture was heated to 130 °C for 24 hours, resulting in the
formation of a creamy brown slurry. After cooling the Schlenk tube and its contents
to room temperature and exposing them to air, 150 mL of DCM was added,
followed by p-toluenesulfonic acid (9.12 g, 48.0 mmol). The mixture was stirred at
room temperature for 15 minutes and then passed through 50 mL silica gel to obtain
a brown solution. All volatiles were removed in vacuo.

The crude product was directly used in the synthesis of CpBig #Bu2K 34-K. Pure 5 can
be obtained by the hydrolysis of this product as described for 4.

Analytical data match those reported in the literature.[*]
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6.1.6 Synthesis of CpBisOMeH 6

e

\
@ <Cl Pd(OAc), / P(t-Bu); o O
—_—

O
+ Zr.

O o
@‘CI Cs,CO5 ' O
: Evla

/

Pentakis-4-methoxycyclopentadiene (CpPBis OMeH) was synthesized according to an
adapted literature procedure.[s8l

18 mmol (3.37 g, 2.26 mL) of 1-bromo-4-methoxybenzene, 18 mmol (5.9 g) of cesium
carbonate, 1.5 mmol (0.44 g) of zirconocene dichloride, 0.15 mmol (34 mg) of
palladium(Il) acetate, and 0.3 mmol (87 mg) of tri-t-butylphosphonium
tetrafluoroborate were sequentially suspended in 60 mL of dry NMP. The mixture
was heated to 140 °C for 24 h. The resulting brown suspension was cooled to room
temperature and diluted with 50 mL toluene and 50 mL HClq) (37%). The aqueous
phase was discarded and the organic phase was dried with MgSO4 and filtered
through 50 mL silica gel. All volatiles were removed at the rotary evaporator and
the product was crystallized from 2 mL toluene. Yield 750 mg (1.03 mmol, 69%)

Analytical data match those reported in the literature. (]
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6.1.7 Synthesis of 4-(Pentafluorophenyl)bromobenzene

Br

PA(PPhs)s
_AwCO;
AgI
-co, F

-F,0
t

4-(Pentafluorophenyl)bromobenzene was prepared according to an adapted
literature procedure.[161]

50 mmol (141 ¢g) 4-bromoiodobenzene, 55 mmol (924 g, 6.1mL)
pentafluorobenzene, 25 mmol (6.9 g) Ag>COs3 and 86 pmol (100 mg) Pd(PPhs)s were
dissolved in 50 mL DMF and stirred for 24 h at 80 °C. The resulting dark suspension
was filtered and the solid washed with 100 mL of DCM. 100 mL HClq) (37%) was
added to the combined filtrates in a separatory funnel. The organic phase was
separated, dried with MgSQOs, filtered and the solvent was evaporated by use of a
rotary evaporator. The resulting light-yellow foam was dissolved in 80 mL of
boiling hexane, hot filtered and stored for 24 h at —30 °C, yielding 7.8 g of white
crystals of 4-(pentafluorophenyl)bromobenzene, which were separated by filtration
and dried in vacuo. A second crop of 3.65 g was obtained from the reduced mother
liquor (combined yield 71%). Analytical data are identical to those reported in the

literature.[161]
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6.1.8 Synthesis of CpBig C6F5H 7

Pd(OAc),
tBuzPHBF,
Cs,CO;4
diglyme
140°C, 16 h
then HCl )
—_—
- CsBr
-CO,
-H,0

Cp,yZrCly + 5

F F

Br
F. ! F
F

26.4 mmol (8.53 g) of 4-(pentafluorophenyl)bromobenzene, 2.2 mmol (643 mg) of
zirconocene dichloride, 26.4 mmol (8.60 g) of CsxCOs, 1.32 mmol (383 mg) of
tri-t-butylphosphonium tetrafluoroborate and 0.44 mmol (99 mg) of palladium(II)
acetate were dissolved in 20 mL diglyme and stirred for 16 h at 140 °C. The reddish-
brown reaction mixture was cooled to room temperature and 100 mL of HClg)
(37%) and 100 mL of toluene were added. The two phases were separated, and the
organic phase was washed five times with 100 mL of HCl@q) (37%). The aqueous
phases were discarded, and the organic phase was dried with MgSOs. The dried
organic phase was filtered through a pad of silica (50 mL of silica), which was
washed with 100 mL of toluene. The light brown combined filtrates were
concentrated on a rotary evaporator and freed of any remaining volatiles at
1 pbar/100 °C. The raw product was then purified by column chromatography
(n-hexane/DCM 4:1) The product is in the second band with a blue fluorescence.
The product was freed of any remaining volatiles at 1 pbar/100 °C, leaving behind
yellow crystalline CpBig C6F5H.

Yield: 2.00 g, (1.57 mmol, 36%). Anal calcd. for CesHa1F2s: C, 61.1; H, 1.66%. Found:
C,61.1; H,1.77%. Mp. 242 °C. TH NMR (400 MHz, C¢Ds) 6 7.41 (d, 3Jun = 8.4 Hz, 2H,
Cp-Ar-CHoriio, bound to CpH), 7.31 (d, 3Jun = 8.5 Hz, 4H, Cp-Ar-CHortho, a to CpH),
7.30 (d, 3Jun = 8.4 Hz, 4H, Ar-CHorino,  to CpH), 7.26 (d, 3Jun = 8.4 Hz, 2 H, Cp-Ar-
CH neta, bound to CpH), 7.14 (d, 3Jun = 8.2 Hz, 4 H, Ar-CHsets, f to CpH), 7.03 (d, 3Jun
=8.2Hz, 4 H, Ar-CHets, a to CpH), 5.14 (s, 1 H, Cp-CH). 13C NMR (101 MHz, C¢Ds)
0147.4 (Cp-C, ato CpH), 144.7 (Cp-C; p to CpH), 144.2 (dm, 'Jcr = 239 Hz, 3 CeFs0rt0),
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139.3 (Cp-Ar-CHjpso, bound to CpH), 140.6 (dm, Jcr = 257 Hz, 3 CsFspara), 136.8 (Cp-
Ar-CHipso; p to CpH), 138.0 (dm, 1Jcr = 249 Hz, 3 C¢Fspieta), 136.4 (Cp-Ar-CHipso, a to
CpH), 131.2 (Cp-Ar-CHieta, bound to CpH), 130.7 (Cp-Ar-CHortno; a to CpH), 130.6
(Cp-Ar-CHyeta; a to CpH), 130.4 (Cp-Ar-CHiyeta; f to CpH), 129.6 (Cp-Ar-CHorio; ff to
CpH), 129.0 (Cp-Ar-CHostho, bound to CpH), 126.2 (Cp-Ar-CHpar; f to CpH), 125.9
(Cp-Ar-CHpara, bound to CpH), 125.8 (Cp-Ar-CHypura; a to CpH), 115.2 (m, 3 CeFsipso),
63.2 (Cp-CH). PF NMR (376 MHz, C¢Dg) 6 -143.95 - -144.19 (m, 10F, C¢Fs0rin0), -155.33
(t, 2F, 3Jrr = 21.6 Hz, C¢F5para), -155.55 - -155.72 (m, 3F, CeF5par), -162.15 - -162.56 (m,
10 F, CeFsmeta). IR v = 1487, 1403, 1322, 1062, 981, 850, 748 cm1.
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6.1.9 Synthesis of CpBis CF3H 8

CF,
Pd(OAc),

tBuzPHBF,
Cs,CO;
Br DMF

170°C,3d FsC H CF3
then HCl(q,
Cp,ZrCl, +5 e

- CsBr
-CO,

CFS - HZO O O
F3C CF3

CpBig CF3H was prepared according to an adapted literature procedure.[131]

In an inert atmosphere, 120mmol (0.36 g) tri-t-butylphosphonium
tetrafluoroborate, 0.50 mmol (0.11 g) palladium(Il) acetate, and 61.2 mmol (19.9 g)
cesium carbonate were combined in a sealed tube. 5.0 mmol (1.46 g) zirconocene
dichloride and 60.0 mmol (13.5 g) 4-bromobenzotrifluoride, dissolved in 20 mL of
dry DMF, were added to the tube. The resulting mixture was heated to 140 °C for
16 h. The reaction mixture was then transferred to a beaker and 250 mL of CH>Cl»
were added, followed by the addition of 10.0 mmol (1.90 g) p-toluenesulfonic acid
monohydrate. Filtration through a pad of silica, followed by concentration under
reduced pressure, yielded a brown oil. Further purification by column
chromatography (using a solvent gradient from pentane/ CH2Cl> 98:2, to pentane/
CH2Cl2 90:10) resulted in the desired product as a yellow solid (1.46 g, 19%).

Analytical data match those reported in the literature.[131]
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6.1.10 Synthesis of CpBig#PrLj 9

> C
O Lo e A3 LO

- HN(SiMe3),

& Q 50 Q2

0.2 mmol (131 mg) of CpBis-PrH and 0.2 mmol (33 mg) of LiN(SiMes)2 were dissolved
in acetonitrile (3 mL) and the resulting light-yellow solution was stirred for 1 h at
ambient temperature. All volatiles were removed under reduced pressure at 100 °C,

yielding CpPigFrLi as a colorless crystalline solid.

Yield: 118 mg (0.178 mmol, 89%). Mp. 189 °C (dec.). Anal. calcd. for CsoHssLi: C,
90.59; H, 8.36%. Found: C, 90.56; H, 8.31%. TH NMR (300 MHz, CD3CN, 25 °C): §
1.17 (d, 3Jun = 6.9 Hz, 30 H, CHj3), 2.69-2.83 (m, 5 H, CH), 6.70 (d, 3Jun = 8.3 Hz, 10
H, Ar-H), 6.77 (d, 3Jun = 8.1 Hz, 10 H, Ar-H). 3C NMR (75.5 MHz, CDsCN, 25 °C): §
24.52 (CHs), 34.19 (CH), 121.13 (Cp-C), 125.17 (Ar-CH), 132.50 (Ar-CH), 141.96 (Ar-
C), 14243 (Ar-C). "Li NMR (117 MHz, CD3CN, 25 °C): § -2.26. IR: v = 3022, 2958,
2928, 2868, 1504, 1460, 1410, 1382, 1362, 1053, 1018, 833, 787, 600, 566, 442 cm-.
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6.1.11 Synthesis of CpBigiPrNa 10

C C

- HN(SiMe3),

o Q §2 Q2

0.2 mmol (131 mg) CpBis-P*H and 0.2 mmol (37 mg) NaN(SiMes)2 were dissolved in
3 mL of acetonitrile and the resulting light-yellow solution was stirred for 1 h at
ambient temperature. All volatiles were removed under reduced pressure at 100 °C,

yielding CpPigi-PrNa as a colorless crystalline solid.

Yield: 132 mg (0.194 mmol, 97%). Mp. 202 °C (dec.). Anal. calcd. for CsoHssNa: C,
88.45; H, 8.17%. Found: C, 87.25; H, 8.07%. TH NMR (300 MHz, CD3CN, 25 °C): §
1.19 (d, 3Jun = 6.9 Hz, 30 H, CH3), 2.73-2.82 (m, 5 H, CH), 6.72 (d, 3Jun = 7.7 Hz, 10
H, Ar-H), 6.79 (d, 3Jun = 7.9 Hz, 10 H, Ar-H). 13C NMR (75.5 MHz, CDsCN, 25 °C): §
24.55 (CHs), 34.21 (CH), 121.13 (Cp-C), 125.17 (Ar-CH), 132.53 (Ar-CH), 141.93 (Ar-
C), 142.45 (Ar-C). 2Na NMR (79 MHz, CDsCN, 25 °C): § -7.82. IR: v = 3024, 2958,
2931, 2870, 1514, 1459, 1148, 1051, 1014, 851, 836, 773, 692, 567 cm™1.
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6.1.12 Synthesis of CpBig#PrK 11

> C
A Lo ey O LO

- HN(SiMe3),

& Q fo Q2

Cptigi-PrH (131 mg, 0.2 mmol) and KN(SiMes)2 (40 mg, 0.2 mmol) were dissolved in
acetonitrile (3 mL) and the resulting light-yellow solution was stirred for 1 h at
ambient temperature. All volatiles were removed under reduced pressure at 100 °C,

yielding CpPigP'K as a colorless crystalline solid.

Yield: 130 mg (0.188 mmol, 94%). Mp. 267 °C (dec.). Anal. calcd. for CsHss5K: C,
86.40; H, 7.98%. Found: C, 84.95; H, 7.97%. TH NMR (300 MHz, CD3CN, 60 °C): &
1.21 (d, 3Jun = 6.9 Hz, 30 H, CHj3), 2.72-2.86 (m, 5 H, CH), 6.69 (d, 3Jun = 8.1 Hz, 10
H, Ar-H), 6.77 (d, 3Jun = 8.2 Hz, 10 H, Ar-H). 3C NMR (75.5 MHz, CDsCN, 60 °C): &
24.70 (CHs), 34.45 (CH), 121.37 (Cp-C), 125.51 (Ar-CH), 132.71 (Ar-CH), 141.49 (Ar-
C), 143.12 (Ar-C). IR: v = 3013, 2959, 2931, 2869, 1515, 1459, 1361, 1149, 1051, 1013,
851, 833, 773, 689, 567 cm1.
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6.1.13 Synthesis of CpBigPrRb 12

Rb

> C
O Lo e L0

- HN(SiMe3),

& Q o Q2

Cptigi-PrH (131 mg, 0.2 mmol) and RbN(SiMes)2 (50 mg, 0.2 mmol) were dissolved
in acetonitrile (3 mL) and the resulting light-yellow solution was stirred for 1 h at
ambient temperature. All volatiles were removed under reduced pressure at 100 °C,

yielding CpPBigi-PrRb as a colorless crystalline solid.

Yield: 134 mg (0.176 mmol, 90%). Mp. 381 °C (dec.). Anal. calcd. for CsoHssRb: C,
81.00; H, 7.48%. Found: C, 80.85; H, 7.37%.1H NMR (300 MHz, THF-ds, 25 °C): 5 1.16
(d, 3Jun = 6.9 Hz, 30 H, CHj3), 2.65-2.79 (m, 5 H, CH), 6.66 (d, 3Jun = 8.4 Hz, 10 H, Ar-
H), 6.72 (d, 3Jun = 8.3 Hz, 10 H, Ar-H). 13C NMR (75.5 MHz, THF-ds, 25 °C): 6 24.61
(CHs), 34.48 (CH), 120.89 (Cp-C), 125.07 (Ar-CH), 132.27 (Ar-CH), 140.34 (Ar-C),
142.42 (Ar-C). Rb NMR (98 MHz, CDsCN, 25 °C):  -14.77. IR: v = 3013, 2958, 2931,
2869, 1514, 1460, 1149, 1052, 1013, 850, 833, 773, 689, 566 cm.
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6.1.14 Synthesis of CpBigiPrCs 13

> C
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- HN(SiMe3),

& Q fo Q2

0.2 mmol (131 mg) CpBigi-PrH and 0.2 mmol (58 mg) CsN(SiMes)2 were dissolved in
3 mL acetonitrile and the resulting light-yellow solution was stirred for 1 h at
ambient temperature. All volatiles were removed under reduced pressure at 100 °C,
yielding CpPigPrCs as a colorless crystalline solid.

The product can be crystallized from THF or acetonitrile at -30 °C, yielding colorless

crystals.

Yield: 147 mg (0.187 mmol, 93% (before re-crystallization)). Mp. >400 °C. Anal.
calcd. for CsoHssCs: C, 76.13; H, 7.03%. Found: C, 76.15; H, 6.95%. TH NMR (300
MHz, Tol-ds, 25 °C): 6 1.17 (d, 3Jun = 6.8 Hz, 30 H, CH3), 2.65-2.74 (m, 5 H, CH), 6.59
(s, br., 20 H, Ar-H). 13C NMR (75.5 MHz, Tol-ds, 25 °C): § 24.25 (CHs), 33.94 (CH),
121.90 (Cp-C), 126.54 (Ar-CH), 131.07 (Ar-CH), 136.75 (Ar-C), 143.95 (Ar-C). 133Cs
NMR (39.4 MHz, Tol-ds, 25 °C): & -226.30. IR: v = 3015, 2956, 2929, 2866, 1607, 1512,
1456, 1362, 1148, 1051, 851, 830, 808, 771, 688, 567 cm-1.
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6.1.15 Synthesis of CpBig»-BuLj 14

C
O L7 oy~

- HN(SiMe3),

0 Q 2 Q

A light-yellow solution of 0.1 mmol (73 mg) CpBig»BuH and 0.1 mmol (17 mg)
LiN(SiMes)2 in ImL benzene was stirred for 1 h at ambient temperature. All volatiles

were removed under reduced pressure at 100 °C, yielding a colorless crystalline

solid.

Yield: 65 mg (0.090 mmol, 90%). Mp. 154 °C (dec.). Anal. calcd. for CssHesLi: C, 90.12;
H, 8.94%. Found: C, 90.10; H, 8.89%. TH NMR (300 MHz, CDsCN, 25 °C): 5 0.92 (t,
3lun = 7.3 Hz, 15 H, CH3), 1.25-1.38 (m, 10 H, CH>), 1.47-1.57 (m, 10 H, CH>), 2.46 (t,
3Jun =7.7 Hz, 10 H, CH»), 6.64 (d, 3Jun = 8.1 Hz, 10 H, Ar-H), 6.70 (d, 3Jun = 8.2 Hz,
10 H, Ar-H). 3C NMR (75.5 MHz, CDsCN, 25 °C): 6 14.31 (CHs), 23.12 (CH>), 34.61
(CH2), 35.79 (CH>), 120.96 (Cp-C), 127.27 (Ar-CH), 132.42 (Ar-CH), 136.32 (Ar-C),
141.75 (Ar-C). 7Li NMR (117 MHz, CD3CN, 25 °C): 6 -2.73. IR: v = 2955, 2926, 2870,
2857, 1504, 1458, 1412, 1018, 830, 750, 569 cm.
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6.1.16 Synthesis of CpBig#-BuNa 15
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» Q s Q

0.2 mmol (145 mg) CpBigmBuH and 0.2 mmol (37 mg) NaN(SiMes3)2 were suspended
in 3 mL benzene and stirred for 3 h at 60 °C. All volatiles were removed under

reduced pressure at 100 °C, yielding a colorless solid.

Yield: 139 mg (0.186 mmol, 93%). Mp. 162 °C (dec.). Anal. calcd. for CssHesNa: C,
88.18; H, 8.75%. Found: C, 87.90; H, 8.70%. 1TH NMR (300 MHz, CDsCN, 25 °C): §
0.93 (t, 3Jun = 7.3 Hz, 15 H, CH3), 1.27-1.39 (m, 10 H, CH>»), 1.49-1.59 (m, 10 H, CH>),
2.48 (t, 3Jun = 7.6 Hz, 10 H, CHb>), 6.66 (d, 3Jun = 8.1 Hz, 10 H, Ar-H), 6.72 (d, 3Jun =
8.0 Hz, 10 H, Ar-H). 3C NMR (75.5 MHz, CD3CN, 25 °C): § 14.35 (CHs), 23.13 (CH>),
34.63 (CH>), 35.82 (CH2), 120.95 (Cp-C), 127.29 (Ar-CH), 132.45 (Ar-CH), 136.36 (Ar-
C), 141.72 (Ar-C). 22Na NMR (79 MHz, CDsCN, 25 °C): § -7.80. IR: v = 3023, 2955,
2925, 2854, 1513, 1463, 1438, 1116, 1015, 847, 833, 763, 686 cm.

116



Experimental Part

6.1.17 Synthesis of CpBig#-BuK 16

® ®
O L O oo~

- HN(SiMe3),

» Q s Q

A solution of 0.1 mmol (73 mg) CpBigBuH and 0.1 mmol (20 mg) KN(SiMe3)2 in
2 mL acetonitrile was stirred for 1 h at ambient temperature. All volatiles were

removed under reduced pressure at 100 °C, yielding a colorless solid.

Yield: 70 mg (0.091 mmol, 91%). The product was identified by 'H NMR

spectroscopy. Analytical data were identical to those published in the literature.[*!]
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6.1.18 Synthesis of CpBig#-BuRb 17

® ®
O L Q7w ~

- HN(SiMe3),

» Q s Q

0.1 mmol (73 mg) CpPtignBuH and 0.1 mmol (25 mg) RbN(SiMes), were suspended
in 3mL acetonitrile and stirred for 4 h at 60 °C. All volatiles were removed under

reduced pressure at 100 °C, yielding a colorless solid.

Yield: 76 mg (0.094 mmol, 94%). Mp. 217 °C (dec.). Anal. calcd. for CssHesRb: C,
81.40; H, 8.07%. Found: C, 81.33; H, 7.97%. TH NMR (300 MHz, THF-ds, 25 °C): § 0.92
(t, °Jun = 7.3 Hz, 15 H, CH3), 1.27-1.39 (m, 10 H, CH>), 1.52 (s, br., 10 H, CH>), 2.44 (s,
br., 10 H, CH>), 6.62 (s, br., 20 H, Ar-H). 13C NMR (75.5 MHz, THF-ds, 25 °C): & 14.39
(CHs), 23.20 (CH), 34.79 (CH>»), 36.14 (CH>), 120.83 (Cp-C), 127.30 (Ar-CH), 132.23
(Ar-CH), 136.29 (Ar-C), 140.18 (Ar-C). ¥Rb NMR (98 MHz, CDsCN, 25 °C): § -9.22.
IR: v = 3014, 2957, 2923, 2854, 1608, 1514, 1457, 1378, 1140, 1115, 1016, 847, 831, 760,
683, 564, 548 cmL.

118



Experimental Part

6.1.19 Synthesis of CpBig»-BuCs 18
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A solution of 0.4 mmol (291 mg) CpBig7-BuH and 0.4 mmol (117 mg) CsN(SiMes)2 in
5 mL toluene was stirred for 3 h at ambient temperature. All volatiles were removed
under reduced pressure at 100 °C, yielding a colorless solid, which was re-

crystallized from acetonitrile at -30 °C.

Yield: 312 mg (0.363 mmol, 91%). Mp. 253 °C (dec.). Anal. calcd. for CssHesCs: C,
76.90; H, 7.63%. Found: C, 76.40; H, 7.63%. TH NMR (300 MHz, Tol-ds, 25 °C): 6 0.92
(t, 3Jun = 7.2 Hz, 15 H, CH3s), 1.25-1.36 (m, 10 H, CH>), 1.45-1.55 (m, 10 H, CH>), 2.41
(s, br., 10 H, CH»), 6.61 (s, br., 20 H, Ar-H). 13C NMR (75.5 MHz, Tol-ds, 25 °C): §
14.29 (CHs), 23.10 (CH>), 34.11 (CH2), 35.81 (CH2), 121.84 (Cp-C), 128.56 (Ar-CH),
130.94 (Ar-CH), 136.72 (Ar-C), 138.11 (Ar-C). 133Cs NMR (39.4 MHz, Tol-ds, 25 °C): 6
-225.65. IR: v = 3016, 2955, 2925, 2855, 1607, 1514, 1456, 1377, 1140, 1115, 1016, 847,
831, 761, 684, 547 cm.
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6.1.20 Synthesis of CpBig#BuLj 19
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- HN(SiMes),
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0.3 mmol (218 mg) Cp?is -BuH and 0.3 mmol (50 mg) LiN(SiMes)> were dissolved in
3 mL acetonitrile and stirred for 1 h at ambient temperature. All volatiles were
removed under reduced pressure at 100 °C, yielding a colorless solid. Single-
crystals of this product were obtained by layering a concentrated solution in THF
with hexane. This procedure is not suitable for preparative purposes, since 19
partially decomposes in the presence of THF even under vigorously dry conditions,

yielding varying amounts of Cp?ig #BuH.

Yield: 208 mg (0.284 mmol, 95%). Mp. >400 °C (dec.). Anal. calcd. for CssHesLi: C,
90.12; H, 8.94%. Found: C, 90.78; H, 9.19%. The broad 'H and 13C NMR signals of 19
do not allow a reliable assignment and integration. 'H NMR (300 MHz, CD3CN, 25
°C): & 1.24, 5.78-8.15. 13C NMR (151 MHz, CDsCN, 25 °C): 5 20.16-49.98, 107.31-
160.36. 7Li NMR (112 MHz, CD3sCN, 25 °C): § -2.52. IR: v = 3032, 2955, 2901, 2866,
1513, 1361, 1286, 1149, 1039, 852, 834, 693, 569, 558 cm1.
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6.1.21 Synthesis of CpBig-BuNa 20
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A light-yellow solution of 0.3 mmol (218 mg) CpBig#BuH and 0.3 mmol (55 mg)
NaN(SiMes)2 in 3 mL THF was stirred for 1 h at ambient temperature. The solvent
was partly removed under reduced pressure until a crystalline solid began to
precipitate. Gentle heating to 60 °C yielded a clear solution, which was cooled to
0 °C. Colorless crystals formed within 16 h, which were isolated from the mother
liquor by decantation. Removing all volatiles from the mother liquor under reduced

pressure at 100 °C gave a second fraction. The yield is given for the isolated crystals.

Yield: 158 mg (0.212 mmol, 71%). Mp. >400 °C (dec.). Anal. calcd. for CssHesNa: C,
88.19; H, 8.75%. Found: C, 87.82; H, 8.39%. The broad "H NMR signals of 20 do not
allow a reliable assignment and integration. 'H NMR (600 MHz, THF-ds, 25 °C): §
0.62-1.75, 6.15-7.36. 13C NMR (126 MHz, THF-ds, 25 °C): & 32.27 (CHas), 34.67
(C(CHa)3), 119.41 (Cp-C), 123.56 (Ar-CH), 132.59 (Ar-CH), 138.39 (Ar-C), 144.41 (Ar-
C). 2NaNMR (79 MHz, THF-ds, 25 °C): 6 — 13.67. IR: v = 3032, 2958, 2903, 2866, 1513,
1460, 1361, 1270, 1151, 1015, 852, 834, 776, 694, 569 cm-1.
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6.1.22 Synthesis of CpBis #-BuK 21

> C
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o Q 0 Q

A light-yellow solution of 0.3 mmol (218 mg) CpBig#BuH and 0.3 mmol (60 mg)
KN(SiMes)2 in 3 mL THF was stirred for 1 h at ambient temperature. The solvent
was partly removed under reduced pressure until a crystalline solid began to
precipitate. Gentle heating to 60 °C yielded a clear solution, which was layered with
3 mL n-hexane and cooled to 0 °C Colorless crystals formed within 16 h, which were
isolated from the mother liquor by decantation. Removing all volatiles from the
mother liquor under reduced pressure at 100 °C gave a second fraction. The yield is

given for the isolated crystals.

Yield: 217 mg (282 mmol, 94%). Mp. >400 °C. Anal. calcd. for CssHesK: C, 86.33; H,
8.56%. Found: C, 86.5; H, 8.57%. TH NMR (500 MHz, THF-ds, 25 °C): 6 1.23 (s, 45 H,
CHs), 6.58 (d,3Jun=7.6 Hz, 10 H, Ar-H), 6.78 (d, 3Jun = 7.6 Hz, 10 H, Ar-H). 3C NMR
(126 MHz, THF-ds, 25 °C): § 32.09 (CH3s), 34.65 (C(CHs)3), 120.63 (Cp-C), 123.90 (Ar-
CH), 131.91 (Ar-CH), 139.37 (Ar-C), 144.71 (Ar-C). IR: v = 3018, 2961, 2930, 2866,
1516, 1461, 1361, 1270, 1152, 1119, 1012, 851, 833, 774, 690, 571 cm-1.
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6.1.23 Synthesis of CpBig#BuRb 22
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A light-yellow solution of 0.3 mmol (218 mg) CpBis-BuH{ and 0.3 mmol (74 mg)
RbN(SiMes)2 in 3 mL THF was stirred for 1 h at ambient temperature. The solvent
was partly removed under reduced pressure until a crystalline solid began to
precipitate. Gentle heating to 60 °C yielded a clear solution, which was layered with
3 mL n-hexane and cooled to 0 °C Colorless crystals formed within 16 h, which were
isolated from the mother liquor by decantation. Removing all volatiles from the
mother liquor under reduced pressure at 100 °C gave a second fraction. The yield is

given for the isolated crystals.

Yield: 197 mg (244 mmol, 81%). Mp. >400 °C. Anal. calcd. for CssHesRb: C, 81.40; H,
8.07%. Found: C, 81.08; H, 8.12%. 1TH NMR (300 MHz, THF-ds, 25 °C): 6 1.24 (s, 45 H,
CHs), 6.62 (d,3Jun=7.0 Hz, 10 H, Ar-H), 6.84 (d, 3Jun =7.0 Hz, 10 H, Ar-H). 3C NMR
(75 MHz, THF-ds, 25 °C): 6 32.09 (CHs), 34.88 (C(CHas)s), 121.01 (Cp-C), 124.02 (Ar-
CH), 131.94 (Ar-CH), 139.64 (Ar-C), 144.82 (Ar-C). 8Rb NMR (98 MHz, CDsCN, 25
°QC): 6 1.66. IR: v = 3016, 2958, 2903, 2865, 1515, 1361, 1268, 1151, 1012, 851, 832, 690,
871 cm1.
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6.1.24 Synthesis of CpBig-BuCs 23
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0.3 mmol (218 mg) CpBis -BuH and 0.3 mmol (74 mg) CsN(SiMes)2 were dissolved in
3 mL THF and the resulting light-yellow solution was stirred for 1 h at ambient
temperature. All volatiles were removed under reduced pressure at 100 °C, yielding
a colorless solid. The product was re-crystallized from pyridine at ambient

temperature.

Yield: 242 mg (282 mmol, 94%). Mp. >400 °C. Anal. calcd. for Cs5HesCs: C, 76.90; H,
7.63%. Found: C,76.96; H, 7.11%.TH NMR (600 MHz, THF-ds, 25 °C): § 1.22 (s, 45 H,
CHs), 6.57 - 6.77 (m, 10 H, Ar-H), 6.77 - 6.98 (m, 10 H, Ar-H). 13C NMR (126 MHz,
THF-ds, 25 °C): 8 31.53 (CHs), 34.18 (C(CHs)3), 120.91 (Cp-C), 123.43 (Ar-CH), 131.47
(Ar-CH), 139.45 (Ar-C), 144.15 (Ar-C). 13Cs NMR (39 MHz, THF-ds, 25 °C): &
—-143.71. IR: v = 3020, 2959, 2904, 2866, 1515, 1361, 1268, 1151, 1013, 851, 832, 690,
572 cm1.
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6.1.25 Synthesis of CpBigt-Bu,Ge 24
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0.2 mmol (153 mg) CpBig#BuK and 0.1 mmol (23 mg) GeCl, dioxane were dissolved

in 2 mL THF and stirred for 1 h at ambient temperature. The resulting yellow

suspension was filtered and the filtrate was stored at -30 °C for 12 h, yielding yellow

block-type crystals, which were isolated by decantation from the mother liquor and

dried in vacuo.

Yield: 124 mg (0.081 mmol, 81%). Mp. 317 °C (dec.). Anal. calcd. for C110Hi30Ge: C,
86.65; H, 8.59%. Found: C, 85.70; H, 8.41%. TH NMR (300 MHz, THF-ds, 25 °C): 6 6.73
(br s, 10 H, Cieta), 6.66 (d, 3Jun = 8.6 Hz, 10 H, Cormo), 1.24 (s, 45 H, CH3). 3C NMR
(75.5 MHz, THF-ds, 25 °C): 6 149.38 (Cpara), 133.39 (Cortho), 131.85 (Cipso), 127.39 (Ccp),
124.36 (Cineta), 35.05 (C(CHs)s), 31.92 (CHa). IR: v = 2961, 2903, 2866, 1516, 1475, 1461,
1392, 1362, 1270, 1152, 1120, 1100, 1016, 852, 835, 776, 694, 572, 473, 447 cm-1.
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6.1.26 Synthesis of CpBig#Bu,Sn 25

O Ar
O O — 7 Arﬁm
Sniy
Q (Hg) A | CAr Ar= _g < > <

Sn

O O ArArl&D;iAr

Ar

A solution of 0.2 mmol (145 mg) CpBigtBu-in 10 mL of THF was added to a solution
of 0.6 mmol (71 mg) Sn in 1 mL of mercury, yielding a deep blue/metallic biphasic
solution that was stirred for 12 h at ambient temperature. The resulting yellow
solution was decanted from the metallic phase and all volatiles were removed under
reduced pressure, yielding the product as a colorless solid. The product was re-
crystallized from THF at -30 °C.

Yield: 132 mg (0.084 mmol, 84%). Mp. 327 °C (dec.). Anal. caled. for C110Hi305n: C,
84.10; H, 8.34%. Found: C, 84.50; H, 8.18%. TH NMR (300 MHz, THF-ds, 25 °C): 6 6.76
(d, 3Jun = 8.2 Hz, 10 H, Cineta), 6.66 (d, 3Jrn = 8.2 Hz, 10 H, Cormo), 1.22 (s, 45 H, CH3).
13C NMR (75.5 MHz, THF-ds, 25 °C): 6 149.14 (Cpara), 133.14 (Cortho), 132.32 (Cipso),
126.42 (Ccp), 123.86 (Cineta), 34.99 (C(CHs)s3), 31.86 (CHzs). IR: v = 2961, 2903, 2867, 1517,
1461, 1392, 1362, 1261, 1151, 1119, 1099, 1049, 1016, 850, 833, 797, 776, 691, 570, 474,
447, 384 cm1.

K
O Ar
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Alternative synthesis: 0.2 mmol (153 mg) CpBig #BuK and 0.1 mmol (37 mg) Snl> were
dissolved in 2 mL THF and stirred for 1 h at ambient temperature. The resulting
yellow suspension was filtered and the filtrate was stored at —30 °C for 12 h,
yielding yellow block-type crystals, which were isolated by decantation from the

mother liquor and dried in vacuo. Yield: 126 mg (0.080 mmol, 80%).
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6.1.27 Synthesis of CpBig-Buw,Pb 26
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A solution of 0.2 mmol (145 mg) Cp#igt-Bu - in 10 mL of THF was added to a solution
of 0.6 mmol (124 mg) Pb in 1 mL of mercury, yielding a deep blue/metallic biphasic
solution that was stirred for 12 h at ambient temperature. The resulting red solution
was decanted from the metallic phase and all volatiles were removed under
reduced pressure, yielding the product as a red solid. The product was re-
crystallized from THF at —30 °C.

Yield: 132 mg (0.079 mmol, 79%). Mp. 280 °C (dec.). Anal. caled. for Ci10H130Pb: C,
79.62; H,7.90%. Found: C, 79.87; H, 7.70%. TH NMR (300 MHz, THF-ds, 25 °C): 6 6.80
(d, 3Jun = 8.2 Hz, 10 H, Cineta), 6.63 (d, 3Jrn = 8.2 Hz, 10 H, Cormno), 1.24 (s, 45 H, CH3).
13C NMR (75.5 MHz, THF-ds, 25 °C): & 149.02 (Cpara), 133.24 (Cortho), 132.06 (Cipso),
127.46 (Ccp), 124.53 (Cineta), 34.95 (C(CHs)s3), 31.88 (CHzs). IR: v = 2961, 2903, 2866, 1513,
1475, 1460, 1392, 1362, 1270, 1199, 1151, 1120, 1100, 1049, 1014, 852, 836, 776, 692, 635,
572,544,471, 445 cm'L.

o .
OGS e *i oW
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Alternative synthesis: 0.2 mmol (153 mg) Cp?ig #BuK and 0.1 mmol (46 mg) Pbl> were
dissolved in 2 mL of THF and stirred for 1 h at ambient temperature. The red
suspension was filtered and the filtrate was stored at —30 °C for 12 h, yielding
yellow red block-type crystals, which were isolated by decantation from the mother

liquor and dried in vacuo. Yield: 141 mg (0.085 mmol, 85%).
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6.1.28 Synthesis of CpBig-BuPCl, 27
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A solution of 0.05 mmol (38 mg) CpPig #BuK in 0.25 mL THF was added to a solution
of 0.05 mmol (6.9 mg, 4.4 pL) PCl3 in 0.25 mL THF and stirred for 1 h. The resulting
greenish solution was centrifuged and the clear, greenish supernatant solution was
decanted. All volatiles were removed under reduced pressure at ambient
temperature, yielding a yellow powder, which was dissolved in 1 mL of n-hexane
and again centrifuged to remove possible traces of KCl. The supernatant solution
was decanted, and all volatiles were removed under reduced pressure at ambient

temperature, yielding a yellow crystalline solid.

Yield: 37.6 mg (45.4 mmol, 91%). Mp. 181 °C (dec.). Anal. calcd. for CssHesPCl2: C,
79.78,H,7.91%. Found: C, 78.95; H, 7.57%. TH NMR (300 MHz, THF-ds, 60 °C): § 1.21
(s,45H, CHs), 6.97 (d, 3Jun = 8.4 Hz, 10 H, Ar-H), 7.09 (d, 3Jun = 8.4 Hz, 10 H, Ar-H).
13C NMR (151 MHz, THEF-ds, 25 °C): & 31.56 (CHs), 35.03 (C(CHs)s), 125.20 (Ar-CH),
130.62 (Ar-CH), 133.53 (Ar-C), 150.52 (Ar-C). The signal of the Cp-C atom could not
be observed. 3P NMR (122 MHz, THF-ds, 25 °C): § 46.47. IR: v = 3033, 2958, 2903,
2867, 1503, 1461, 1393, 1363, 1268, 1120, 1018, 830, 567, 487 cm.
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6.1.29 Synthesis of CpBig#BuAsCl, 28
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A solution of 0.05 mmol (38 mg) CpPig #BuK in 0.25 mL THF was added to a solution
of 0.05 mmol (9.1 mg, 4.2 uL) AsCl; in 0.25 mL THF and stirred for 1 h. The resulting
greenish solution was centrifuged and the clear, greenish supernatant solution was
decanted. All volatiles were removed under reduced pressure at ambient
temperature, yielding a yellow powder, which was dissolved in 1 mL of n-hexane
and again centrifuged to remove possible traces of KCl. The supernatant solution
was decanted, and all volatiles were removed under reduced pressure at ambient
temperature, yielding a yellow crystalline solid. The product was crystallized from

n-hexane at —30 °C.

Yield: 41.8 mg (47.9 mmol, 96%). Mp. 154 °C (dec.). Anal. calcd. for CssHesAsCla: C,
75.76; H,7.51%. Found: C, 76.14; H, 7.66%. TH NMR (600 MHz, THF-ds, 25 °C): § 1.26
(s,45H, CHs), 7.00 (d, 3Jun = 8.7 Hz, 10 H, Ar-H), 7.14 (d, 3Jun = 8.7 Hz, 10 H, Ar-H).
13C NMR (151 MHz, THE-ds, 25 °C): & 31.54 (CH3), 35.08 (C(CHs)s), 125.21 (Ar-CH),
131.22 (Ar-CH), 132.29 (Ar-C), 133.80 (Cp-C), 150.95 (Ar-C). IR: v = 3031, 2961, 2903,
2868, 1495, 1462, 1363, 1268, 1118, 1016, 852, 833, 686, 567 cm1.
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6.1.30 Synthesis of CpBig#BuSbCl, 29
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A solution of 0.05 mmol (38 mg) CpPig #BuK in 0.25 mL THF was added to a solution
of 0.05 mmol (11.4 mg) SbCls in 0.25 mL THF and stirred for 1 h. The resulting
greenish solution was centrifuged and the clear, greenish supernatant solution was
decanted. All volatiles were removed under reduced pressure at ambient
temperature, yielding a yellow powder, which was dissolved in 1 mL of n-hexane
and again centrifuged to remove possible traces of KCl. The supernatant solution
was decanted, and all volatiles were removed under reduced pressure at ambient
temperature, yielding a yellow crystalline solid. The product was crystallized from

n-hexane at —30 °C.

Yield: 40.0 mg (43.5 mmol, 87%). Mp. 134 °C (dec.). Anal. calcd. for CssHesSbCla: C,
71.9; H, 7.13%. Found: C, 74.3; H, 7.46%. TH NMR (600 MHz, THF-ds, 25 °C): 6 1.24
(s,45H, CHs), 6.93 (d, 3Jun = 8.4 Hz, 10 H, Ar-H), 7.09 (d, 3Jun = 8.4 Hz, 10 H, Ar-H).
13C NMR (151 MHz, THF-ds, 25 °C): & 31.60 (CHs), 35.05 (C(CHs)s3), 124.97 (Ar-CH),
131.02 (Cp-C), 131.43 (Ar-C), 132.12 (Ar-CH), 150.50 (Ar-C). IR: v = 3034, 2962, 2904,
2867, 1462, 1362, 1269, 1016, 851, 833, 691, 569 cm-1.
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6.1.31 Synthesis of CpBig#BuBiCl; 30
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A solution of 0.05 mmol (38 mg) CpPig #BuK in 0.25 mL THF was added to a solution
of 0.05 mmol (11.4 mg) SbCl; in 0.25 mL THF and stirred for 1 h. The resulting
greenish solution was centrifuged and the clear, greenish supernatant solution was
decanted. All volatiles were removed under reduced pressure at ambient
temperature, yielding a yellow powder, which was dissolved in 1 mL of n-hexane
and again centrifuged to remove possible traces of KCl. The supernatant solution
was decanted, and all volatiles were removed under reduced pressure at ambient

temperature, yielding a brown crystalline solid.

Yield: 46.2 mg (45.9 mmol, 92%). Mp. 179 °C (dec.). Anal. calcd. for CssHesBiCla: C,
65.67; H, 6.51%. Found: C, 67.0; H, 6.62%. 'TH NMR (600 MHz, THF-ds, 25 °C): 6 1.23
(s,45H, CHs), 6.90 (d, 3Jun = 8.3 Hz, 10 H, Ar-H), 7.04 (d, 3Jun = 8.3 Hz, 10 H, Ar-H).
13C NMR (151 MHz, THE-ds, 25 °C): & 31.78 (CHs), 34.96 (C(CHs)3), 124.68 (Ar-CH),
127.40 (Cp-C), 132.57 (Ar-C), 132.70 (Ar-CH), 149.26 (Ar-C). IR: v = 3031, 2958, 2904,
2868, 1362, 1268, 1016, 851, 834, 570 cm1.
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6.1.32 Synthesis of CpBig OMeK 31-K
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1 mmol (634 mg) of CpBis OMeH and 1 mmol (199 mg) of KN(TMS), were dissolved
in 10 mL of THF and stirred for 30 minutes. All volatiles were removed in vacuo.
The remaining white solid was washed with 5 mL of toluene and 10 mL of n-hexane.
Removal of all volatiles in vacuo yielded CpBis OMeK in the form of a colorless

powder.

Yield: 480 mg, 0.756 mmol, 76%. M.p >400 °C. Elemental analysis for CasoH3505K:
caled.: C, 75.7; H, 5.56, O, 12.6%. Found: C, 75.7; H, 5.65; O, 12.9%. TH NMR (400
MHz, C¢Ds) 6 7.30 - 6.00 (br m, 20H, Ar-CH), 3.68 (s, 15H, OCHz). 13C NMR (101
MHz, C¢Ds) 6 112.9 (Ar-CH), 55.6 (Cp-Ar-Cieta), 141.9 (OCH3). Some signals are not
observed due to line broadening. IR v = 3020, 2941, 2833, 1609, 1523, 1458, 1240,
1174, 1106, 1031, 822, 757, 685, 536 cm1.

132



Experimental Part

6.1.33 Synthesis of CpBig C6F5K 33-K

KN(SiMes),

—_—
- HN(SiMe3),

117 pmol (150 mg) of CpPBig CF>H and 117 pmol (23 mg) KN(TMS), were dissolved
in 1 mL of benzene and stirred for 30 minutes. The product precipitates as a yellow
powder. The mother liquor was removed by filtration and the remaining yellow

solid washed with 3 mL of n-hexane and dried in vacuo.

Yield: 100 mg, 76 mmol, 65%. M.p >400 °C. Elemental analysis for CesHa0F25K: C,
59.4; H, 1.53%. Found: C, 59.8; H, 1.70%. '"H NMR (400 MHz, THF) 6 7.03 (s , Ar-
CH). 13C NMR (101 MHz, THF) 6 145.2 (d, 'Jcr = 247 Hz, CéFsorth0), 144.8 (Cp-Ar-
CHpam), 140.2 (d, Ycr = 264 Hz, C¢Fspara), 138.8 (d, 1Jcr = 247 Hz, CsFspmeta), 132.9 (Cp-
Ar-CH), 129.0 (Cp-Ar-CH), 122.6 (Cp-Ar-CHipso), 119.6 (Cp-C), 118.5 (t, 2Jcr = 17 Hz,
CeFsipso). 1F NMR (376 MHz, THF) & -144.67 (dd, 3Jrr = 23.3, 7.7 Hz, 10F, CeFs0rho), -
161.01 (t, 3Jrr = 20.7 Hz, 5F, C¢Fspara), -165.64 (m, 10F, CeFsmeta). IR v = 1491, 1063, 981,
850, 753 cm-1.
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6.1.34 Synthesis of CpBig#-BuZK 34-K

KN(SiMe3),
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1 mmol (1008 mg) of CpBig-Bu2H and 1 mmol (199 mg) of KN(TMS), were suspended
in 10 mL of THF and stirred for 30 minutes. All volatiles were removed in vacuo,
yielding a white solid that was dissolved in 10 mL of hot THF and stored at -30 °C
for 24 h. The product was isolated by filtration and dried in vacuo. It contains 1.5

equivalents of THF, which cannot be removed.

Yield: (948 mg, 0.822 mmol, 82%. Elemental Anal. calcd. for C7sHi0sK 1.5 THE: C,
84.3; H, 10.22%. Found: C, 84.2; H, 10.17%. M.p. >400 °C (reversible color change at
approx. 300 °C from white to yellow. 1TH NMR (400 MHz, C¢D¢) 6 6.85 (br m, 5H,
Cp-Ar-CHpar), 6.71 (br m, 10H, Cp-Ar-CHorino), 3.61 (m, THF), 1.77 (m, THF), 1.03 (s,
90 H, C(CHjs)3). 13C NMR (101 MHz, CsDs) 6 148.7, 142.4, 126.8 (Cp-Ar-Corino), 116.1,
68.2 (THF), 35.0 (C(CHas)3), 32.0 (C(CHs)3), 26.4 (THF). Some signals are not assigned
because of the lack of signals in the TH-13C HMBC spectrum. IR v = 2955, 2903, 2872,
1586, 1470, 1360, 1247, 1047, 899, 875, 713 cm-1.
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6.1.35 Synthesis of CpBig 2K 35-K
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0.2 mmol (242 mg) of CpBigPh2H and 0.2 mmol (40 mg) of KN(TMS)> were dissolved
in 2 mL of benzene and stirred for 30 minutes. All volatiles were removed in vacuo.
The resulting yellow solid was dissolved in 2 mL of benzene. Addition of 10 mL of
n-hexane resulted in precipitation of the product, which was isolated by filtration

and washed with 5 mL of n-hexane. All volatiles were removed in vacuo.

Yield: 220 mg, 177 mmol, 89%). Elemental anal. for CosHesK: C, 91.6; H, 5.26%.
Found: C, 91.3; H, 5.29%. M.p: 200 °C (dec.). 'TH NMR (400 MHz, C¢D¢) 6 7.77 (t, 4Jun
= 1.6 Hz, 5H, Cp-Ar-CHpam), 7.74 (d, #Jun = 1.7 Hz, 10H, Cp-Ar-CHorho), 7.54 - 7.48
(m, 20H, Ph-CHortho), 7.18 - 7.12 (m, 20 H, Ph-CHyeta), 7.04 (tt, 3Jun = 7.7 Hz, 4Jun =1.2
Hz, 10 H Ph-CHpara). 3C NMR (101 MHz, CsDg) 6 142.5 (Ph-Cipso), 142.0 (Cp-Ar-Cireta),
141.9 (Cp-Ar-Cipso), 130.6 (Cp-Ar-CHortio), 129.0 (Ph-CHineta), 127.6 (Ph-CHorto), 127.3
(Ph-CHpara), 122.1 (Cp-C), 121.8 (Cp-Ar-Cpana). IR v = 3035, 1582, 1490, 1075, 1027, 879,
757,695, 613 cm-1.
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6.1.36 Synthesis of CpBigOMe. 3]
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0.2 mmol (127 mg) of CpBis OMeK were combined with 0.6 mmol (59 mg) of CuCl,
suspended in 2 mL of THF and stirred for 16 h. All volatiles were then removed in
vacuo, and the resulting residue was extracted with 10 mL of benzene. The extract
was concentrated in vacuo until it became slightly viscous and stored for 24 h at 25
°C, yielding CpPBig OMe. in form of blue needles, which were separated by filtration

and dried in vacuo.

Yield: 70 mg, (0.117 mmol, 60%). M.p. 240 °C. Elemental analysis: A reliable
elemental analysis was not obtained due to the fast decomposition of 31 in the
presence of oxygen. IR v = 2955, 2837, 1590, 1505, 1457, 1349, 1283, 1241, 1171, 1098,
1021, 800, 687, 540 cm1. UV /Vis (toluene): Amax (log €) = 373 (4.41), 523 (3.67), 656
nm (4.14).
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6.1.37 Synthesis of CpBigtBu-32
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1 mmol (765 mg) CpBis-BuK and 3 mmol (297 mg) CuCl were stirred for 12 h at
ambient temperature in 10 mL THF. The resulting blue suspension was evaporated
in vacuo, the remaining solid residue re-suspended in 30 mL of n-hexane and
tiltered. The filtrate was dried in vacuo, yielding CpPBig tBu - as blue crystalline solid.

Cpbig +Bu - can be crystallized by slow evaporation of a solution in n-pentane at 25 °C.

Yield: 689 mg (0.949 mmol, 95%). Mp. 305 °C Elemental analysis: A reliable
elemental analysis was not obtained due to the fast decomposition of 32 in the
presence of oxygen. TH NMR (300 MHz, CsDs, 25 °C): 6 3.00 (br s). IR: v =2961, 2903,
2866, 1475, 1461, 1392, 1362, 1268, 1120, 1100, 1016, 850, 835, 777, 694, 632, 570, 553
cm UV /Vis (toluene): Amax (log €) = 363 (4.62), 498 (3.68), 611 nm (4.18).
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Experimental Part

6.1.38 Synthesis of CpBig C6F5. 33

65.7 mg (50 umol) of CpBig C6FK were combined with 14.8 mg (150 pmol) of Cu(l,
suspended in 0.5 mL of THF and stirred for 16 h. All volatiles were then removed
in vacuo, and the residue was extracted with 2 mL of toluene. Removal of the solvent
in vacuo gave a blue solid, which was dissolved in 0.5 mL of benzene and stored for
24 h at 25 °C. CpBig C6F. crystallized as thin blue needles, which were separated by

filtration, washed with 1 mL of n-hexane and dried in vacuo.

Yield: 15 mg (11.8 pumol, 24%). Mp. 90 °C (dec. without melting). A reliable
elemental analysis was not obtained due to the fast decomposition of 33 in the
presence of oxygen. IR v = 1490, 1402, 1324, 1261, 1063, 983, 853, 757 cm1. UV /Vis
(toluene): Amax (log €) = 382 (4.72), 513 (3.74), 625 nm (4.23).

138



Experimental Part

6.1.39 Synthesis of CpBig -Bu2. 34

0.2 mmol (231 mg) of Cptig +-Bu2K 2 THF were combined with 0.6 mmol (59 mg) of
Cu(l, suspended in 2 mL of THF and stirred for 16 h. All volatiles were removed in
vacuo, and the residue was extracted with 10 mL of n-hexane. The extract was
concentrated in vacuo until incipient crystallization. The crystals were redissolved
by warming and the solution was stored for 24 h at 25 °C, yielding CpBig #Bu2. in form
of blue needles, which were separated by filtration and dried in vacuo. The product

contains one equivalent of n-hexane.

Yield: 134 mg (0.133 mmol, 67%). Mp. 320 °C (the crystals gradually lose their luster
before melting, probably due to the evaporation of solvent). Anal. calcd. for CzsHios:
C, 89.5; H,10.5%. Found: C, 89.2; H, 10.7%. IR v = 2955, 2867, 1589, 1465, 1363, 1251,
912, 878, 710, 496 cm1. UV / Vis (toluene): Amax (log €) = 356 (4.04), 609 nm (3.60).
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6.1.40 Synthesis of CpBigPh2. 35

1 mmol (1245 mg) of CpBis Ph2K (1 mmol (1390 mg) of CpBis Pi2K THF can also be
used) were combined with 3 mmol (297 mg) of CuCl, suspended in 10 mL of THF
and stirred for 16 h. All volatiles were removed in vacuo, and the residue was
extracted with 20 mL of benzene. The extract was concentrated in vacuo to 10 mL,
and 30 mL of n-hexane were added upon stirring. The stirring was stopped
immediately after the addition and within 1 h the product crystallized in form of

shiny blue needles, which were separated by filtration and dried in vacuo.

Yield: 788 mg (0.654 mmol, 65%). Mp. 267 °C. Anal. calcd. for CosHes: C, 94.6; H,
5.43%. Found: C, 94.7; H, 5.51%. IR v = 3032, 1580, 1487, 1360, 1070, 1024, 885, 754,
684, 613 cml. UV /Vis (toluene): Amax (log €) = 338 (4.31), 623 nm (3.84).
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6.1.41 Synthesis of CpBigtBu,Mg 36
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0.2 mmol (145 mg) CpBig#Bu-and 0.1 mmol (42 mg) magnesium anthracene 3 THF
were suspended in 10 mL of toluene and stirred for 1 h at ambient temperature. The
resulting brownish suspension was filtered and the filtrate concentrated until
incipient crystallization. The crystals were dissolved by warming, and colorless
crystals formed upon storage at ambient temperature within 12 h, which were
isolated by decantation, again re-crystallized from 2 mL of toluene at -30 °C and

dried in vacuo.

Yield: 132 mg (0.045 mmol, 45%). Mp. >400 °C. Anal. calcd. for C110H130Mg: C, 89.48;
H, 8.87%. Found: C, 90.45; H, 9.02%. TH NMR (300 MHz, CsDs, 25 °C): 8 7.21 (d, 3Jun
= 8.5 Hz, 10 H, Cormo), 6.96 (d, 3ot = 8.5 Hz, 10 H, Cpeta), 1.29 (5, 45 H, CH3). °C NMR
(75.5 MHz, CeDe, 25 °C): & 148.68 (Cpara), 133.07 (Cortio), 132.54 (Cipso), 124.47 (Coeta),
121.29 (Ccp), 3453 (C(CHa)a), 31.60 (CHa). IR: v = 2959, 2903, 2866, 1513, 1475, 1461,
1393, 1360, 1271, 1201, 1149, 1122, 1100, 1014, 852, 836, 776, 694, 572, 494, 407 cm-1.
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6.1.42 Synthesis of CpBigtBu,Ca 37
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A solution of 0.2 mmol (145 mg) CpBigtBu in 10 mL of THF was added to a solution
of 0.6 mmol (24 mg) Ca in 1 mL of mercury, yielding a deep blue/metallic biphasic
solution that was stirred for 12 h at ambient temperature. The resulting yellow
solution was decanted from the metallic phase and all volatiles were removed under
reduced pressure, yielding the product as a colorless solid. The product was re-

crystallized from benzene at ambient temperature.

Yield: 118 mg (0.079 mmol, 79%) Mp. >400 °C. Anal. calcd. for Ci110H130Ca: C, 88.53;
H, 8.78%. Found: C, 88.01; H, 9.05%. TH NMR (300 MHz, CsDs, 25 °C):  7.08 (d, 3Jun
=8.4 Hz, 10 H, Cortno), 6.96 (d, 3Jun = 8.4 Hz, 10 H, Cyeta), 1.30 (s, 45 H, CH3). 13C NMR
(75.5 MHz, C¢De, 25 °C): 6 148.33 (Cpara), 133.77 (Cipso), 131.98 (Cortio), 125.08 (Cirreta),
12413 (Ccp), 34.54 (C(CHa)s), 31.69 (CHs). IR: v = 2959, 2903, 2867, 1513, 1475, 1461,
1392, 1368, 1016, 850, 833, 776, 692, 570 cm1.
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6.1.43 Synthesis of CpBigBu,Sr 38
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A solution of 0.2 mmol (145 mg) CpBigt-Bu in 10 mL of THF was added to a solution
of 0.6 mmol (53 mg) Sr in 1 mL of mercury, yielding a deep blue/metallic biphasic
solution that was stirred for 12 h at ambient temperature. The resulting yellow
solution was decanted from the metallic phase and all volatiles were removed under
reduced pressure, yielding the product as a colorless solid. The product was re-

crystallized from benzene at ambient temperature.

Yield: 114 mg (0.074 mmol, 74%) Mp. >400 °C. Anal. calcd. for C110H130Sr: C, 88.80;
H, 8.51%. Found: C, 88.75; H, 8.23%. TH NMR (300 MHz, C¢Ds, 25 °C): § 6.97 (m, 20
H, Cortho, Cineta), 1.29 (s, 45 H, CH3). 3C NMR (75.5 MHz, CsDs, 25 °C): & 148.09 (Cpara),
134.48 (Cipso), 131.36 (Cortho), 125.41 (Cineta), 123.60 (Ccp), 34.54 (C(CHs)s), 31.72 (CHs).
IR: v = 2961, 2903, 2866, 1514, 1475, 1460, 1360, 1270, 1198, 1154, 1120, 1100, 1013,
853, 837, 829,803, 777, 694, 572, 559 cm1.
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6.1.44 Synthesis of CpBigtBu,Ba 39
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A solution of 0.2 mmol (145 mg) CpBigtBu in 10 mL of THF was added to a solution
of 0.6 mmol (82 mg) Ba in 1 mL of mercury, yielding a deep blue/metallic biphasic
solution that was stirred for 12 h at ambient temperature. The resulting yellow
solution was decanted from the metallic phase and all volatiles were removed under
reduced pressure, yielding the product as a colorless solid. The product was re-

crystallized from benzene at ambient temperature.

Yield: 136 mg (0.085 mmol, 85%) Mp. >400 °C. Anal. caled. for Ci10HizoBa: C, 83.12;
H, 8.24%. Found: C, 84.12; H, 8.35%. TH NMR (300 MHz, CsDs, 25 °C): 8 6.98 (d, 3Jun
=8.4Hz, 10 H, Cieta), 6.88 (d, 3Jun = 8.4 Hz, 10 H, Cormo), 1.29 (s, 45 H, CH3). 13C NMR
(75.5 MHz, C¢Dg, 25 °C): 6 147.94 (Cpara), 134.99 (Cipso), 130.68 (Cortho), 125.65 (Cineta),
124.40 (Ccp), 34.54 (C(CHa)s), 31.74 (CH3). IR: v = 2961, 2905, 2866, 1516, 1475, 1461,
1393, 1362, 1270, 1199, 1154, 1100, 1120, 1013, 852, 836, 776, 692, 635, 572, 557, 473

cml.
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6.1.45 Synthesis of CpBigtBu Ga 40
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A solution of 0.2 mmol (145 mg) CpBigt-Bu in 10 mL of THF was added to a solution
of 0.6 mmol (42 mg) Ga in 1 mL of mercury, yielding a deep blue/metallic biphasic
solution that was stirred for 12 h at ambient temperature. The resulting yellow
solution was decanted from the metallic phase and all volatiles were removed under

reduced pressure, yielding the product as a colorless solid.

Yield: 144 mg (0.181 mmol, 90%). Mp. >400 °C. Anal. calcd. for CssHesGa: C, 83.01;
H, 8.23%. Found: C, 81.97; H, 8.11%. TH NMR (300 MHz, THF-ds, 25 °C): 5 6.98 (d,
3un = 8.3 Hz, 10 H, Cieta), 6.81 (d, 3Jun = 8.3 Hz, 10 H, Cortno), 1.22 (s, 45 H, CH3). 13C
NMR (75.5 MHz, THF-ds, 25 °C): 8 149.23 (Cpara), 132.96 (Cipso), 132.41 (Cortno), 124.70
(Cineta), 123.70 (Ccp), 34.94 (C(CHs)3), 31.71 (CHa). IR: v = 2958, 2905, 2869, 1516, 1465,
1362, 1270, 1152, 1120, 1014, 833, 776, 691, 570, 474 cm-™.
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6.1.46 Synthesis of CpBigBuln 41
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A solution of 0.2 mmol (145 mg) CpBigtBu-in 10 mL of THF was added to a solution
of 0.6 mmol (69 mg) In in 1 mL of mercury, yielding a deep blue/metallic biphasic
solution that was stirred for 12 h at ambient temperature. The resulting yellow
solution was decanted from the metallic phase and all volatiles were removed under

reduced pressure, yielding the product as a colorless solid. The product was re-

crystallized from THF at -30 °C.

Yield: 90 mg (0.108 mmol, 54%). Mp. >400 °C. Anal. calcd. for CssHesIn: C, 78.56; H,
7.79%. Found: C, 77.50; H, 7.69%. TH NMR (300 MHz, THEF-ds, 25 °C): § 6.97 (d, 3Jun
=8.4Hz, 10 H, Cueta), 6.84 (d, 3Jun = 8.4 Hz, 10 H, Cormo), 1.22 (s, 45 H, CH3). 13C NMR
(75.5 MHz, THF-ds, 25 °C): 6 148.24 (Cpara), 134.69 (Cipso), 132.62 (Cortio), 124.50 (Cireta),
123.86 (Ccp), 34.87 (C(CHa)s), 31.74 (CHs). IR: v = 2959, 2903, 2866, 1516, 1475, 1461,
1392, 1360, 1270, 1198, 1152, 1120, 1100, 1013, 850, 833, 774, 690, 572, 554, 471, 445,
382 cm.
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6.1.47 Synthesis of CpBig#-BuT] 42

e @1 w4
$» Q

A solution of 0.2 mmol (145 mg) CpBig-Bu-in 10 mL of THF was added to a solution
of 0.6 mmol (123 mg) Tl in 1 mL of mercury, yielding a deep blue/metallic biphasic
solution that was stirred for 12 h at ambient temperature. The resulting yellow
suspension was decanted from the metallic phase and all volatiles were removed

under reduced pressure, yielding the product as a yellow solid.

Yield: 178 mg (0.192 mmol, 96%). Mp. 122 °C (dec.). Anal. caled. for CssHesT1: C,
70.99; H,7.04%. Found: C, 70.63; H, 7.24%. TH NMR (300 MHz, THF-ds, 25 °C): § 6.91
(br s, 45 H), 6.82 (br s, 45 H), 1.22 (br s, 45 H). IR: v = 2959, 2903, 2866, 1516, 1475,
1461, 1392, 1360, 1270, 1198, 1152, 1120, 1100, 1013, 850, 832, 774, 690, 636, 570, 554,
472,444 cml.

Alternative synthesis: Solutions of 0.2 mmol (145 mg) Cp#Big -BuH and 0.2 mmol (50
mg, 14.2 pL) TIOEt in 2 mL of n-hexane were combined, instantaneously yielding a

yellow powder that was isolated by filtration, washed with 2 mL of n-hexane and

dried in vacuo.

Yield: 182 mg (0.196 mmol, 98%)
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6.1.49 Synthesis of CpBigtBuy,Hg 43
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0.2 mmol (145 mg) CpBig -Bu-and 6.8 mmol (0.1 ml, 1.355 g) mercury were suspended
in 10 mL of toluene and stirred for 12 h at ambient temperature. The resulting
greenish blue solution was decanted from the metallic phase and the filtrate
concentrated until incipient crystallization. The crystals were dissolved by slight
warming, and yellow crystals formed upon storage at ambient temperature within
12 h, which were isolated by decantation and dried in vacuo. 43 always contains a
small amount of 32 adhering to the surface of the crystals, which cannot be

completely removed because 43 partly decomposes to 32 upon contact to solvents.

Yield: 99 mg (0.060 mmol, 60%). TH NMR (300 MHz, Cs¢Ds, 25 °C): 8 7.32 (d, 3Jun =
8.1 Hz, 10 H, Cortno), 7.04 (d, 3Jun = 8.1 Hz, 10 H, Cieta), 1.12 (s, 45 H, CH3). 13C NMR
(75.5 MHz, CsDs, 25 °C): 6 148.82 (Cpara), 133.80 (Cipso), 131.67 (Ccp), 131.53 (Cortho),
125.22 (Ciieta), 34.41 (C(CHs)s), 31.40 (CHa). IR: v = 2959, 2903, 2866, 1513, 1475, 1461,
1393, 1360, 1271, 1201, 1149, 1122, 1100, 1014, 852, 836, 776, 694, 572, 494, 407 cm-1.
The melting point and elemental composition of the product were not determined
due to its assumed toxicity. In addition, 43 was always obtained together with small

amounts of 32 as stated before.
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6.1.50 Synthesis of CpBigBuGaCr(CO)s 44
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0.025 mmol (20 mg) CpBis #BuGa and 0.025 mmol (8 mg) Cr(CO)s-cyclooctadiene
were dissolved in benzene (0.5 mL) and stirred for 1 h at ambient temperature.
Upon concentration of the resulting solution in vacuo, the product crystallized in

form of large yellow blocks, which were isolated by decantation and dried in vacuo.

Yield: 17 mg (0.017 mmol, 70%). Mp. 250 °C (dec.). Anal. caled. for CeoHesCrGaOs:
C, 72.95; H, 6.63%. Found: C, 72.24; H, 6.36%. TH NMR (300 MHz, C¢Ds, 25 °C): &
7.25 (d, 3Jun = 8.5 Hz, 10 H, Cortno), 7.03 (d, 3Jun = 8.5 Hz, 10 H, Cieta), 1.05 (s, 45 H,
CHj3). BC NMR (75.5 MHz, C¢Dg, 25 °C): 8 223.39 (COaxiat), 218.23 (COequatoriar), 150.74
(Cpar), 131.65 (Cortho), 129.48 (Cipso), 125.64 (Cirreta), 123.86 (Ccp), 34.51 (C(CHs)s), 31.20
(CHs). IR: v = 2964, 2096, 2870, 2056, 1982, 1946, 1928, 19091518, 1462, 1401, 1393,
1363, 1260, 1146, 1089, 1016, 865, 852, 835, 796, 702, 690, 671, 654, 646, 572, 494, 465,
391 cm-L.
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6.1.51 Synthesis of Bis(pentafluorophenyl)ethyne 45
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Caution!: Pentafluorophenyl copper and the complex of
pentafluorophenylmagnesium bromide with diethyl ether have not, to the best of
my knowledge, been reported to be explosive. However, a variation of the
preparation described here, in which the complex of pentafluorophenylmagnesium
bromide with diglyme was dried in vacuo, resulted in a vigorous decomposition
under build-up of pressure which destroyed the apparatus. This happened only
once although the preparation was carried out several times. Caution should be
exercised because the exact cause of the decomposition is unknown. The following

procedure avoids isolation of this complex.

400 mmol (9.72 g) of magnesium turnings were suspended in diethyl ether (133 mL).
At 0 °C 400 mmol (43.59 g, 29.9 mL) bromoethane was slowly added to this
suspension. The resulting mixture was warmed to room temperature and stirred
overnight. The light gray solution was cooled to 0 °C and 400 mmol (98.78 g,
50.65 mL) of bromopentafluorobenzene, 500 mmol (67.1 g, 71.4 mL) of diglyme
(diethylene glycol dimethyl ether), and 400 mmol (57 g) of CuBr were slowly added
in sequence. The resulting white semi-solid mass was dried in vacuo for 1 h and then
re-suspended in 400 mL diglyme. 100 mmol (9.76 mL, 26.47 g) of tribromoethylene
were added slowly at 0 °C. The suspension slowly turned brown upon stirring at
120 °C for 24 h. It was then diluted on air with 500 mL ethyl acetate, 100 mL
saturated NH4Cl(aq) solution, 40 mL acetic acid, and 200 mL H2O. The aqueous phase
was discarded, and the organic phase was washed five times with H>O. It was then
dried with MgSOs, concentrated on a rotary evaporator, and stripped of any

remaining volatiles at 10-3 mbar. A by-product (probably decafluorobiphenyl) was
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removed by sublimation at 60 °C/10- mbar. The remaining crude product was
crystallized from methanol at -30 °C.

Yield: 14.4 g (40.1 mmol, 40%). °F NMR (376 MHz, C¢Dg) 6 -135.61 - -135.75 (m, 4F,
ortho), -150.34 (t, 2F, 3Jrr = 22.0 Hz, para), -161.29 - -161.47 (m, 4F, meta), ppm. Other
analytical data match those reported in the literature.[162]

Comments: The protocol was adapted from a literature procedure.[14] In contrast to
Webb and Gilman, we found a higher reaction temperature and the use of diglyme
instead of THF more convenient due to the shorter reaction time. The aqueous
workup prevents the formation of finely divided Cu20, which is otherwise difficult

to remove by filtration.
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6.1.52 Synthesis of Tetrakis(pentafluorophenyl)cyclopentadienone 46

F F
F. F F. F
F [ F F F 9
AT
Coy(CO)g - > CeFs CeFs
| | T» (0C)sCo Co(CO), “11¢co
-4Co
F. O F F F CeFs CeFs
F F F F
F F

40.1 mmol (14.4 g) of bis(pentafluorophenyl)ethyne and 42.1 mmol (14.4 g) of
Co2(CO)s were suspended in decaline (100 mL) and stirred until gas evolution has
stopped (4 h). The solution was then stirred at 190 °C for 24 hours. A metal mirror
was formed. The flask was cooled to room temperature, the solution was diluted
with 100 mL of ethyl acetate and 86.3 mmol (21.9 g) of I> was added. The suspension
was stirred until dissolution of the metal mirror and complete cessation of gas
evolution (15 min). The solution was diluted with ethyl acetate (500 mL) and
washed with aqueous NaHSO; solution (200 mL, 30%). The aqueous phase was
discarded. The organic phase was dried with MgSO4 and filtered over about 50 mL
of active Al2Os. All volatiles were removed first on a rotary evaporator and then by
distillation at up to 160 °C/10-3 mbar. The product was then washed with 100 mL
of n-hexane at —78 °C and recrystallized from CHCl; at —30 °C.

Yield: 12.0 g (16.1 mmol, 80%). F NMR (376 MHz, C¢De) 6 -137.57 - -137.82 (m, 8F,
ortho), -145.76 (t, 2F, 3Jrr = 21.6 Hz, para), 147.97 (t, 2F, 3Jrr = 21.6 Hz, para), -157.96 -
-158.17 (m, 4F, meta), -159.25 - -159.44 (m, 4F, meta) ppm. Other analytical data match
those reported in the literature.l%

Comments: Variations of this procedure omitting the oxidation step have been
known for a long time, ] but in my hands, the main product of these reactions was
a cobalt-containing complex of unknown structure. Oxidation of this complex with

iodine yields the desired product.
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6.1.53 Synthesis of Pentakis(pentafluorophenyl)cyclopentadienol 47
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19.3 mmol (4.77 g, 2.41 mL) of bromopentafluorobenzene were slowly added at 0 °C
to a solution of 19.3 mmol (6.44 mL) EtMgBr in diethyl ether (3 mol/L). All volatiles
were removed in vacuo and the resulting colorless solid was redissolved in THF (10
mL). This solution was slowly added at -78 °C to a suspension of
tetrakis(pentafluorophenyl)cyclopentadienone (16.1 mmol, 12.0 g) in THF (100 mL).
The resulting mixture was gradually warmed to 25 °C within 4 h. Then 3 mL HClaq
(37%), 100 mL diethyl ether and 100 mL of water were added. The aqueous phase
was discarded and the organic phase was washed with 100 mL of water. The
solution was dried with MgSOs and all volatiles were removed under reduced
pressure using a rotary evaporator. The product was purified by column
chromatography (n-hexane/diethyl ether 20:1; R¢ = 0.30; colorless band with a blue

fluorescence).

Yield: 10.3 g (11.3 mmol, 58%). Mp. 216 °C. %F NMR (565 MHz, CD:Cl,) 6 -134.96
(br s, 1F, HOCC¢F5, ortho), -137.97 (br s, not integratable, HOCCCC¢Fs, ortho) -138.92
(m, 2F, HOCCC¢F5, ortho), -139.53 (d, 2F, 3Jer = 21.7 Hz, HOCCCéFs, ortho), -144.02
(d, 2F, 3Jgr = 21.3 Hz, HOCC¢F5, ortho), -150.01(t, 2F, 3Jgr = 20.8 Hz, HOCCCgFs or
HOCCCC¢F5, para), -150.10 (t, 2F, 3Jrr = 21.0 Hz, HOCCC¢F5 or HOCCCCq¢Fs, para), -
152.60 (t, 1F, 3Jgr = 21.2 Hz, HOCCsFs, para), -159.73 (td, 2F, 3Jrr = 21.7 Hz, 7.7 Hz,
HOCCC¢Fs, meta), -159.85 (td, 2F, 3Jgr = 21.8 Hz, 7.7 Hz, HOCCC¢Fs, meta), -160.08
(td, 2F, 3Jrr = 21.7 Hz, 7.7 Hz, HOCCCC¢Fs, meta), -160.45 (br t, 2F, 3Jrr = 21.4 Hz,
HOCCs¢Fs, meta), -162.30 (br t, 2F, 3Jgr = 20.9 Hz, HOCC¢Fs, meta). TH NMR (400 MHz,
CsDe) 6 3.40 (s, CpOH). 13C{1F} NMR (151 MHz, CDCl) 6 148.04 (HOCC¢Fs, ortho),
145.24 (HOCCCCsFs, ortho), 144.86 (HOCCFs, ortho), 144.48 (HOCCCsFs, ortho),
144.35 (HOCCCsFs, ortho), 142.72 (HOCCCs¢Fs or HOCCCC¢Fs, para), 142.65
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HOCCCeFs or HOCCCCeFs, para), 141.84, 141.83, 141.76 (HOCCsFs, para), 138.77
HOCGCGFs, meta), 138.26 (HOCCCCyFs, meta), 138.20 (HOCCCeFs, meta), 138.09
HOCCGFs, meta), 137.86 (HOCCeFs, meta), 135.85 (HOCCC), 109.43 (HOCC), 106.76
HOCCsFs or HOCCC4Fs, ipso), 106.36 (HOCCFs or HOCCCeFs, ipso), 90.36 (HOC).
IR v = 3601, 1646, 1514, 1484, 1341, 1305, 1118, 1088, 982, 912, 803, 731 cm-L.

(
(
(
(
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6.1.54 Synthesis of Pentakis(pentafluorophenyl)cyclopentadienyl hexadeca-
fluorotriantimonate 48
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10 pmol (8.6 mg) of the pentakis(pentafluorophenyl)cyclopentadienyl radical and
40 pmol (11.2 mg) of SbF5-5O, were suspended in 0.5 mL of hexafluorobenzene.
200 pmol (33.9 mg) of XeF2 were added and the mixture was stirred for 30 min at
25 °C, resulting in the formation of a colorless gas, a deep blue solution, and a blue
precipitate. The solution was decanted from the solid by using a glass syringe,
sealed in a glass ampoule, and stored at 6 °C for three days.

The first run of this reaction gave the solvate Cp(CsF5)sSbsF16 2 CcFs5, all subsequent
runs gave Cp(CeF5)55bsF16 1.5 CeFs. The yield varied from 8.6 mg to 15.1 mg (47—
81%) for solvate Cp(CeFs)sSbsFi162 CéF5 and was not determined for
Cp(CeFs5)sSbsF16 1.5 CeFs.

CeFs CeFs
OH
CeFs CeFs 5SbF5S0;  cyFg Cel
—_—
~Sb,FoOH

C6F5 CGFS -8 soZ C6F5 CBFS

F R
5 SbsFyg

Alternative preparation: 10 pmol (9.1 mg) pentakis(pentafluorophenyl)cyclo-
pentadienol and 40 pmol (11.2mg) SbFs-SO> were suspended in 0.5mL
hexafluorobenzene and stirred for 30 min at 25 °C, resulting in the formation of a
deep blue solution and a blue precipitate. The solution was decanted from the solid
using a glass syringe, and further treated as above, yielding crystals with identical
cell parameters and color.

In situ NMR spectroscopy: 10 pmol (9.1 mg) Pentakis(pentafluorophenyl)cyclo-
pentadienol were dissolved in 0.5 mL of SO at -78 °C in a PTFE-capped NMR tube,
which also contained a capillary with acetone-ds and the first NMR spectrum was
measured at —30 °C. The solution was again cooled to =78 °C, 50 umol (14.0 mg)
SbF5-50O2 were sublimed into the NMR tube, and the second NMR spectrum was
measured at —30 °C.

Comments: The wuse of a glass syringe is necessary, because

Pentakis(pentafluorophenyl)cyclopentadienyl hexadecafluorotriantimonate reacts
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immediately with polypropylene syringes. An excess of XeF: is also necessary
because SbF5-SO> catalyzes the reaction of XeF, with hexafluorobenzene. For the
second preparation the formation of hydroxide-containing counteranions
Sb3(OH)nF16-n) cannot be completely excluded. Crystals for sc-XRD were therefore

obtained from the first reaction.

UV /Vis (hexafluorobenzene): Amax (log €) = 678 nm (4.68).
Caution!: When XeF: and SbF5-SO. are premixed and the solvent is added
subsequently, a vigorous reaction with flame formation may occur even in the

absence of air.
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6.1.55 Synthesis of the Pentakis(pentafluorophenyl)cyclopentadienyl Radical 49
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1 mmol (912 mg) pentakis(pentafluorophenyl)cyclopentadienol and 20 mmol (5.33
g) AlBrs were suspended in 3 mL of benzene and 10 mmol (1.09 g, 746 nL) of
bromoethane were slowly added at 0 °C. The red suspension was warmed to 25 °C,
stirred for 30 min, and subsequently cooled to 0 °C. The suspension was filtered,
and the filtrate was discarded. The solid was quenched with 200 mmol (3.6 g) ice
and the mixture was kept at 25 °C until completely thawed. The solution was then
removed by filtration and the solid was washed rapidly three times with 10 mL of
water at 0 °C. All volatiles were removed under reduced pressure and the solid was
sublimed at 150 °C/10-® mbar over 2 days. The sublimate was crystallized three

times from 1 mL of toluene and again all volatiles were removed in vacuo.

Yield: 484 mg (541 umol, 54%). Mp. 236 °C, evaporates undecomposed at approx.
300 °C. IR v = 1647, 1517, 1487, 1383, 1344, 1312, 1138, 1104, 1079, 983, 919, 911, 836,
730, 654, 542 cm1. UV / Vis (hexafluorobenzene): Amax (log €) = 546 nm (3.41).

Comments: The washing steps can be performed in a Biichner funnel without the
need for an inert gas atmosphere, since crystalline 49 is stable under these
conditions. The mother liquors and the liquid portion of the reaction mixture
contain mainly pentakis(pentafluorophenyl)cyclopentadiene and can be used for

the preparation of pyridinium pentakis(pentafluorophenyl)cyclopentadienide 50d.
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6.1.56 Synthesis of Ferrocenium Pentakis(pentafluorophenyl)cyclopentadienide
50a
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5 pmol (4.5 mg) pentakis(pentafluorophenyl)cyclopentadienyl radical and 6 umol
(1.1 mg) ferrocene were dissolved in 0.3 mL 1,2-difluorobenzene. The product was

crystallized by vapor phase diffusion with 3 mL n-hexane.

Yield: 3.5 mg (3.2 pmol, 65%). Mp. 232 °C. 1F NMR (565 MHz, THF-ds) 6 -142.96
(dd, 10F, 3]rr = 25.2 Hz, 4Jrr = 8.3 Hz, ortho), -163.13 (t, 5F, 3Jrr = 21.5 Hz, para), -166.38
--166.51 (m, 10F, meta). 13C NMR (151 MHz, CD2Cl2) 6 145.1 (d, 1Jrc = 243 Hz, meta),
139.2 (d, Jrc = 243 Hz, para), 138.3zz (dt, 1Jrc = 246 Hz, ortho, ?Jrc = 14.5 Hz), 116.7
(t, 2Jrc = 19.3 Hz, ipso), 108.5 (Cs(CeFs)s). IR v = 3111, 3075, 1514, 1471, 1418, 1282,
1267, 1098, 976, 915, 849, 759, 540 cm1.
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6.1.57 Synthesis of Tritylium Pentakis(pentafluorophenyl)cyclopentadienide
50b
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5 umol (4.5 mg) of pentakis(pentafluorophenyl)cyclopentadienyl radical and 3 pmol
(1.7 mg) of trityl toluene were heated to 110 °C in 0.5 mL of toluene until all solids

were dissolved (about 10 min). The solution was then slowly cooled to 25 °C and

left undisturbed for 24 h, resulting in the formation of large yellow-green needles.

Yield: 4.9 mg (4.4 pmol, 87%). Mp. 227 °C. %F NMR (565 MHz, CD»Cl) 6 -142.71
(dd, 10F, 3Jrr = 25.6 Hz, 4Jer = 7.4 Hz, ortho), -161.53 (t, 5F, 3Jrr = 21.5 Hz, para), -164.97
--165.16 (m, 10F, meta). 'TH NMR (400 MHz, CD2Cl>) 6 7.91 (br s). The signals in the
13C NMR spectrum were too broad to be well resolved. IR v = 2945, 1574, 1516, 1479,
1350, 1290, 1181, 1099, 982, 916, 839, 764, 701, cm-1.
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6.1.58 Synthesis of Decamethylaluminocenium Pentakis(pentafluorophenyl)-
cyclopentadienide 50c
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5 umol (4.5 mg) of pentakis(pentafluorophenyl)cyclopentadienyl radical and 10
pumol (1.6 mg) of Cp*Al were heated to 110 °C in 0.5 mL of toluene until all reagents
dissolved (about 10 min). This process was accompanied by the formation of a gray,
finely dispersed solid (probably aluminum metal). The solution was then cooled to
25 °C. The grayish solid formed was isolated by centrifugation and extracted with
0.5 mL CH2Cl,. The extract was evaporated to dryness at 25 °C/10-3 mbar.
The formation of single-crystals was achieved by immersing the product in a small

glass tube (5 mm diameter) containing 1 mL of benzene and heating the lower end

of the solution to 80 °C, while keeping the upper end at 25 °C.

Yield: 5.3 mg (4.9 umol, 89%, before crystallization). Mp. 230 °C. 1°F NMR (565 MHz,
CD2Clo) 6 -142.74 (dd, 10F, 3]s = 25.5 Hz, 4Jer = 7.0 Hz, ortho), -161.57 (t, 5F, 3Jer =
21.0 Hz, para), -165.04 - -165.17 (m, 10F, meta). 'H NMR (600 MHz, CD:Cl,) 6 2.16.
13C NMR (151 MHz, CD2Cl,) 6 144.4 (d, YJrc = 241 Hz, meta), 138.9 (d, }Jrc = 248 Hz,
para), 137.8 (dt, 1Jrc = 248 Hz, ortho, 2Jrc = 14.0f Hz), 119.3 (CsMes), 115.5 (t, 2Jrc =19.3
Hz, ipso), 107.9 (Cs(CeFs)s) 10.4 (CsMes). IR v = 2952, 2914, 2867, 1514, 1481, 1098, 982,
916, 653, 623, 574, 538 cm1.

Comments: The unusual shape of the M NMR signal has been reported

previously.[163]
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6.1.59 Synthesis of Pyridinium Pentakis(pentafluorophenyl)cyclopentadienide
50d
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The combined mother liquors of 49, including the soluble fraction of the reaction
mixture, were washed with dilute hydrochloric acid (1 mol/L), dried with MgSOs,
and degassed by three freeze-thaw-pump cycles. 1 mmol (79.1 mg; 80.7 uL) of
pyridine was added, initiating the formation of a colorless precipitate, which was

removed by filtration, washed three times with 3 mL of benzene, and dried under

reduced pressure.

Yield 302 mg (314 pmol, 31 %, with respect to reagent 46). Mp. 218 °C. 1F NMR (565
MHz, THF-ds) 6 -143.02 (dd, 10F, 3Jrr = 24.6 Hz, 4Jrr = 7.7 Hz, ortho), -162.62 (t, 5F,
3Jpr = 21.3 Hz, para), -166.03 - -166.22 (m, 10F, meta). 'H NMR (400 MHz, THF-ds) 6
8.56 - 8.53 (m, 2H, ortho), 7.56 (tt, 1H, 3Jun = 7.6 Hz, 4Jun = 1.19 Hz, para) 7.27 - 7.23
(m, 2H, meta). The signals in the 13C NMR spectrum were too broad to be well
resolved. IR v = 1516, 1474, 1099, 978, 915, 750, 691, 620, 538 cm™1.
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6.1.60 Synthesis of Pentakis(pentafluorophenyl)cyclopentadienylcarboxylic
Acid 52

CeFs

CoFs 0 CeF
o 7z ® ° cooH
H,0
CGFSWCSFE BT O e o CeFaﬁCSFS
- nt'm P

e Cofs CFe Cefs CFe Cefs
10 pmol (15.6 mg) of 48 was suspended in 0.5 mL of C¢Fs. The solution was degassed
and 89 pmol (2 mL; 1.1 bar; 25 °C) of CO was added. The solution was stirred for
24 h, resulting in a color change from deep blue to pale yellow and the formation of
brown solids. All volatiles were removed under vacuum. 1 mL of water and 1 mL
of benzene were added to the solid residue. The phases were separated, the aqueous
phase was discarded, and the organic phase was dried with MgSOs. All volatiles
were removed again under vacuum.

The product is a mixture of 52 and 53, since 52 decomposes slowly to 53 under the
conditions of the work-up and NMR measurement. Single-crystals of 52 were
obtained by vapor phase diffusion of n-hexane into a concentrated solution of 52 in

hexafluorobenzene at 6 °C.

Yield: 7 mg. 1%F NMR (565 MHz, C¢Ds) 6 -132.34 (br s, 1F, ortho), -135.05 (br s, 1F,
ortho), -138.42 (d, 2F, 3] = 21.6 Hz, ortho), -139.28 - -139.48 (m, not integratable due
to overlap and uneven baseline, ortho), -145.35 (t, 2F, 3Jrr = 21.7 Hz, para), -146.33 (d,
2F, 3Jgr = 21.7 Hz, para), -148.23 (d, 2F, 3Jpr = 21.7 Hz, para), 158.0 - 158.41 (m, 9F, meta)
160.05 (td, 1H, 3Jrr = 21.7 Hz, *Jrr = 6.1 Hz, meta).

Comment: Because 5 decomposes during column chromatography and on

prolonged standing, only the F NMR spectrum and sc-XRD data are reported.
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6.1.61 Synthesis of Pentakis(pentafluorophenyl)cyclopentadiene 53

CeFs CeFs H

5 umol of a salt of the pentakis(pentafluorophenyl)cyclopentadienide anion (50a-d)
are suspended in 1 mL of hydrochloric acid (1 mol/L). The suspension is extracted
three times with 1 mL of dichloromethane (DCM). The combined extracts are dried
with MgSOs and all volatiles are removed under reduced pressure (3 h to ensure
the removal of ferrocene, Cp*H, and pyridine). The yield is almost quantitative.

If larger amounts of 53 are desired, the following procedure is advantageous:
0.5 mmol (456 mg) pentakis(pentafluorophenyl)cyclopentadienol and 10 mmol
(2.67 g) AlBrs were suspended in 1.5 mL benzene and 5 mmol (0.55g, 373 uL)
bromoethane were slowly added at 0 °C. The red suspension was warmed to 25 °C
and stirred for 30 min. The suspension was quenched with 100 mmol (1.8 g) ice and
the mixture was kept at 25 °C until completely thawed. 0.5 mmol (93 mg) ferrocene
and 1.5 mL hydrochloric acid (1 mol/L) were added and the suspension was stirred
for 30 min. It was then diluted with 10 mL DCM and the phases were separated.
The aqueous phase was discarded and the organic phase was dried with MgSOa.
All volatiles were removed under vacuum. The crude product was dissolved in
5 mL hot toluene and filtered while hot. 0.5 mmol (39.6 mg; 40.6 pL) pyridine was
added to the filtrate and the solution was stored at 25 °C for 24 h. The separated
solids were isolated by filtration and dissolved in a mixture of 1.5 mL hydrochloric
acid (1 mol /L) and 10 mL DCM. The aqueous phase was discarded and the organic

phase was dried with MgSOs. All volatiles were removed under vacuum.

Yield: 309 mg (345 mmol, 69%). Mp. 188 °C (dec.). 19F NMR (565 MHz, C¢Ds) 6 -
139.13 (d, 2F, 3Jrr = 21.0 Hz, HCCCsFs, ortho), -140.00 (d, 4F, 3Jr = 21.2 Hz,
HCCCC¢Fs, ortho) -140.62 (d, 2F, 3Jrr = 23.0 Hz, HCCC¢F5, ortho), -141.18 (d, 1F, 3]s =
18.2 Hz, HCCsFs, ortho), -143.18 (d, 2F, 3Jer = 21.6 Hz, HCC¢F5, ortho), -147.69 (t, 2F,
3Jer = 21.7 Hz, HCCC¢F5 or HCCCCsFs, para), -148.14 (t, 2F, 3Jrr = 21.3 Hz, HCCC¢Fs
or HCCCC¢Fs, para), -149.62 (t, 1F, 3Jrr = 21.5 Hz, HCC6Fs, para), -158.72 - 158.93 (m,
6F, meta), -159.18 - 159.42 (m, 3F, meta), -159.67 (td, 1F, 3Jrr = 21.6 Hz, 4Jrr = 8 Hz,
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HCC¢Fs, meta). TH NMR (400 MHz, C¢Ds) 0 5.91 (s, CpH). 3C{1°F} DEPT-135 NMR
(151 MHz, C¢Ds) 6 146.41 (d, 3Juc = 7.1 Hz HCC¢Fs, ortho), 145.94 (d, 3Juc = 5.7 Hz
HCCeFs, ortho), 144.86 (s, HCCCsFs, ortho), 144.67 (s, HCCCCgFs, ortho), 144.31 (s,
HCCC¢Fs, ortho), 142.47 (s, HCCCsFs or HCCCCeFs, para), 142.31 (s, HCCCCeFs or
HCCC¢Fs, para), 142.08 (s, HCCeFs, para), 138.24 (s, HCCC¢Fs, meta), 138.21 (s,
HCC¢Fs, meta), 138.18 (s, HCCCC¢Fs, meta), 138.17 (s, HCCCsFs, meta), 138.04 (s,
HCCCC¢Fs, meta), 137.06 (s, HCC¢Fs, meta). 3C{1H} NMR (151 MHz, C¢Ds) 6 146 -
136 (several multiplets) 107.84 - 106.83 (m, ipso), 53.56 (s, HC). IR v = 1656, 1522,
1491, 1445, 1315, 1105, 1080, 982, 935, 916, 841, 735, 652, cm’L.
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8 Appendix

8.1 List of Figures
Figure 1: Lewis formula of ferrocene, postulated by Kealy and Pauson.[!l Miller,
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Figure 2: Structure of ferrocene, postulated by Wilkinson et al.l4l................ccccccoeeneee 2
Figure 3: TH NMR chemical shifts in ppm for different aromatic or non-aromatic
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Figure 4: Jahn-Teller distortion of a hypothetical molecule with two degenerate
molecular orbitals and 3 electrons. ...........ccccocovviiiiiiiii, 9
Figure 5: MO diagrams for the different electronic states of Cp anions, radicals, and
cations, accompanied by the Lewis structures visualizing the bond length
alternations. (Additional excited electronic states exist, but are omitted for
CLATIEY ) s 10
Figure 6: Annulenes with known crystal structures. For exact substitution patterns
see the references.B152-54] | ..o, 11
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Figure 11: Sections from the crystal structures of lithium pentakis(3,5-
dimethylphenyl)cyclopentadienide after crystallization from THF (top left and
bottom) or a mixture of THF and tetramethylethylenediamine (top right).
Hydrogen atoms and the aryl groups in the lower image are omitted for
Clarity . [90L. s 22

Figure 12: 7Li NMR spectrum of lithium pentakis(3,5-dimethylphenyl)cyclopenta-
dienide in THF-ds.[%00 ... 22

Figure 13: Crystal structure of potassium pentakis(4-n-

butylphenyl)cyclopentadienide with viewing direction parallel (a) or
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perpendicular (b) to the polymeric chain structures. The hydrogen atoms as
well as the butyl groups in figure b are omitted for clarity.Pl........................ 23

Figure 14: Conformational isomers of decaarylmetallocenes with Ds symmetry (left)

and S10 symmetry (Fight). ..o 26
Figure 15: Dependence of the bending angle on the distance between the metal ion
and the geometric center of the cyclopentadienyl ring.[%]......................cci. 26
Figure 16: Solid-state structure of decaphenylferrocene.[®3]...................ccccoiiiine 27

Figure 17: Solid-state  structure of the coordination isomer of
decaphenylferrocene.[103] ... . ...t 29
Figure 18: Cp radicals with known crystal structures. ............cccoccceviviinccincinnenne. 37
Figure 19: Synthesized pentaarylcyclopentadienes, varied properties, numbering,
and naming sCheme. ............cciiiiiiiiiic e 42
Figure 20: Solid-state structure of 13a; H atoms are omitted for clarity; thermal
ellipsoids are shown at 50% probability levels. Pale colored atoms are
generated by symmetry. Alternate positions of disordered solvent molecules
and lattice solvent molecules are omitted for clarity. .........ccccovvvnnnnnnnnnne 44
Figure 21: Solid-state structure of 13b; H atoms are omitted for clarity; thermal
ellipsoids are shown at 50% probability levels. Pale colored atoms are
generated by symmetry. Alternate positions of disordered solvent molecules
and lattice solvent molecules are omitted for clarity. .........ccoceceveennicinicnnnnnee. 45
Figure 22: Solid-state structure of 18; H atoms are omitted for clarity; thermal
ellipsoids are shown at 50% probability levels. Pale colored atoms are
generated by symmetry. Alternate positions of disordered solvent molecules
and lattice solvent molecules are omitted for clarity. ..........ccccccoceiiniiiinnies 45
Figure 23: Solid-state structure of 19; H atoms are omitted for clarity; thermal
ellipsoids are shown at 50% probability levels. Pale colored atoms are
generated by symmetry. Alternate positions of disordered solvent molecules
and lattice solvent molecules are omitted for clarity. ...........ccccocciiinniiiiins 46
Figure 24: Solid-state structure of 21a; H atoms are omitted for clarity; thermal

ellipsoids are shown at 50% probability levels. Pale colored atoms are
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generated by symmetry. Alternate positions of disordered solvent molecules
and lattice solvent molecules are omitted for clarity...........ccccoceciiennncinne. 46
Figure 25: Solid-state structure of 21b; H atoms are omitted for clarity; thermal
ellipsoids are shown at 50% probability levels. Pale colored atoms are

generated by symmetry. Alternate positions of disordered solvent molecules

and lattice solvent molecules are omitted for clarity............ccccoociiennicinne. 47
Figure 26: Variable-temperature 'H NMR spectrum of of Cp(4-t-Bu-Ph)sPClz 27 in
THEAQS. .o 49

Figure 27: Solid-state structure of 28. H atoms and disordered parts are omitted for
clarity; atoms displayed as spheres of arbitrary radii. ........ccccceeevirccinccnnnnene. 49
Figure 28: One of the disordered components of the crystal structure of
CpBig -BuShCl; 29 crystallized from n-hexane. Hydrogen atoms are omitted for
clarity. Atoms are depicted as spheres of arbitrary radii..........cccccceuvevreennnene. 51
Figure 29: Possible valence tautomers of a cyclopentadienyl radical and selected
electronic transitions (blue, see below)........c.coceveiririiininciincrcn e 53
Figure 30: Solid-state structure of CpBigOMe. 31 with bond lengths in the
cyclopentadienyl ring and dihedral angles between the aryl groups and the
plane of the cyclopentadienyl ring. Hydrogen atoms are omitted for clarity. 54
Figure 31: Solid-state structure of CpBigPh2. 35 with bond lengths in the
cyclopentadienyl ring and dihedral angles between the aryl groups and the
plane of the cyclopentadienyl ring. Hydrogen atoms and minor components of
disorder are omitted for clarity. ..........ccovriiiiiiniiiicc e 55
Figure 32: Solid-state structure of CpBigtBu. 32 with bond lengths in the
cyclopentadienyl ring and dihedral angles between the aryl groups and the
plane of the cyclopentadienyl ring. Hydrogen atoms and minor components of
disorder are omitted for clarity. .........cccccoiiiiiiniiii 56

Figure 33: UV /Vis spectra of the cyclopentadienyl radicals 31-35 in toluene (50 uM).

Figure 34: Experimental (black) and simulated (red) room-temperature CW X-band
EPR spectra for 31-35.1138] ... .ot 63
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Figure 35: Front (left) and side (right) view of CpBig #Bu;Ba 39 as a typical CpBig -BuoM
metallocene. Hydrogen atoms and minor components of disorder are omitted
for clarity. The other metallocene structures are depicted in the original
PUBLCAtiON.[I3B] e 65

Figure 36. Solid-state structure of CpBigtBuy,Hg 43. Hydrogen atoms and minor
components of disorder are omitted for clarity. ..........c.ccccccovniiiiiniiiinnnn, 66

Figure 37: VT TH NMR spectra of CpBig “Bui,Hg 43 in toluene-ds. ..........ccceueueucuennene. 66

Figure 38: Average bending angles for decaarylmetallocenes with different para-
substituents. The bending angle is defined as the angle between the Cp plane
and the Ccp-Cipso bond. Positive angles indicate aryl groups bending towards
each other. The data for t-Bu substituted complexes are derived from this work,
while the remaining data are obtained from the literature..............cccccccoceenneee 67

Figure 39: Solid-state structure of 44. H atoms of solvent molecules and disordered
parts are omitted for clarity. Selected bond lengths [A] and angles [°]: Gal-Crl
2.3931(4), Gal-C1 2.2683(17), Gal-C2 2.2965(16), Gal-C3 2.3136(16), Gal-C4
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Cr1-C1_1 89.33(7), C1_1-Cr1-C1_3 178.50(10), Cr1-C12 2.894(3) . ....cceeueuce. 69

Figure 40: 1F NMR spectra in liquid SO, at -30 °C of
pentakis(pentafluorophenyl)cyclopentadienol 47 before (top, cyan) and after
(middle, red and bottom, black) the addition of five equivalents of SbF5 SO2
using a glass capillary with acetone-ds as reference. The multiplet marked with
an asterisk arises from SbaFmOHo Species. ........cccoveineininieiniciniciiececcne, 75

Figure 41: UV /Vis spectra of cation salt 48, radical 49, and alcohol 47 (50 umol/L in
hexafluorobenzene). The solution of 48 contained an excess (250 pmol/L) of
SbF5 SOz to scavenge traces of reducing agents or nucleophiles. Quantitative
results for 48 may be imprecise because the concentration of 48 was not
accurately known due to difficulties in the handling of its solution with a
slightly leaking glass Syringe............cccooviiiiiiniiiiiiiniiccccae 76

Figure 42: UV/Vis spectra of cyclopentadienyl fluoride (a), radical 49 (b) as well as of the
singlet (c) and triplet (d) state of 48" calculated by Prof. Dr. Gebhard Haberhauer at
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TD-PBEO (SMD, hexafluorobenzene)/def2-TZVP//B3LYP-D3BIJ/TZP level of theory.

Figure 43: EPR spectrum of the pentakis(pentafluorophenyl)cyclopentadienyl
radical 49. For the simulation, a g-value of 2.0033 and a linewidth (peak-to-
peak) of 0.75 MT were USed.........ccoveiniiiininieiniiiicrcececeees s 78

Figure 44: SQUID sample after measurement. A layer with the pink color of the

radical 49 is clearly visible and probably results from traces of reducing agents.

Figure 45: (Top) Uncorrected paramagnetic susceptibility data for 48a; (bottom)
paramagnetic susceptibility data corrected for inherent diamagnetism of the
SAMPLE NOLAET. ...ttt 79

Figure 46: Cyclic voltammogram of the
pentakis(pentafluorophenyl)cyclopentadienyl radical 49 at —20 °C in SOz with
NBusSbFs. The first redox event at Ep; = 2.30 V is assigned to the oxidation of
radical 49 to cation 48*. The cause of the second redox event at Ep; = 3.45 V is
unclear, but it is only observable in the presence of the sample and is possibly
attributable to the subsequent oxidation of the aryl groups. ..........cccceuvvvvnnce. 80

Figure 47: Cyclic voltammogram of the
pentakis(pentafluorophenyl)cyclopentadienyl radical 49 with Li2B12Cli> as
reference at —20 °C in SOz with NBuaSDbFe. ........ccoviiuiininiiiiicccceeee. 81

Figure 48: Solid-state structures of 48a (left) and 48b (right), including selected bond
lengths and dihedral angles between the Cp plane and the aryl groups (defined
as best fit planes of the five Cp carbon atoms and six aryl carbon atoms). Anions
and solvent molecules are depicted as wireframe models. Ellipsoids are drawn
at a probability level of 50%. Non-participating solvent molecules are omitted
£OT ClATILY . oo 82

Figure 49: Triplet cyclopentadienyl cation (right) and two possible valence
tautomers of a singlet cyclopentadienyl cation (left and middle)...................... 83

Figure 50: APT (atomic polar tensor) charges (blue; CAM-B3LYP-D3BJ/6-
311++G(d,p)) and NBO (natural bond orbitals) charges (red; CAM-

181



References

B3LYP/def2-TZVP/ /CAM-B3LYP-D3B]/6-311++G(d,p)) of 48* in the singlet
AN ETIPLEL. oot e 86
Figure 51: NICS scans of 48* calculated using CAM-B3LYP/def2-TZVP//CAM-
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colored curve refers to triplet state. ..........ccccccevriciiiiiniiniiice, 87
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Numbering scheme of pentaarylcyclopentadienyl alkaline metal compounds.

metal R = 4-i-Pr-Ph R = 4-n-Bu-Ph R = 4-t-Bu-Ph
Li 9 14 19
Na 10 15 20
K 11 16 21
Rb 12 17 22
Cs 13 18 23

24  CpBistBuGe

25  CpBis#BuGn

26  CpBigBuyPb

27  CpBigtBuPCl,

28  CpBistBuAsCly

29  CpBigtBuShCl,

30  CpBigtBuBiCly

31  CpBigOMe.

32  CpBigthu.

33 CpBig CoF5.

34  CpbBigrbu,

35  CpbBigPh2.

36  CpBigtBuyMg

37  CpBigtBuyCa

38  CpbigtBuySyr

39  CpbigtBuBa

40 CpBig BuGa

41 CpBig #-Buln

42  CpBigtBuT]

43  CpBistBuHg

44  CpBis+BuGaCr(CO)s
45  Bis(pentafluorophenyl)ethyne
46  Perfluorotetraphenylcyclopentadienone

47  Pentakis(pentafluorophenyl)cyclopentadienole
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48  Pentakis(pentafluorophenyl)cyclopentadienyl hexadecafluorotriantimonate

48a  Pentakis(pentafluorophenyl)cyclopentadienyl hexadecafluorotriantimonate
with 1.5 CeFe

48b  Pentakis(pentafluorophenyl)cyclopentadienyl hexadecafluorotriantimonate
with 2 CeFs

48+  Pentakis(pentafluorophenyl)cyclopentadienyl cation

49  Pentakis(pentafluorophenyl)cyclopentadienyl radical

50-  Pentakis(pentafluorophenyl)cyclopentadienide anion

50a  Ferrocenium pentakis(pentafluorophenyl)cyclopentadienide

50b Tritylium pentakis(pentafluorophenyl)cyclopentadienide

50c  Decamethylaluminocenium pentakis(pentafluorophenyl)cyclopentadienide

50d Pyridinium pentakis(pentafluorophenyl)cyclopentadienide

51 Pentakis(pentafluorophenyl)cyclopentadienyl carbonyl cation

52  Pentakis(pentafluorophenyl)cyclopentadienyl carboxylic acid

53  Pentakis(pentafluorophenyl)cyclopentadiene

8.5 List of Abbreviations

Ar aryl

coe cis-cyclooctene

Cp cyclopentadienyl

CV cyclic voltammetry

DCM dichloromethane

dec. decomposition

DFT density functional theory

DMF N,N-dimethylformamide

ENDOR electron nuclear double resonance

EPR electron paramagnetic resonance

HClaq aqueous hydrochloric acid

IR infrared

NICS nucleus independent chemical shift

NMP N-methylpyrrolidone
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NMR
ppm
PTFE
sc-XRD
SN1

THF
™S
UV /vis
VT
WCA

nuclear magnetic resonance

parts per million

polytetrafluoroethylene

single-crystal X-ray diffraction

nucleophilic substitution reaction with unimolecular rate
determining step

tetrahydrofuran

trimethylsilyl

ultraviolet and visible spectroscopy

variable temperature

weakly coordinating anion
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