Bulking up Cp®°: A Penta-Terphenyl Cyclopentadienyl Ligand
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ABSTRACT: The modification of cyclopentadienyl ligands with carefully selected substituents is a widely used strategy to tune
their steric and electronic properties. We describe the synthesis of an extremely bulky penta-terphenyl cyclopentadienyl ligand (Cp™)
by arylation of cyclopentadiene. Deprotonation reactions with various group 1 metals and bases afforded a complete series of alkali
metal salts MCp™ with M = Li to Cs. The compounds were isolated as solvate-free salts, which were characterized by multinuclear
NMR spectroscopy, UV-vis spectroscopy and elemental analysis. Single-crystal X-ray diffraction studies on LiCp™, NaCp™ (crys-
tallized as a solvate with one THF molecule per formula unit) and KCp™ revealed the formation of metallocene-like sandwich struc-

tures in the solid state.

INTRODUCTION

Since the discovery of ferrocene in 1951,"* cyclopentadienyl
ligands have developed into one of the most fundamental ligand
families in organometallic chemistry and have found wide-
spread use in (asymmetric) catalysis,>* small molecule activa-
tion,® and coordination chemistry (e.g. for the synthesis of sin-
gle molecule magnets).*” Cyclopentadienyl ligands are classi-
cal ‘spectator’-ligands and their steric and electronic properties
can be readily modified by introducing one or more substituents
on the carbon atoms. These substitutions have dramatic effects,
including slower rotational dynamics in the five-membered ring
as well as higher steric protection of the coordinated metal cen-
tre. As a consequence, metal complexes become more stable
compared to their unsubstituted analogues or possess higher
catalytic activity.’

The permethylated pentamethylcyclopentadienyl CsMes (Cp*,
Figure 1A) was introduced in 1960 and has developed into a
ubiquitous ligand due to its higher steric demand and stronger
donating properties.’ These properties led to isolation of metal
complexes which were previously unstable with Cp ligands,
e.g. decamethyltitanocene (Figure 1B).!° Moreover, the intro-
duction of even bulkier substituents such as tert-butyl or iso-
propyl groups has led to cyclopentadienyls with still higher ste-
ric demand such as CsHyfBus (Cp"’) and CsiPrs.!'" !¢ The latter
ligand has recently received attention through its capability to
stabilise a dysprosium metallocene single-molecule magnet
[(m’-CsiPrs)(Cp*)Dy][B(C4Fs)s] showing magnetic hysteresis
up to 80 K and the linear uranocene [(n*-CsiPrs),U].”!

Apart from bulky alkyl substituents, the introduction of aryl
substituents on the cyclopentadienyl ring has also been a major
focus in this research field. The (nowadays commercially avail-
able) pentaphenylcyclopentadienyl ligand has afforded fasci-
nating new structures (Figure 1).!® For instance, the introduc-
tion of a pentaphenylcyclopentadienyl ligand caused the for-
mation of a linear stannocene, whose structure is in contrast to
those of Cp,Sn and Cp*,Sn, which are significantly bent

[Cp(centroid)-Sn-Cp(centroid) angles of 33 and 25°, respec-
tively).!%2!
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Figure 1. Examples of alkyl- and aryl-substituted cyclopentadienyl
ligands (A) and structural motifs stabilised by introduction of bulky
cyclopentadienyl ligands (B).%1>17:21-25

Moreover, the isolation of a linkage isomer of decaphenylferro-
cene was accomplished.'* Due to poor solubility of penta-
phenylcyclopentadienyl complexes in common organic sol-



vents, recent studies have focused on the introduction of substi-
tuted arene rings in order to increase solubility. For instance,
Harder and co-workers employed the so-called Cp®'“ ligand
featuring para-n-butyl groups on the arene rings.”® Due to high
solubility even in n-hexane, which commonly hinders purifica-
tion, and severe disorder in crystallography caused by the n-bu-
tyl groups, the related p-ethyl-substituted ligand has been intro-
duced lately.?® Furthermore, 3,5-substitution on the arene rings
(using groups such as Me, iPr or #Bu) has been achieved.?** It
is worth noting that the stability of complexes containing pen-
taarylcyclopentadienyl ligands is provided not only by steric
protection of the metal centre, but attractive dispersion interac-
tions between the cyclopentadienyl ligands also play a crucial
role.”®

Herein, we describe the development of a penta-terphenyl cy-
clopentadienyl ligand with a large three-dimensional profile.
For this purpose, a suitable 3,5-terphenyl substituent was cho-
sen in order to achieve penta-substitution of the cyclopentadi-
ene ring. This ligand is deprotonated by alkali metals or alkali
metal bases. The resulting cyclopentadienyl anion forms a re-
markable dimeric structure in combination with potassium.

RESULTS AND DISCUSSION

This study started with the investigation of the palladium-cata-
lysed Heck reaction of suitable 3,5-terphenyl bromides with cy-
clopentadiene according to the protocol developed by Dyker
and Miura.”® After synthesising three different 3,5-terphenyl
bromides 3,5-R»-C¢H3Br (R = 4-Bu-C¢Hy, 3,5-tBu,-Ce¢H3 and
2,4,6-Me;-C4H,),3*3! their behaviour in the Heck reaction was
investigated. After work-up, the solids obtained were character-
ised by "H NMR spectroscopy. While the products from the
mono- and di-fert-butyl substituted terphenyls (R = 4-Bu-C¢Hs
and 3,5-Bu,-C¢H3) gave a single set of signals in the alkyl-re-
gion, the product from the arylation reaction with the mesityl-
substituted terphenyl bromide (R = 2,4,6-Me;-C4H,) contained
more than one species, suggesting an unselective reaction
which was not pursued further. Analysis of the products from
the arylation reactions with 3,5-R,-C¢H3;Br (R = 4-rBu-C¢Hs and
3,5-tBu,-C¢H3) by LIFDI-MS revealed the formation of the
pentaarylated Cs[3,5-(4-Bu-CsH4).CsH3]sH (1-H, Scheme 1)
as evidenced by a molecular ion peak at m/z =1768.262 and the
tetraarylated C5[3,5-(3,5-fBU2-C(,H3)2C(,H3]4H2 (m/z =
1876.448).

Scheme 1. Synthesis of the penta-terphenyl cyclopentadiene
1-H.

5 mol% Pd(OAc),,
5 equiv. Cs,CO3,
12 mol% PtBug

DMF, 130 °C, 72 h

1-H (89%)

Single crystals grown from n-hexane confirm the molecular
structure of 1-H (Figure 2). The bond lengths show the expected
values for C—C single and double bonds [C2—C3: 1.3599(17)
and C4-C5: 1.3592(17) A, C1-C2: 1.5173(17) A, C3—C4
1.4741(18) A, C5—C1 1.5200(17) A]. The cyclopentadiene to
arene plane-to-plane twist angles range from 18.0 to 87.8°,

which confirms a significant deviation from co-planarity and
suggests a sufficient three-dimensional structure for stabilisa-
tion of low-coordinate metal complexes. The 'H and “C{'H}
NMR spectra of 1-H show the presence of three signals for the
tBu-substituents (6 = 1.33-1.34 ppm). This is in line with the
molecular structure determined by X-ray crystallography (vide
supra) with three inequivalent terphenyl environments. Nota-
bly, however, the observation of three signal sets is in contrast
to the '"H NMR spectrum obtained for the 4-Et-Cp®'© ligand,
which features only one signal set for the aryl-substituents due
to the fast [1,5]-sigmatropic shift of the hydrogen atom bound
to the five-membered cyclopentadiene ring. The cyclopentadi-
ene proton of 1-H was observed at a chemical shift of 5.60 ppm.

Figure 2. Molecular structure of 1-H in the solid state. Thermal
ellipsoids are set at the 50% probability level. Hydrogen atoms (ex-
cept for H1) and solvent molecules are omitted for clarity. Selected
bond lengths [A] and angles [°]:C1-C2 1.5173(17), C2-C3
1.3599(17), C3—-C4 1.4741(18), C4-C5 1.3592(17), C5—Cl1
1.5200(17), C5—C1-C6 112.08(10), C3—C2—C1 108.87(11),
C2-C3-C4 109.01(11) C5-C4-C3 110.21(11), C4-C5-C1
108.07(11); plane-to-plane twist angles [°]: a/C1-C5 87.8,
b/C1-C5 36.9, ¢/C1-C5 58.0, d/C1-C5 72.8, ¢/C1-C5 18.0.

Having substantial amounts of this super-bulky ligand precur-
sor in hand, deprotonation reactions with a variety of alkali met-
als or alkali metal bases were investigated. The reaction of 1-H
with nBuLi proceeded extremely slow even at elevated temper-
atures. After stirring for four weeks at ambient temperature, a
light green solid was obtained. Analysis by 'H NMR spectros-
copy showed just a single aryl-environment similar to that ob-
served in the terphenyl bromide 3,5-(4-Bu-C¢H4),-CsH3Br. The
observation of a single set of aryl signals can be explained by
planarisation of the Cp™ ligand and equivalence of the ter-
phenyl substituents and thus is consistent with the formation of
CpPLi (1-Li). Crystals of 1-Li were obtained from n-hexane
solutions at ambient temperature and reveal a [(Cp™),Li]” sand-
wich. Due to poor low angle date, the position of the second
lithium atom could not be detected and further analysis of the
molecular structure is not possible. Nevertheless, the sandwich
structure of 1-Li is clearly evident from the experiment (Figure
3).
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Figure 3. Structural drawing of [(CpT)Li] as part of the structure
of 1-Li from a single crystal X-ray diffraction experiment. The po-
sition of the second Li* cation was not determined due to strong
disorder of this cation. Thermal ellipsoids are set at the 50% prob-
ability level. Hydrogen atoms are omitted for clarity. Bond lengths
and angles are not given due to poor refinement data.

Next, we assessed the deprotonation reaction of 1-H with so-
dium and sodium bases. Small chunks of Na metal did not react
with 1-H even at elevated temperatures of 80 °C. However, the
reaction of sodium hexamethyldisilazide (NaHMDS) with 1-H
in THF produced a light green solid after stirring at 80 °C over-
night. Analysis of this solid by 'H and *C {'H} NMR spectros-
copy revealed the formation of five equivalent terphenyl
groups. This is indicative for the formation of Cp™Na (1-Na),
which was isolated in 21% yield after washing the precipitate
formed during the reaction with n-hexane.

Upon crystallisation by slow diffusion of n-hexane into a ben-
zene solution of 1-Na, crystals of 1-Na-thf were obtained. Sim-
ilar to the structure of Cp™Li, the single-crystal X-ray structure
analysis revealed the formation of a sandwich structure (Figure
4). One Na" cation (Nal) is sandwiched between the cyclopen-
tadienyl rings of two anionic Cp™° ligands. The second Na™ cat-
ion (Na2) is coordinated by only one Cp™ ligand, and, surpris-
ingly, by two additional THF molecules, which presumably
stem from the presenc of traces of THF during crystallisation.
Note that no traces of THF were observed in the NMR spectra
or elemental analysis of 1-Na before crystallisation. Unfortu-
nately, attempts to grow suitable THF-free crystals of 1-Na
have been unsuccessful so far. In the structure of 1-Na-thf, the
Na—Cp(centroid) distances are 2.359(1) [Nal—Cp(centroid)]
and 2.488(1) A [Na2—Cp(centroid)]. The Nal—Cp(centroid)
distance compares very well to the Na—Cp(centroid) distance
observed in NaCp (2.357 A).2 The C—C bond lengths within
the cyclopentadienyl ring (1.416(3) to 1.430(3) A) are in the
area typically observed for cyclopentadienyl compounds.??-3¢
The dimeric structure of 1-Na-thf is distinct from other sodium
cyclopentadienides. Solvent-free NaCp itself features a chain-
like structure,®? and addition of donor-solvents such as THF or
DME (1,2-dimethoxyethane) typically break up these chains to
afford compounds with a piano-stool structure, e.g.
[Cp®Na(thf)s] (Cp® = CsMes-C=C-SiMe;3).*3¢ 1-Na-thf, in
contrast, features a dimeric structure with a p*bridging Cp™
ligand.
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Figure 4. Molecular structure of 1-Na-thf in the solid state. Ther-
mal ellipsoids are set at the 50% probability level. Hydrogen atoms
and non-coordinating solvent molecules are omitted for clarity. Se-
lected bond lengths [A] and angles [°]: C1-C2 1.426(3), C2—C3
1.426(3), C3—C4 1.416(3), C4-C5 1.430(3), C5—C1 1.420(3),
Na2-01 2.363(8), Na2—02 2.236(9), Nal—Cp(centroid) 2.359(3),
Na2—Cp(centroid) 2.488(3), Nal—Cp(centroid)—Na2 174.51(3),
C5-C1-C2 108.2(2), C1-C2—C3 107.8(2), C4-C3—C2 108.1(2),
C3-C4-C5 108.2(2), C1-C5-C4 107.7(2).

Despite many reports on the use of sodium cyclopentadienides
for salt metathesis reactions to produce transition metal com-
plexes, the potassium salts of bulky cyclopentadienides (e.g. 4-
Et-CpP°K, 4-n-Bu-CpP°K) are far more commonly employed.
The corresponding potassium salt was therefore also synthe-
sised by deprotonation with KH in THF.*” Full consumption of
1-H was observed after stirring the reaction for 18 hours at
60 °C. Analysis of the yellow powder obtained after work-up
by 'H NMR spectroscopy again revealed the formation of one
distinct terphenyl environment. THF could not be removed
completely from the product in vacuo and presumably coordi-
nates to the potassium ion to form either a solvent-separated ion
pair or a piano-stool complex.*® Despite the lack of a definite
structural proof by XRD for this compound, 1-K-(thf). (with x
= 2-4 THF molecules) was isolated in a high yield (95%) on a
gram scale. The THF content varies for every batch and was
individually determined by integration in 'H NMR (as an exam-
ple, see Figure S10Fehler! Verweisquelle konnte nicht gefun-
den werden.). The 'H and *C {{H} NMR data in C¢Ds are sim-
ilar to 1-Li and 1-Na and the elemental analysis on a sample
with three coordinating THF molecules supports the THF con-
tent determined by 'H NMR spectroscopy.

Next, we sought to deprotonate 1-H with a potassium base in a
non-coordinating solvent. As such, the reaction of 1-H with po-
tassium metal in n-hexane produced a light green powder,
which possesses a similar 'H NMR spectrum in Ce¢Ds to 1-
K-(thf);, with the only difference being the absence of THF.
Single crystal X-ray diffraction on a crystal grown from ben-
zene/n-hexane revealed that the solvate-free structure of 1-K
shows a dimeric arrangement of two Cp™K units. One potas-



sium ion (K1) is sandwiched between two symmetry-related cy-
clopentadienyl moieties in a staggered conformation with a
K1-Cp(centroid) distance of 2.708(3) A. A second potassium
ion (K2) is sandwiched between the aryl rings of several ter-
phenyl substituents and disordered over three positions (K2A-
K2C). As a consequence, the C—C bond lengths in these arene
rings are slightly elongated (C—C bond lenghts in arene ring
C84-C89: 1.403(2)-1.388(3) A, see Figure 5). The dimeric
structure of 1-K is particularly fascinating considering the dis-
tinct (bent) chain-like arrangement of solvent-free 4-n-Bu-
Cp®'°K in the solid state (Figure 5, bottom).?” The higher degree
of aggregation is presumably prevented by the high steric bulk
of 1. In comparison to the structure of 4-n-Bu-Cp®9K, 1-K fea-
tures a slightly longer KI1-Cp(centroid) distance (1-K:
2.708(3) A, 4-n-Bu-Cp®'K: K1—Cp(centroid): 2.6464(17) A;
E3—Cp(centroid) 2.6601(16) A), K2—Cp(centroid) 2.6738(19)
)'37
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Figure 5. Molecular structure of 1-K in the solid state (top) and
schematic drawing of the structure of the related compound 4-n-
Bu-Cp®K in the solid state.3” Thermal ellipsoids are set at the 50%
probability level. Hydrogen atoms and non-coordinating solvent
molecules are omitted for clarity. Selected bond lengths [A] and
angles [°]: C1—-C2 1.425(2), C2—C3 1.418(3), C3—C4 1.416(3),
C4-C5 1.421(2), C5—C1 1.417(3), C84—C85 1.403(2), C85—C86
1.391(3), C86—C87 1.388(3), C87-C88 1.400(3), C89—C88
1.397(3), C89-C84 1.394(3), KI—Cp(centroid) 2.708(3),
K2A—-C38-C42(centroid) 2.867(2), K2A—C85—C89(centroid)
2.826(3), C5-C1-C2 107.77(15), C3-C2-Cl 108.15(16),
C4-C3—C2 107.84(14), C3—C4-C5 108.27(16), Cl1-C5-C4
107.98(15).

Metallocenes of s-block elements are rare.*+** Paquette and co-
workers reported that lithium cyclopentadienyl compounds are

speciated in the dimeric form [Li(thf)4][Cp',Li] (Cp’ = iso-dicy-
clopentadienide) at low temperature by means of variable-tem-
perature NMR studies.*! Such species can be isolated by intro-
duction of a sterically demanding 4-fBu-Cp®© ligand, as re-
cently demonstrated by the group of Schulz.*® Moreover,
Harder and co-workers showed that substitution of 0.5 equiva-
lents of the lithium cations with the non-coordinating cation
PPh4" results in discrete lithocene anions [Cp,Li]™ in the solid
state.”? However, the formation of dimeric units in the solid
state similar to those in K-1 has not been observed previously
for binary alkali cyclopentadienyl salts. This observation can be
attributed to the exceptional bulk of 1 and its ability to coordi-
nate additional metal ions with the terphenyl substituents.

DOSY NMR measurements suggest that the dimeric structure
of 1-K is not preserved in solution. Using the experimentally
observed diffusion coefficient (4.00 - 1071° m*s™"), the hydro-
dynamic radius of the cyclopentadiene 1-H in C¢D¢ was deter-
mined as 9.93 A using the Stokes-Einstein equation.”® This is
well in line with the molecular structure in the solid state, fea-
turing Cp(centroid)-C(¢Bu) distances of 8.92 to 10.38 A. The
hydrodynamic radii of 1-K-(thf),3 and 1-K dissolved in C¢Ds
were then determined as 10.30 and 10.37 A, respectively (see
the Supporting Information). These data compare well to the
radius determined for 1-H and thus strongly indicate the for-
mation of monomers in solution.

Considering the intriguing structure of compound 1-K, the cor-
responding rubidium and caesium compounds were also pre-
pared by reacting 1-H with the elemental alkali metals. The de-
sired salts 1-Rb and 1-Cs could be isolated in excellent yields
(M =Rb: 94% and M = Cs: 89%) as analytically pure powders
according to NMR spectroscopy and elemental analysis. Unfor-
tunately, crystals of neither of these compounds have been ob-
tained so far.

The entire series of alkali metal salts was also characterised by
UV/Vis absorption spectroscopy. All compounds feature ab-
sorption bands in the range from 350-370 nm, which account
for their yellow colours in solution (see Figures S16 to S21 in
the Supporting Information).

CONCLUSION

The extremely bulky cyclopentadienyl ligand Cp°T (1) featuring
five 3,5-terphenyl substituents can be synthesised in high yield
by arylation of cyclopentadiene with the corresponding ter-
phenyl bromide. The cyclopentadiene 1-H can be deprotonated
by alkali metals or alkali metal bases to afford compounds 1-M
(M = Li-Cs). However, in some cases (M = Li, Na), these
deprotonation reactions require long reaction times and heating.
The need for such harsh conditions can presumably be at-
tributed to the steric protection and inaccessibility of the cyclo-
pentadiene proton. X-ray structure determination on the lith-
ium, sodium and the potassium salt reveal dimers of Cp™M
units in the solid state which result in a metallocene sandwich.
The second alkali metal could not be located in case of 1-Li. In
1-Na, the second sodium cation was coordinated to one cyclo-
pentadienyl ring and two additional THF molecule. The potas-
sium salt 1-K features a sandwich structure where one potas-
sium cation is coordinated by cyclopentadienyl rings and the
other potassium cation is sandwich by arene rings of terphenyl
substituents from opposite Cp™ ligands. To our knowledge, this
structure is the first example of a potassocene. Our results
demonstrate that the high steric demand of Cp™ in combination
with its ability to additionally coordinate metal ions gave access



to new structural motifs. In future studies, this stabilising effect
could be exploited for the synthesis of low coordinate metal
complexes.

EXPERIMENTAL SECTION

General Procedures. All reactions and product manipulations were
carried out in flame-dried glassware under an inert atmosphere of argon
using standard Schlenk-line or glovebox techniques (maintained at
<0.1 ppm H20 and <0.1 ppm O2). 3,5-R2-CsH3Br (R = 4-fBu-CsHa,*
3,5-Buz-C6H3*" and 2,4,6-Mes-C4H2?") and PtBus,* were prepared ac-
cording to procedures previously reported in the chemical literature.
Cyclopentadiene was obtained from dicyclopentadiene according to a
previously reported procedure.® It was stored at =30 °C and re-distilled
before use. Elemental rubidium and caesium were kindly provided by
the group of Prof. Dr. Nikolaus Korber (Universitdt Regensburg). All
other chemicals were purchased from commercial suppliers and used
without further purification.

Solvents were dried and degassed with a MBraun SPS800 solvent
purification system. All dry solvents except n-hexane were stored un-
der argon over activated 3 A molecular sieves in gas-tight ampules. n-
Hexane was instead stored over a potassium mirror.

General Analytical Techniques. NMR spectra were recorded on
Bruker Avance 300 or 400 spectrometers at 300 K unless otherwise
noted and were internally referenced to residual solvent resonances ('H
NMR: C¢Ds: 7.16 ppm CDCl3 7.26 ppm; *C{'H} NMR: C¢Ds: 128.06
ppm, CDCIs 77.16 ppm). Li NMR spectra were externally referenced
to LiCl in D20O. Chemical shifts, 3, are given in ppm referring to exter-
nal standards of tetramethylsilane ("H, *C{'H}). 'H and '*C NMR sig-
nals were assigned based on 2D NMR spectra ('H,'H-COSY, 'H,"3C-
HSQC, 'H,"*C-HMQCQ).

DOSY (diffusion-ordered spectroscopy) spectra were recorded on
an Avance II1 600 (600.25 MHz) spectrometer equipped with a z-gra-
dient (53.5 Gauss/cm), 5 mm TXI cryo probe and BVT 3000 unit at
298 K. The NMR spectra were processed with the Bruker program Top-
Spin® 3.2 and the diffusion coefficients were calculated applying the
Bruker software T'7/T2 relaxation module. For the calibration of the
diffusion coefficients using temperature and viscosity corrections,
TMS (tetramethylsilane) was added as standard. The 'H-diffusion
measurement was performed with the convection suppressing DSTE
(double stimulated echo) pulse sequence, developed by Mueller and
Jerschow® in a pseudo 2D mode. 120 dummy scans and 16 scans were
used with a relaxation delay of 2 s. Sinusoidal shapes were used for the
gradient and a linear gradient ramp with 20 increments between 5 and
95 % of the maximum gradient strength was applied. Regarding the
homospoil gradient strengths, —13.17, 20 and —17.13 G cm! were used.
The length of the gradient pulse J was adjusted for every species in the
sample, giving J values of 2.4 ms for TMS, 5.0 ms (1-H, 1-K-(thf),3,)
and 5.4 ms (1-K) for the complexes. A diffusion time 4 of 50 ms was
applied. From DOSY experiments the translational self-diffusion coef-
ficients D of molecules in solution can be calculated according to the
Stejskal-Tanner equation.*’*’ The obtained values were: 4.00 - 1070
m>s™' (1-H), 3.94-107"° m*>s! (1-K) and 3.97-107"° m?>s™! (1-
K-(thf),3). With the diffusion coefficients D of the analyte and TMS
(standard for viscosity referencing), the hydrodynamic radius ru of the
analyte can be estimated following the Stokes-Einstein equation.** The
correction factor ¢ of the Stokes-Einstein equation was calculated ac-
cording to the semi-empirical modification according to Chen.** For
the present work ru=9.93 A for Cp™H, ru= 10.30 A for 1-K and ru=
10.37 A 1-K-«(thf), ; were obtained. This in very good agreement with
the crystal derived radii of 8.92 to 10.38 A (for Cp(centroid)-CsBu in
1-H) in the solid state. Therefore, these results clearly indicate the pres-
ence of monomeric structures in solution.

UV/Vis absorption spectra were recorded on an Ocean Optics Flame
Spectrometer. Mass spectra were recorded by the Central Analytics De-
partment at the University of Regensburg using a Jeol AccuTOF GCX.
Elemental analysis were performed by the Central Analytics Depart-
ment of the University of Regensburg using a Vario micro cube.

Single-crystal X-ray diffraction data were recorded on Rigaku Ox-
ford Diffraction SuperNova Atlas, Rigaku GV 1000 or XtaLAB Syn-
ergy R (DW system, Hypix-Arc 150) devices with Cu-K radiation (A=

1.54184 A). Crystals were selected under mineral oil, mounted on mi-
cromount loops and quench-cooled using an Oxford Cryosystems open
flow N2 cooling device. Either semi-empirical multi-scan absorption
corrections® or analytical ones> were applied to the data. The struc-
tures were solved with SHELXT>* solution program using dual meth-
ods and by using Olex2 as the graphical interface.’® The models were
refined with ShelXL using full matrix least squares minimisation on
F257 The hydrogen atoms were located in idealized positions and re-
fined isotropically with a riding model.

Crystals of compounds containing 1 typically also contain larger
amounts of disordered solvent molecules in the lattice, which could not
be successfully modeled. Therefore, the solvent mask of Olex2 was
used to refine the molecular structures of 1-H, 1-Na-thf and 1-K and
the presence of n-hexane was confirmed.

Further details on the single crystal X-ray diffraction studies are
given in the Supporting Information.

Synthesis of Cp™H (1-H).

This compound was prepared according to an adapted literature pro-
cedure from Dyker and Miura.?” Only four equivalents of 3,5-(4-fBu-
CeHa)2CsH3Br referring to cyclopentadiene were used; the use of five
equivalents resulted in unconsumed starting material, which proved to
be difficult to separate from the product.

Solid 3,5-(4-Bu-CeH4)2CsH3Br (1, 10.0 g, 23.7 mmol, 5.0 equiv.),
Pd(OAc): (67.0 mg, 5.9 mmol, 0.05equiv.) and Cs2CO; (9.7 g,
29.7 mmol, 6.3 equiv.) were combined. Subsequently, freshly distilled
cyclopentadiene (0.5 mL, 5.9 mmol, 1.2 equiv.), PrBus (144.0 mg,
0.7 mmol, 0.15 equiv.) and DMF (35 mL) were added. The reaction
mixture was heated for 72 hours to 130 °C, affording a deep green sus-
pension. After cooling to ambient temperature, DCM (300 mL) and
para-toluenesulfonic acid monohydrate (9.0 g, 47.4 mmol, 10.0 equiv.)
were added. The red-brown suspension was filtered over silica (5 cm x
20 cm) using DCM as eluent. DCM was removed under reduced pres-
sure. The DMF-containing brown oil was added dropwise to water
(500 mL), affording a light brown solid which was isolated by filtration
and dried at 80 °C in vacuo.

Crystals suitable for single crystal X-ray diffraction were obtained
from a saturated solution of 1-H in n-hexane.

Ci3sHise, MW =1768.65 g/mol. Yield: 7.5 g (89%, referenced to ter-
phenyl bromide). 'H NMR (400 MHz, 300 K, CDCl3) § = 1.33 (s, 36H,
{Bu), 1.33 (s, 36H, fBu), 1.34 (s, 18H, fBu), 5.60 (s, 1H, C'H), 7.26-7-
66 (s, 33H, CA'H), 7.75 (t, Jun = 1.60 Hz, 2H, CA'H) ppm. *C{'H}
NMR (100 MHz, 300 K, CDCl3) 6 = 31.5 (s, C-CHs), 34.6 (s, C-CHs),
34.7 (s, C-CH3), 62.4 (s, C1), 123.9 (s, CH™"), 124.7 (s, CHA"), 125.7 (s,
CHAY), 125.9 (s, CHAY), 126.7 (s, CHAY), 126.9 (s, CHA"), 127.0 (s,
CHA"), 127.15 (s, CH™), 127.21 (s, CHAY), 128.4 (s, CHAY), 136.1 (s,
CATCP) 137.7 (s, CATCP), 138.4 (s, CAYCP), 138.5 (s, CAYCP), 138.5 (s,
CATCP) 139.8 (s, CA™CP), 141.0 (s, CAYCP), 141.9 (s, CA7CP), 142.0 (s,
CATCP) 145.3 (s, CATCP), 146.5 (s, CATCP), 150.1 (s, CA7CP), 150.28 (s,
CAYCY 150.37 (s, CA"P) ppm. In the region from 123 to 151 ppm 24
signals were detected (26 expected). Unfortunately, these signals could
not be assigned by 2D NMR spectra due to partial overlap. However,
we expect these signals to arise from three chemically different ter-
phenyl substituents (8 signals each) and from overlapping cyclopenta-
diene signals expected for Coy symmetrical 1-H. In particular, the sig-
nals of the aromatic C-H carbon atoms (assigned by DEPT-135) over-
lap partially and therefore two resonances of these carbon atoms were
likely not detected (see Fehler! Verweisquelle konnte nicht gefunden



werden., SI). Elemental Analysis caled. C 91.68, H 8.32; found C
91.70, H 8.31. LIFDI-MS m/z = 1768.262.

Synthesis of 1-Li: To a solution of Cp™H (200 mg, 0.114 mmol, 1.0
equiv.) in n-hexane (3 mL) was added »BuLi (2.5M in hexanes,
0.05 mL, 0.13 mmol, 1.1 equiv.) at ambient temperature. The solution
was stirred for 4 weeks and a yellow-green solid precipitated. The solid
was isolated by filtration and dried in vacuo to afford analytically pure
1-Li.

CissHiasLi, MW = 1774.59 g/mol. Yield: 164 mg (81%). 'H NMR
(400 MHz, 300 K, CsDg) § = 1.16 (s, 90H, C'°H), 7.33 (m, 20H, C"H),
7.63 (m, 20H, C°®H), 7.77 (d, 3Jun = 1.60 Hz, 10H, C*H), 8.04 (t, *Jun
=1.60 Hz, C*H) ppm. 3C{'H} NMR (100 MHz, 300 K, CsDs) & =31.4
(s,C"),34.4 (s,C%), 120.2 (s, C"), 122.6 (s, C*, 126.2 (s, C7), 127.4 (s,
C%), 130.3 (s, C?), 139.7 (s, C%), 139.8 (s, CP), 141.9 (s, C?), 150.0 (s,
C® ppm. 'Li NMR (155 MHz, 300 K, CsDs) 8 = —5.3 ppm. Elemental
Analysis caled. C 91.37, H 8.24; found C 90.68, H 8.22. UV/Vis (n-
hexane): Amax (MM, &max /L-mol™"-cm™") 220 (200 000), 255 (290 000),
350sh (27 000).

Synthesis of 1-Na: To a mixture of Cp™H (366 mg, 0.207 mmol,
1.0 equiv.) and NaHMDS (38.0 mg, 0.21 mmol, 1.0 equiv.) was added
n-hexane (3 mL). The reaction was heated to 75 °C overnight to afford
a light green precipitate. The solid was isolated by filtration, washed
with cold (—20 °C) n-hexane (2 x 3 mL) and dried in vacuo to afford
analytically pure 1-Na. Single crystals suitable for X-ray diffraction
were grown by slow diffusion of n-hexane into a saturated solution of
1-Na in C¢He. Despite several crystallisation attempts, the presence of
minor amounts of THF (presumably contamination from the atmos-
phere of the glove box) caused crystallisation of 1-Na-thf. Attempts to
crystallise 1-Na from freshly distilled benzene and n-hexane did not
afford crystals suitable for single-crystal X-ray diffraction.

Ci3sHi4sNa, MW = 1790.63 g/mol. Yield: 76 mg (21%). 'H NMR
(400 MHz, 300 K, CeD¢) & = 1.16 (s, 90H, C'°H), 7.32 (m, 20H, C'H),
7.64 (m, 20H, C°H), 7.85 (d, 3Jun = 1.50 Hz, 10H, C*H), 8.01 (t, *Jun
=1.50 Hz, C*H) ppm. *C{'H} NMR (100 MHz, 300 K, CsDs) 5 = 31.4
(s,C'%),34.4(s,C?%, 121.2 (s, C*, 121.9 (s, CY), 126.1 (5,C7), 127.5 (s,
C%), 130.5 (s, C?), 139.9 (s, C%), 141.5 (s, C3), 142.0 (s, CP), 149.9 (s,
C?®) ppm. Elemental Analysis caled. C 90.55, H 8.16; found C 89.55, H
8.04. UV/Vis (n-hexane): Amax (NM, &max /L-mol™-cm™") 220 (140 000),
255 (220 000), 350sh (24 000).

Synthesis of 1-K: To a mixture of Cp™H (461.4 mg, 0.26 mmol,
1.0 equiv.) and potassium (10.2 mg, 0.26 mmol, 1.0 equiv.) was added
n-hexane (2 mL). After stirring at ambient temperature overnight, only
a small amount of precipitate formed. The reaction was then heated to
50 °C for 6 hours and formation of more green precipitate was ob-
served. The solid was isolated by filtration, washed with cold (—20 °C)

n-hexane (3 x 1.5 mL) and dried in vacuo to afford analytically pure 1-
K. Single crystals suitable for X-ray diffraction were grown by slow
diffusion of n-hexane into a saturated solution of 1-K in C¢He.

CissHissK, MW = 1806.74 g/mol. Yield: 65 mg (14%). 'H NMR
(400 MHz, 300 K, CsDs) & = 1.16 (s, 90H, C'°H), 7.31 (m, 20H, C’H),
7.66 (m, 20H, C°H), 7.88 (d, “/un = 1.63 Hz, 10H, C?H), 8.00 (t, “Jun
=1.60 Hz, 5H, C*H) ppm. *C{'H} NMR (100 MHz, 300 K, CDCI3) &
=314 (s, C'), 344 (s, C%), 121.6 (s, C%, 122.4 (s, C"), 126.0 (s, C"),
127.5 (s, C%), 130.5 (s, C?), 140.0 (s, C%), 142.0 (s, C?), 142.2 (s, CP),
149.9 (s, C®) ppm. Elemental Analysis calcd. C 89.75, H 8.09; found C
87.40, H 8.17. UV/Vis (n-hexane): Amax (nm, &max /L-mol™"-cm™") 220
(160 000), 250 (250 000), 360 (31 000).

Synthesis of 1-K-(thf). (x = 2-4):

To a mixture of Cp™H (6.0 g, 3.4 mmol, 1.0 equiv.) and KH (0.54 g,
6.8 mmol, 4.0 equiv.) was added THF (120 mL). The green suspension
was stirred at 60 °C for 18 hours. Subsequently, the suspension was
filtered (P4 frit) and the solvent was removed in vacuo. The remaining
solid was dried under reduced pressure. The product was isolated as a
yellow powder with variable THF content (x = 2-4).

Ci3sH14sK(C4Hs)n, n = 3-4, MW = 2023.06 g/mol (n = 3). Yield:
6.52 g(95%). For full characterisation of this compound, a sample with
THF-content of n = 3 was chosen (determined by integration of the 'H
NMR signals, see Fehler! Verweisquelle konnte nicht gefunden wer-
den.). '"H NMR (400 MHz, 300 K, CsDe) & = 1.16 (s, 90H, C'°H), 1.26
(m, 12H, THF), 3.32 (m, 12H, THF), 7.30 (m, 20H, C’H), 7.64 (m,
20H, C®H), 7.90 (d, “/ux = 1.50 Hz, 10H, C*H), 7.98 (t, *Jux= 1.50 Hz,
5H, C*H) ppm. *C{'H} NMR (100 MHz, 300 K, CDCl3) § = 25.6 (s,
THF), 31.4 (s, C'%), 34.4 (s, C°), 67.8 (s, THF), 121.2 (s, C*%), 122.3 (s,
Ch, 126.0 (s, C7), 127.5 (s, C®), 130.6 (s, C?), 140.2 (s, C°), 141.8 (s,
C3), 142.5 (s, C®), 149.7 (s, C®) ppm. Elemental Analysis calcd. C
87.27, H 8.42; found C 87.40, H 8.17. UV/Vis (n-hexane): Amax (nm,
emax /L'mol™-cm™) 220 (190 000), 255 (280 000), 355 (45 000).

Synthesis of 1-Rb: To a mixture of Cp™>H (378.0 mg, 0.214 mmol,
1.0 equiv.) and rubidium (20.1 mg, 0.24 mmol, 1.1 equiv.) was added
n-hexane. The mixture was sonicated at 50 °C for 1.5 hours to afford a
suspension of a green precipitate. Subsequently, the solvent was re-
moved in vacuo and the remaining green solid was extracted with tol-
uene (ca. 5 mL). The solvent was again removed in vacuo and the green
powder was dried under reduced pressure to afford analytically pure
1-Rb.



Ci3sHi4sRb, MW = 1853.11 g/mol. Yield: 372 mg (94%). '"H NMR
(400 MHz, 300 K, CeD¢) & = 1.15 (s, 90H, C!°H), 7.32 (m, 20H, C'H),
7.66 (m, 20H, C°H), 7.86 (br s, 10H, C?H), 8.01 (br s, C*H) ppm.
BC{'H} NMR (100 MHz, 300 K, CsD¢) 8 = 31.4 (s, C'%), 34.4 (s, C°),
121.4 (s, C%, 122.6 (s, C), 126.0 (s, C7), 127.6 (s, C®), 130.5 (s, C?),
140.1 (s, C%), 141.9 (s, C3), 142.4 (s, C?), 149.9 (s, C?) ppm. Elemental
Analysis caled. C 87.50, H 7.89; found C 87.81, H 7.84. UV/Vis
(CeHe): Amax (nm, emax /L-mol™"-cm™") 280 (180 000), 340 (49 000),
370sh (44 000).

Synthesis of 1-Cs: To a mixture of Cp™H (411.3 mg, 0.233 mmol,
1.0 equiv.) and caesium (34 mg, 0.26 mmol, 1.1 equiv.) was added n-
hexane. The mixture was sonicated at 50 °C for 1.5 hours to afford a
suspension of a green precipitate. Subsequently, the solvent was re-
moved in vacuo and the remaining green solid was extracted with tol-
uene (ca. 5 mL). The solvent was again removed in vacuo and the green
powder was dried under reduced pressure to afford analytically pure
1-Cs.

Ci3sHi45Cs, MW = 1900.55 g/mol. Yield: 394 mg (89%). '"H NMR
(400 MHz, 300 K, CeD¢) & = 1.15 (s, 90H, C'°H), 7.32 (m, 20H, C'H),
7.67 (m, 20H, C'H), 7.81 (br s, 3Jun not resolved, 10H, C?H), 8.02 (br
s, 5H, C*H) ppm. *C{'H} NMR (100 MHz, 300 K, CDCl3) § = 31.4
(s,C'%),34.4 (s,C%, 121.4 (s, C*, 123.0 (s, C), 126.0 (5, C7), 127.6 (s,
C9), 130.5 (s, C?), 140.1 (s, C3), 141.9 (s, C3), 142.4 (s, CP), 149.9 (s,
C?) ppm. Elemental Analysis caled. C 85.32, H 7.69; found C 85.28, H
7.91. UV/Vis (CsHe): Amax (N, &max /L-mol™-cm™") 280 (150 000), 340
(45 000), 370sh (41 000).

ASSOCIATED CONTENT

Supporting Information

The Supporting Information (SI) is available free of charge on the
ACS Publications website.

NMR spectroscopic data of all compounds and crystallographic
data for 1-H, 1-Na-thf, 1-K (PDF).

AUTHOR INFORMATION

Corresponding Author

*Robert Wolf — Institute of Inorganic Chemistry, University of
Regensburg, 93040 Regensburg, Germany; orcid.org/ 0000-0003-
4066-6483; Email: robert.wolf@ur.de

ACKNOWLEDGMENT

We thank Nele Berg and Florian Hastreiter (Universitit Regens-
burg) for the acquisition and analysis of DOSY NMR spectra and
Nikolaus Korber (Universitit Regensburg) for the generous dona-
tion of elemental rubidium and caesium. Michael Bodensteiner
(Universitét Regensburg) and Hendrik Zipse (LMU Miinchen) are
thanked for valuable discussions and advice. Financial support by
the Fonds der Chemischen Industrie (Kekulé fellowship for G.H.),
the Deutsche Forschungsgemeinschaft (RTG IonPairs in Reaction
Project 426795949), and the European Research Council (ERC
CoG 772299) is gratefully acknowledged.

References

(1) Kealy, T. J.; Pauson, P. L. A New type of Organo-Iron Com-
pound. Nature 1951, 168, 1039-1040.

(2) Miller, S. A.; Tebboth, J. A.; Tremaine, J. F. Dicyclopentadienyl-
iron. J. Chem. Soc. 1952, 632.

(3) Alt, H. G.; Koppl, A. Effect of the Nature of Metallocene Com-
plexes of Group IV Metals on Their Performance in Catalytic Ethylene
and Propylene Polymerization. Chem. Rev. 2000, 100, 1205-1222.

(4) Halterman, R. L. Synthesis and applications of chiral cyclopen-
tadienylmetal complexes. Chem. Rev. 1992, 92, 965-994.

(5) Heinl, S.; Reisinger, S.; Schwarzmaier, C.; Bodensteiner, M.;
Scheer, M. Selective functionalization of P4 by metal-mediated C-P
bond formation. Angew. Chem. Int. Ed. 2014, 53, 7639-7642.

(6) Day, B. M.; Guo, F.-S.; Layfield, R. A. Cyclopentadienyl Lig-
ands in Lanthanide Single-Molecule Magnets: One Ring To Rule Them
All? Acc. Chem. Res 2018, 51, 1880—1889.

(7) Guo, F.-S.; Day, B. M.; Chen, Y.-C.; Tong, M.-L.; Mansik-
kamiki, A.; Layfield, R. A. Magnetic hysteresis up to 80 kelvin in a
dysprosium metallocene single-molecule magnet. Science 2018, 362,
1400-1403.

(8) Ruble, J. C.; Latham, H. A.; Fu, G. C. Effective Kinetic Resolu-
tion of Secondary Alcohols with a Planar—Chiral Analogue of 4-(Di-
methylamino)pyridine. Use of the Fe(CsPhs) Group in Asymmetric Ca-
talysis. J. Am. Chem. Soc. 1997, 119, 1492-1493.

(9) deVries, L. Preparation of 1,2,3,4,5-Pentamethyl-cyclopentadi-
ene, 1,2,3,4,5,5-Hexamethyl-cyclopentadiene, and 1,2,3,4,5-Pentame-
thyl-cyclopentadienylcarbinol. J. Org. Chem. 1960, 25, 1838.

(10) Brintzinger, H.; Bercaw, J. E. Bis(pentamethylcyclopentadi-
enyl)titanium(1I). Isolation and reactions with hydrogen, nitrogen, and
carbon monoxide. J. Am. Chem. Soc. 1971, 93, 2045-2046.

(11) Sitzmann, H. Synthese von 1,2,3,4,5-Pentaisopropylcyclopen-
tadien und 1,3,5-Tri-tert-butylcyclopentadien. Z. Naturforsch. B 1989,
44,1293-1297.

(12) Venier, C. G.; Casserly, E. W. Di-tert-butylcyclopentadiene and
tri-fert-butylcyclopentadiene. J. Am. Chem. Soc. 1990, 112, 2809—
2810.

(13) Sitzmann, H. Synthese von isopropylsubstituierten Cyclopenta-
dienylliganden. J. Organomet. Chem. 1988, 354, 203-214.

(14) Sitzmann, H.; Boese, R. Synthesis and Structure of the Pentai-
sopropylcyclopentadienyl Radical. Angew. Chem. Int. Ed. 1991, 30,
971-973.

(15) Weber, F.; Sitzmann, H.; Schultz, M.; Sofield, C. D.; Andersen,
R. A. Synthesis and Solid State Structures of Sterically Crowded d°-
Metallocenes of Magnesium, Calcium, Strontium, Barium, Samarium,
and Ytterbium. Organometallics 2002, 21, 3139-3146.

(16) Lauk, S.; Schifer, A. Pentaisopropyl Cyclopentadienyl: An
Overview across the Periodic Table. Eur. J. Inorg. Chem. 2021, 2021,
5026-5036.

(17) Guo, F.-S.; Tsoureas, N.; Huang, G.-Z.; Tong, M.-L.; Mansik-
kamiki, A.; Layfield, R. A. Isolation of a Perfectly Linear Uranium(II)
Metallocene. Angew. Chem. Int. Ed. 2020, 2299-2303.

(18) Field, L. D.; Lindall, C. M.; Masters, A. F.; Clentsmith, G. K.
Penta-arylcyclopentadienyl complexes. Coord. Chem. Rev. 2011, 255,
1733-1790.

(19) Atwood, J. L.; Hunter, W. E.; Cowley, A. H.; Jones, R. A.;
Stewart, C. E. X-Ray Crystal Structures of Bis(cyclopentadienyl)tin
and Bis(pentamethylcyclopentadienyl)lead. J. Chem. Soc., Chem.
Commun. 1981, 925-927.



(20) Jutzi, P.; Kohl, F.; Hofmann, P.; Kriiger, C.; Tsay, Y.-H.
Bis(pentamethylcyclopentadienyl)germanium und -zinn sowie (Penta-
methylcyclopentadienyl)germanium- und -zinn-Kationen: Synthese,
Struktur und Bindungsverhéltnisse. Chem. Ber. 1980, 113, 757-769.

(21) Heeg, M. J.; Janiak, C.; Zuckerman, J. J. Decaphenylstanno-
cene, [1°-(CeHs)sCs]2Sn!': The First Symmetrical Main-Group Sand-
wich Compound. J. Am. Chem. Soc. 1984, 106, 4259-4261.

(22) Field, L. D.; Hambley, T. W.; Humphrey, P. A.; Masters, A. F.;
Turner, P. X-ray Crystal Structure of (°-Pentaphenylcyclopentadi-
enyl){1-(7”5-phenyl)-2,3,4,5-tetraphenylcyclopentadienyl} iron(II),
Fe(5°-CsPhs) {(7®-CsHs)CsPha} ], a Linkage Isomer of Decaphenylfer-
rocene. Inorg. Chem. 2002, 41,4618-4620.

(23) Ruspic, C.; Moss, J. R.; Schiirmann, M.; Harder, S. Remarkable
stability of metallocenes with superbulky ligands: Spontaneous reduc-
tion of Sm(IIT) to Sm(Il). Angew. Chem. Int. Ed. 2008, 47,2121-2126.

(24) Shi, X.; Qin, G.; Wang, Y.; Zhao, L.; Liu, Z.; Cheng, J. Super-
Bulky Penta-arylcyclopentadienyl Ligands: Elixir for the Isolation of
the Full-range of Half-sandwich Heavy Alkaline-earth Metal Hydrides.
Angew. Chem. Int. Ed. 2019, 58.

(25) Veinot, A. J.; Todd, A. D. K.; Masuda, J. D. A Bulky m-Ter-
phenyl Cyclopentadienyl Ligand and Its Alkali-Metal Complexes. An-
gew. Chem. Int. Ed. 2017, 56, 11615-11619.

(26) Chakraborty, U.; Modl, M.; Miihldorf, B.; Bodensteiner, M.;
Demeshko, S.; van Velzen, N. J. C.; Scheer, M.; Harder, S.; Wolf, R.
Pentaarylcyclopentadienyl Iron, Cobalt, and Nickel Halides. /norg.
Chem. 2016, 55, 3065-3074.

(27) Giesbrecht, G. R.; Gordon, J. C.; Clark, D. L.; Scott, B. L. Syn-
thesis, structure and solution dynamics of lithium salts of superbulky
cyclopentadienyl ligands. Dalton Trans. 2003, 2658.

(28) Kuchenbecker, D.; Harder, S.; Jansen, G. Insight in Structures
of Superbulky Metallocenes with the Cp®'® Ligand: Theoretical Con-
siderations of Decaphenyl Metallocenes. Z. Anorg. Allg. Chem. 2010,
636,2257-2261.

(29) Dyker, G.; Heiermann, J.; Miura, M.; Inoh, J.-L; Pivsa-Art, S.;
Satoh, T.; Nomura, M. Palladium-Catalyzed Arylation of Cyclopenta-
dienes. Chem. Eur. J. 2000, 6, 3426-3433.

(30) Greco, G. E.; Schrock, R. R. Synthesis of Triamidoamine Lig-
ands of the Type (AryINHCH2CH2)3N] and Molybdenum and Tungsten
Complexes That Contain an [(AryINCH2CH2)sN]*~ Ligand. Inorg.
Chem. 2001, 40, 3850-3860.

(31) Du, C. J. F.; Hart, H.; Ng, K. K. D. A one-pot synthesis of m-
terphenyls, via a two-aryne sequence. J. Org. Chem. 1986, 51, 3162—
3165.

(32) Dinnebier, R. E.; Behrens, U.; Olbrich, F. Solid State Structures
of Cyclopentadienyllithium, -sodium, and -potassium. Determination
by High-Resolution Powder Diffraction. Organometallics 1997, 16,
3855-3858.

(33) Nither, C.; Hauck, T.; Bock, H. Sodium Tetraphenylcyclopen-
tadienide Bis(dimethoxyethane). Acta Cryst. C 1996, 52, 570-572.

(34) Bock, H.; Hauck, T.; Nather, C.; Havlas, Z. Die Kationen-Sol-
vatation in solvens-umbhiillten und solvens-getrennten lonen-Multipeln
von 1,2,3,4-Tetraphenylcyclopentadienyl-Natrium-Salzen. Z.
Naturforsch. B1997, 52, 524-534.

(35) Nishinaga, T.; Yamazaki, D.; Stahr, H.; Wakamiya, A.; Ko-
matsu, K. Synthesis, Structure, and Dynamic Behavior of Cyclopenta-
dienyl-Lithium, -Sodium, and -Potassium Annelated with Bicy-
clo[2.2.2]octene Units: A Systematic Study on Site Exchange of Alkali
Metals on a Cyclopentadienyl Ring in Tetrahydrofuran. J. Am. Chem.
Soc. 2003, 125, 7324-7335.

(36) Seifert, T.; Roesky, P. W. Alkali and Alkaline Earth Metal
Complexes Ligated by an Ethynyl Substituted Cyclopentadienyl Lig-
and. Inorganics 2017, 5, 28.

(37) Harder, S.; Ruspic, C. Insight in cyclopentadienyl metal com-
plexes with superbulky ligands: The crystal structure of [CpPoK]... J.
Organomet. Chem. 2009, 694, 1180-1184.

(38) Lorberth, J.; Shin, S.-H.; Wocadlo, S.; Massa, W. Pentabenzyl-
cyclopentadienylpotassium - 3 THF, an Organopotassium Compound
with “Piano Stool” Geometry. Angew. Chem. Int. Ed. Engl. 1989, 28,
735-736.

(39) Jutzi, P.; Burford, N. Structurally Diverse n-Cyclopentadienyl
Complexes of the Main Group Elements. Chem. Rev. 1999, 99, 969—
990.

(40) Schulte, Y.; Stienen, C.; Wolper, C.; Schulz, S. Synthesis and
Structures of s- and p-Block Metal Complexes Containing Sterically
Demanding Pentaarylcyclopentadienyl Substituents. Organometallics
2019, 38,2381-2390.

(41) Paquette, L. A.; Bauer, W.; Sivik, M. R.; Buehl, M.; Feigel, M.;
Ragué Schleyer, P. von. Structure of Lithium Isodicyclopentadienide
and Lithium Cyclopentadienide in Tetrahydrofuran Solution. A com-
bined NMR, IGLO, and MNDO Study. J. Am. Chem. Soc. 1990, 112,
8776-8789.

(42) Harder, S.; Prosenc, M. H. The Simplest Metallocene Sand-
wich: the Lithocene Anion. Angew. Chem. Int. Ed. Engl. 1994, 33,
1744-1746.

(43) Macchioni, A.; Ciancaleoni, G.; Zuccaccia, C.; Zuccaccia, D.
Determining accurate molecular sizes in solution through NMR diffu-
sion spectroscopy. Chem. Soc. Rev. 2008, 479-489.

(44) Hoffmann, H.; Schellenbeck, P. Notiz iiber die Darstellung von
Tri-tert.-butylphosphin. Chem. Ber. 1967, 100, 692—693.

(45) Dickson, R. S.; Dobney, B. J.; Eastwood, F. W. Preparation of
cyclopentadiene from its dimer. J. Chem. Educ. 1987, 64, 898.

(46) Jerschow, A.; Miiller, N. Suppression of Convection Artifacts
in Stimulated-Echo Diffusion Experiments. Double-Stimulated-Echo
Experiments. J. Magn. Reson. 1997, 125, 372-375.

(47) Johnson, C. S. Diffusion ordered nuclear magnetic resonance
spectroscopy: principles and applications. Prog. Nucl. Magn. Reson.
Spectrosc. 1999, 34, 203-256.

(48) Stejskal, E. O.; Tanner, J. E. Spin Diffusion Measurements:
Spin Echoes in the Presence of a Time-Dependent Field Gradient. J.
Chem. Phys. 1965, 42,288-292.

(49) Price, W. S. Pulsed-field gradient nuclear magnetic resonance
as a tool for studying translational diffusion: Part II. Experimental as-
pects. Concepts Magn. Reson. 1998, 10, 197-237.

(50) Chen, H.-C. Chen, S.-H. Diffusion of crown ethers in alcohols.
J. Phys. Chem. 1984, 88, 5118-5121.

(51) Sheldrick, G. M. SADABS, Bruker AXS, Madison, USA 2007.

(52) CrysAlisPro, Scale3 Abspack, Rigaku Oxford Diffraction 2019.

(53) Clark, R. C.; Reid, J. S. The analytical calculation of absorption
in multifaceted crystals. Acta Cryst. A 1995, 51, 887-897.

(54) Sheldrick, G. M. SHELXT — Integrated space-group and crys-
tal-structure determination. Acta Cryst. A 2015, 71, 3-8.

(55) Dolomanov, O. V.; Bourhis, L. J.; Gildea, R. J.; Howard, J. A.
K.; Puschmann, H. OLEX2: A complete structure solution, refinement
and analysis program. J .Appl. Crystallogr. 2009, 42, 339-341.

(56) Sheldrick, G. M. Crystal structure refinement with SHELXL.
Acta Cryst. C 2015, 71, 3-8.

(57) Sheldrick, G. M. A short history of SHELX. Acta Cryst. A 2008,
64, 112-122.




d
@ K2

Extremely bulky Cp |—__\'> New structural motifs




