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Novel unusually structured organic compounds can be
made available with the aid of organometallic chemistry. A
variety of typical examples are presented in this account
where the unique stereoelectronic features of the bent
metallocene bis(cyclopentadienyl)zirconium are used to
stabilize uncommon coordination geometries of the element
carbon. This includes internal ion pair phenomena and the
electronic stabilization of planar-tetracoordinate carbon,
examples of distorted C2v-methane derivatives and of
unprecedented geometries of pentacoordinated carbon
compounds. For many such systems their specific energetic
stabilization was estimated from suitable experiments. 

1 Introduction

It is so accepted that most typical organic compounds contain
carbon in close to four-coordinate tetrahedral, three-coordinate
trigonal planar, or two-coordinate linear coordination geome-
tries that arrangements distinctly different from these arche-
types are considered to be unusual. But such uncommon
coordination behavior of the element carbon occurs frequently
in ‘non-natural’ ligand environments. Typical examples include
the ‘hypercarbon-chemistry’ of penta- and higher-valent carbo-
cations or interstitial carbon compounds.1 Organometallic
environments very often lead to the observation of unusual
carbon coordination geometries of extraordinary stability. The
special stereoelectronic features of a number of organometallic
substituents can be utilized to induce and stabilize novel

coordination polyhedra at carbon, that would be regarded as
uncommon from a classical organic chemist’s perspective, but
are very stable and often kinetically quite persistent.

The Group 4 metal based bent metallocenes, i.e. titanocene,
zirconocene, and hafnocene, and a few related organometallic
frameworks, have been especially useful in designing and
preparing unusually structured carbon compounds of high
thermodynamic stability. The Cp2M-units may serve as strong
s-donors and s- or p-acceptors. Moreover, they exhibit a
unique valence orbital arrangement that confines most of the
chemistry to their central major symmetry plane.2 It was found
that the bent metallocenes assist the formation of uncommon
coordination geometries at carbon in two different ways,
namely by internal ion pairing and, more importantly, by
forming stereoelectronically well defined three-center-two-
electron bonds. The application of these features is illustrated
and discussed in this account using selected typical examples.

2 Internal ion pairing

Non-covalent interactions between carbon atoms and metal
centers are gaining in importance in organometallic chemistry.
Within this growing field belong the ion pair interactions of
metallocene based cations with some of their complex counter-
anions, e.g. in reactive Group 4 metallocene Ziegler catalyst
systems.3 However, internal ion pairing, although it is in its
essential bonding characteristics dominated by electrostatic
effects and thus mostly undirected, is becoming more important
as a structural tool in the construction of organometallic
frameworks. Two typical examples will be presented here.

We have treated the 2-metallaindane system 1 with one molar
equivalent of the strong organometallic Lewis acid tris(penta-
fluorophenyl)borane (Scheme 1). Selective addition to one of

the CH2-groups takes place to yield 2 (70% isolated). The X-ray
crystal structure analysis of 2 has revealed the formation of a
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new ring system, in which the metallacyclic structure contains
a strong internal ion pair interaction.4 In 2 the newly formed
H2C4–B bond is strong (1.682(3) Å). Carbon atom C4 exhibits
an ion pair interaction with the zirconium center (C4–Zr:
2.595(3) Å, angles C3–C4–B: 119.1(3)°, Zr…C4–B: 155.3(2)°,
Zr…C4–C3: 85.4(2)°) (Fig. 1). These characteristic bonding

features are to be compared with the internal ordinary Cp2Zr–
C1H2- s-bond (Zr–C1 bond length: 2.264(3) Å, angle Zr–C1–
C2: 93.5(2)°).

A very similar situation is found when (s-cis-h4-butadie-
ne)(h8-cyclooctatetraene)zirconium (3) is treated with B(C6F5)3

to yield the anti-configurated mono-substituted (p-allyl)(cot)-
zirconium betaine system 4. The Z-configurated allyl moiety
brings the -H2C4-borate end of the dipole into such close
proximity to the Cp2Zr cation unit that an internal ion pair
interaction results to form a uniquely structured metallacyclic
betaine system. The bond length of the additional Zr–C4
interaction is 2.614(4) Å,4 which is very typical for this type of
electrostatic interaction (angles C3–C4–B: 114.7(3)°, Zr···C4–
B: 148.8(3)°). The -CH2-[B] moiety in the internally ion paired
structure of 4 shows 1H/13C NMR features at d 0.07, 21.00 (1H)
/ d 14.1 ppm (13C).

3 Planar-tetracoordinate carbon

There have been numerous attempts to force tetracoordinate
carbon into a planar geometry by steric methods.5 This
approach cannot be regarded as general because of the
involvement of very large strain energies. The orbital analysis
of square planar methane, as carried out by Hoffmann et al.6 and
later extended by Schleyer et al.,7 points to a general possibility
of utilizing the specific features of organometallic substituents
to stabilize this ‘unnatural’ coordination geometry and to
actually design viable synthetic routes to stable planar-
tetracoordinate carbon compounds.

Square planar methane can formally be constructed by letting
sp2-hybridized carbon interact with four hydrogen atoms in a
plane. This leads to an electron-deficient s-system with six
electrons making four C–H bonds and leaves an electron pair in
the remaining p-orbital perpendicular to the s-plane (see
Scheme 2). This energetically very unfavorable situation

becomes electronically stabilized by exchanging hydrogen
atoms for e.g. metal based s-donor/p-acceptor substituents.
Thus, the hypothetical monomeric 1,1-dilithiocyclopropane
molecule was calculated to just favor planar- over tetrahedral-
tetracoordinate geometry.7 We have also shown experimentally
that an unsymmetrical three-center-two-electron bonding situa-
tion involving a combination of two electronically different
metal substituents is even more effective in stabilizing the
electron-deficient s-system. In combination with additional
structural means that take care of the p-electron situation this
leads to synthetically readily available, stable planar-tetra-
coordinate carbon compounds (see Scheme 2).8

Here is a typical example. The reactive Cp2Zr–C·C–CH3
+

cation 6, generated in situ by treatment of bis(propynyl)zircono-
cene (5a) with trityl tetraphenylborate in dichloromethane,
reacts instantaneously with one equivalent of the neutral starting
material 5a. CC-coupling between two of the propynyl ligands
yields the dimetallic product 7 (Scheme 3). The X-ray crystal
structure analysis shows that the cation 7 contains a planar
dimetallabicyclic framework that has in its center a planar-
tetracoordinate carbon atom (C36) (Fig. 2).9 This carbon atom

is part of a CNC double bond (C37–C36: 1.317(8) Å). In
addition, C36 is connected to the acetylene carbon atom C35 by
a C(sp)–C(sp2) s-bond (C36–C35: 1.401(8) Å), and it exhibits
two close bonding contacts to the adjacent zirconium atoms.
This situation represents an example of an unsymmetrical three-
center-two-electron interaction (C36–Zr1: 2.435(6); C36–Zr2:
2.530(5) Å). The central core of atoms around C36 is coplanar.
The sum of the bonding angles of the distorted square-planar
carbon atom C36 is 360°.

The extended coplanar arrangement of the central framework
is supported by the bridging propynyl ligand (Zr1–C30:
2.259(6), Zr2–C30: 2.446(5) Å) and the ‘p-agostic’ inter-
action10 of the pendant propynyl substituent at the planar-
tetracoordinate carbon center (Zr1–C35: 2.453(5), Zr1–C34:
2.763(6) Å).

The overall bonding situation at the planar-tetracoordinate
carbon atom C36 corresponds to the general bonding scheme
expected for a distorted planar methane derivative,6 except that
the excess p-electron density has been made part of an ordinary

Fig. 1 A view of the molecular structure of the metallocene borate–betaine
complex 2.

Scheme 2

Fig. 2 A view of the anti-van’t Hoff–Le Bel compound 7 (cation only). The
central carbon atom C36 is planar-tetracoordinate.
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CNC double bond. The necessary additional stabilization of the
s-system in 7 has been brought about by forming an
unsymmetrical three-center-two-electron situation, quite sim-
ilar to that depicted schematically in Scheme 2 (see above). In
7 the Zr1–C36 bond represents the dominant M1–C s-
interaction. The complex is markedly stabilized by a strong in-
plane interaction of the electron-rich Zr1–C36 s-bond with the
strong Cp2Zr2 electron acceptor.11

The dynamic features of complex 7 gave us an indication of
the magnitude of the energetic stabilization of the planar-
tetracoordinate carbon structure relative to a structural alter-
native containing the carbon atom in a close to ordinary
trigonally planar coordination environment.9 In solution a
dynamic automerization process is observed at increased
temperature on the NMR timescale that leads to a pairwise
equilibration of the metallocene units and the propynyl-ends of
the bridging Me–C4–Me ligand. The bridging C·C–CH3 group
remains unaffected by this process. It must be assumed that a
symmetric structure (8, transition state or high lying inter-
mediate, see Scheme 3) is passed through in the course of this
degenerate rearrangement. Thus the observed activation barrier
of DG‡

rearr (190 K) ≈ 9.5 ± 0.5 kcal mol21 probably represents
a lower limit of the extra-stabilization energy of the un-
symmetrical planar-tetracoordinate carbon structure in the
organometallic anti-van’t Hoff–LeBel compound 7.

The formation of 7 is a specific example of a rather general
synthetic scheme for the preparation of stable and isolable
organometallic compounds that contain a planar-tetracoordinate
carbon atom within their framework.8,11b,12,13 We have found
that a great variety of neutral (alkynyl) Group 4 metallocene
complexes (5) of the general composition Cp2MIV(X)(C·CR)
(M = Zr, Hf, X = NNCHR, C·CR, CH3, Cl) react readily with

the Cp2ZrCH3
+ cation to give the respective anti-van’t Hoff–

LeBel compounds (10) in good yields (see Scheme 4). The
mechanistic course of the reaction has been elucidated by using
specifically isotopic or substituent-labelled precursors.11b,14

The s-ligand coupling takes place at the stage of a dimetallic
addition product, and the rules for the regioselective preparation
of a variety of derivatives of the compounds of this class were
established. A number of examples of complexes of type 10
were characterized by X-ray diffraction. A typical example is
complex 10a that was prepared by treatment of bis(propy-
nyl)zirconocene with the THF-stabilized methylzirconocene
cation (9) (‘Jordan’s cation’15 [Cp2Zr(THF)CH3

+BPh4
2]).

The X-ray crystal structure analysis of 10a (see Fig. 3) shows
the typical planar dimetallabicyclic framework of the cation
with the planar-tetracoordinate carbon atom C2 in the center. It
is sp2-hybridized and part of a CNC double bond (C1–C2:
1.305(6) Å; note that the adjacent C1–Zr distance is very short
at 2.182(5) Å). This is a typical feature of most complexes of
this general type. Carbon atom C2 has a methyl substituent
attached to it (C2–C3: 1.543(6) Å) and it exhibits the typical
unsymmetrical three-center-two-electron interaction with both
zirconocenes (Zr2–C2: 2.324(5) Å, Zr1–C2: 2.508(4) Å). The
bond angles around C2 add up to 360°. Both bent metallocene
units are located such that their valence orbitals, located in the
major plane and extending towards the front side of the bent
metallocene wedge, are ideally oriented to form strong bonds
with the carbon atoms of both bridging ligands in a single
common plane. In this arrangement the Cp2Zr2 unit can to a first
approximation be viewed as forming two strong s-bonds, to the
planar-tetracoordinate carbon atom C2 and the m-s2-acetylide
bridge, whereas the Cp2Zr1 moiety essentially serves as an
electron-acceptor by interacting with the Zr2–C2 s-bond. Zr2 is

Scheme 3

Scheme 4
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further stabilized by forming an agostic interaction16 with a C–
H bond of the methyl group at C2, but this is probably not a
major stabilizing factor.

A detailed quantum chemical analysis11 strongly supports the
slightly different functions of the two metal centers in
stabilizing the uncommon distorted square-planar coordination
geometry of the central carbon atom C2 in complexes of this
type. The calculation has located the alternative conventional
monocyclic C2v-symmetric structure, with ordinary planar-
tricoordinate carbon in the bridge, at ca. 9 (RHF) to 14 (MP2/
/RHF) kcal mol21 above the experimentally observed Cs-
symmetric ground state.11b Moreover, the C2v-structure was
found to be probably a transition state (i.e. 11a‡). In combina-
tion with the NMR behavior of 10a in solution this has allowed
for a reliable estimate of the stabilization energy of the planar-
tetracoordinate carbon relative to planar-tricoordinate in this
specific stabilizing organometallic environment. At 235 K
complex 10a shows a static low temperature limiting 1H NMR
spectrum at 200 MHz in CD2Cl2, exhibiting Cp-singlets at d
5.87 and 5.72 and methyl singlets at d 2.50 and 20.12 of the m-
Me2C2 ligand (the latter signal corresponds to the CH3 group at
the planar-tetracoordinate carbon center C2) in addition to the
C·C–CH3 signal at d 2.31. Whereas the latter signal is
temperature invariant, the former two pairs of singlets undergo
pairwise coalescence at increased temperature, resulting in a
very simple three line 1H NMR spectrum at high temperature.
From the Cp and CH3 coalescence a Gibbs activation energy for
the degenerate rearrangement process depicted in Scheme 4 (i.e.
of the 10a"11a"10a transformation) was derived as DG‡

rearr

(250 K) ≈ 11.8 ± 0.5 kcal mol21. In view of the results of the
above mentioned theoretical analysis this value should serve as
a good measure for the stabilization energy of the planar-
tetracoordinate carbon in the complexes 10a. Very similar
DG‡

rearr values were found for a number of complexes related
to 10 containing various alkynyl derived substituents R and
different bridging ligands X.8,14 We conclude that in such
cationic dimetallic bis(zirconocene) containing frameworks
planar-tetracoordinate carbon is actually more stable by ca. 12
kcal mol21 than ordinary trigonal-tricoordinate carbon bearing
the same combination of substituents.11b,17 This is a very large
effect, and demonstrates the extraordinary ability of the Group
4 bent metallocenes to induce novel structural and chemical
properties in organic and organometallic systems.

In view of the very large energetic stabilization of planar-
tetracoordinate carbon in such frameworks resulting from a
favorable combination of suitable features of both metal centers
involved it is not surprising that the syntheses of a great variety
of related organometallic anti-van’t Hoff–LeBel compounds

were achieved in recent years.13 A few examples originating
from our laboratory shall be described here for a representative
illustration.

The examples shown so far have all had an alkyl or aryl or
even a more bulky metal-centered substituent attached at the
planar-tetracoordinate carbon atom in the center of the dime-
tallabicyclic framework. But we have recently even found a way
to prepare such compounds bearing hydrogen at this carbon
atom. The new compounds were prepared by a simple
protonation route (see Scheme 5).18 The typical example 13 was

obtained by treatment of the neutral doubly alkynyl-bridged
bis(zirconocene) complex 12 with the Brønsted acid N,N-
dimethylanilinium tetraphenylborate. A clean protonation of the
alkynyl carbon adjacent to zirconium is observed to yield the
dimetallabicyclic cationic planar-tetracoordinate carbon com-
plex 13. Complex 13 was characterized by X-ray diffraction
(see Fig. 4) and spectroscopically [1H/13C NMR features of the

planar-tetracoordinate C1–H unit: d 0.51/157.7 ppm (1JCH =
103 Hz)]. The low 13C–1H coupling constant indicates an
agostic C–H…Zr2 interaction.16 This is supported by the X-ray
crystal structure analysis.

The formation of dimetallic planar-tetracoordinate carbon
compounds is even more favorable when a combination of a
Group 4 metallocene with a main group metal substituent is
used. Such neutral complexes are readily formed from suitable
organometallic precursors. A typical preparation involves
treatment of dimethylzirconocene (14) with e.g. the dimethyl-
aluminum(phenylacetylide) dimer (15).19 Probably s-ligand
transfer occurs between zirconium and aluminum, followed by

Fig. 3 Molecular structure of 10a (cation only).

Scheme 5

Fig. 4 Molecular structure of 13 (cation only). Selected bond lengths (Å)
and angles (°): Zr1–C1 2.377(6), Zr1–C2 2.365(8), Zr1–C4 2.313(6), Zr2–
C1 2.274(7), Zr2–C4 2.406(6), Zr2–C5 2.693(8), Zr2–H1 2.14(7), C1–C2
1.255(9), C1–H1 0.91(7), C4–C5 1.199(9), Zr1–C1–Zr2 96.7(2), Zr1–C1–
C2 74.1(5), Zr1–C1–H1 166(4).
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elimination of trimethylaluminum. CC-bond formation even-
tually leads to the heterodimetallic anti-van’t Hoff–LeBel
compound 16. The X-ray crystal structure analysis (see Fig. 5)

has established the presence of a planar-tetracoordinate carbon
atom in the center of the planar complex framework. The
general bonding features of this type of complex are very
similar to those of the cationic planar-tetracoordinate carbon
compounds presented earlier in this account. According to the
theoretical discussion on this type of compound, the C2–Al s-
bond probably interacts strongly with the in-plane oriented
Cp2Zr acceptor orbital across the ring. An ab initio calculation
of a model system of 19, using Cl2Zr instead of Cp2Zr, and
ClAlH2 instead of Ph–C·C–AlMe2 indeed shows an increased
energetic stabilization of the planar-tetracoordinate carbon
geometry. The dimetallabicyclic planar-tetracoordinate carbon
structure was calculated to be by some 34 kcal mol21

energetically favored over its monocyclic isomer containing
only conventional trigonally-planar carbon centers. Using
boron instead of aluminum resulted in a similarly pronounced
calculated stabilization.11a

Various synthetic protocols have been developed19 for the
preparation of a great variety of compounds analogous to the
zirconium–aluminum complex 16, which all contain a planar-
tetracoordinate carbon that is stabilized by the combined action
of the attached main group and transition metals. Combinations
of all of the Group 4 metallocenes with boron, aluminum and
gallium building blocks were successfully employed. A major
synthetic example of such systems has involved reactive (h2-
alkyne)- and (h2-aryne)metallocene complexes (e.g. 17 ? 18,
see Scheme 6).20 More than a dozen of such dimetallic planar-
tetracoordinate carbon compounds were characterized by X-ray
diffraction. Much of their chemistry has been reviewed
previously.21 Therefore, additional details of this chemistry will
not be discussed here.

The examples highlighted in this chapter have illustrated that
organometallic systems, in which planar-tetracoordinate carbon
is stabilized by the combined and mutually supportive action of
two suitable metal complex fragments, can be readily prepared
and are often very stable and easily isolated. As expected by the
straightforward and rapid development of this chemistry many
related examples were found and disclosed by other groups,8,22

demonstrating that ‘square-planar carbon’ is not at all unusual if
certain rules are followed, which lead to the electronic
stabilization of this ‘unnatural’ coordination geometry of
carbon. The unique stereoelectronic features of the Group 4 bent
metallocenes2 have been of great help in developing this
chemistry.

4 A stable C2v-methane derivative

Methane derivatives can be distorted principally in two different
ways, as depicted in Scheme 7. Following pathway A opens
both the A–C–A and the B–C–B angles from tetrahedral to
ultimately 180°. Square-planar methane results, as described
above. Pathway B in Scheme 7 leads to the opening of only one
pair of s-bonds (here the A–C–A angle). Opening to 180°
results in the formation of a C2v-methane isomer. This is
characterized by a strong s-electron deficiency in the linear A–
C–A part of the molecule. In addition, opening of the A–C–A
angle leads to the development of a doubly occupied sp2-orbital
at the backside of the B–C–B wedge. A further increase of the
A–C–A angle leads to ‘inverted’ methane structures of similar
electronic distributions. Thus, C2v-methane derivatives (B in
Scheme 7) should follow similar rules for their electronic

stabilization by organometallic substituents as square planar-
methane, except that their attachment must take the specifically
altered sequence of orbitals into account, as a carbon centered p-
orbital is used for constructing the electron deficient three-
center-two-electron s-system and the lone pair occupies the sp2-
orbital. We have recently prepared a stable organometallic
C2v-methane derivative23 making use of the special bonding
features of the bent metallocene Cp2Zr.

Complex 20 was prepared by treatment of the (m-vi-
nyl)bis(zirconocene) complex 19a with B(C6F5)3. Clean addi-
tion to the methylene terminus is observed. The resulting neutral
dipolar addition product was characterized by X-ray diffraction
(see Fig. 6).23

The central tetracoordinated carbon atom C1 in 20 exhibits a
coordination geometry that corresponds essentially to a dis-
torted C2v-methane derivative. C1 is bonded to two zirconium
atoms (C1-Zr1: 2.396(3) Å, C1–Zr2: 2.156(3) Å), a hydrogen
(C1–H1: 0.98(3) Å) and a carbon atom (C1–C2: 1.502(3) Å).
The bond angles at carbon atom C1 deviate markedly from
tetrahedral (Zr2–C1–C2: 145.9(2)°, which corresponds to the
enlarged A–C–A angle in structure B in Scheme 7, Zr2–C1–H1:
105(2)°, C2–C1–H1: 109(2)°). The remaining framework
angles are much smaller (Zr2–C1–Zr1: 101.86(10)°, Zr1–C1–
C2: 80.11(14)°, Zr1–C1–H1: 101(2)°). The Zr2–C1 distance is
extremely short. To our knowledge it is the shortest bond length
between zirconocene and a tetravalent carbon atom observed so

Fig. 5 Structure of 16.

Scheme 6

Scheme 7
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far. This probably indicates the presence of an electronic
stabilization of the sp2-C1 lone pair by a favorable in-plane
interaction with the ideally located acceptor orbital at the
Cp2Zr2 bent metallocene unit (see Fig. 7).

The Cp2Zr1…C2H2–[B] interaction in 20 is electrostatic. It
corresponds to an internal ion pair situation (Zr1–C2: 2.600(3)
Å, angles C1–C2–B: 119.2(2)° and Zr1–C2–B: 155.0(2)°),
analogous to that found for the internal ion pair structures of the
complexes 2 and 4 described in the first chapter of this account4
(see Fig. 1 and Scheme 1).

In solution the C1–H moiety gives rise to a 1H NMR signal at
d 7.12 and a 13C NMR feature at d 174.7 with 1JCH = 122 Hz.
Complex 20 shows temperature-dependent dynamic NMR
spectra. At low temperature it exhibits four separate Cp-
resonances that broaden and eventually coalesce into two
averaged signals upon raising the temperature. This is due to an
enantiomerization process of 20 on the NMR timescale by
reversible opening of the Cp2Zr1…C2H2–[B] internal ion pair.
The activation energy of this process was determined as
DG‡

enant (273 K) = 12.1 ± 0.5 kcal mol–1. This value is to be
compared with the typical dissociation energy of such zircono-
cene cation–alkylborate anion ion pair interactions3 of ca.
16–18 kcal mol21. From the comparison of these two values we
must conclude that the unusual distorted C2v-methane-like
coordination geometry of 20 as such is, despite all favorable
electronic factors, still intrinsically by ca. 5 kcal mol21 less

stable than the normal tetrahedral geometry (which is probably
best represented in the transition state geometry 21‡ of the
degenerate rearrangement process as depicted in Scheme 8). It
is the additional energy gain of the internal ion pair formation
that just tips the balance to favoring the exceptional C2v-
methane-like structure of the system 20.

5 Formation of distorted square-pyramidal
hypercoordinated carbon compounds by a simple
protonation route

Addition of a proton (e.g. from HNMe2Ph+BAr4
2) to a variety

of (m-alkenyl)bis(zirconocene) complexes 19 under non-nucle-
ophilic conditions takes a different regiochemical course than
the B(C6F5)3 addition (see above). Protonation occurs ex-
clusively at the alkenyl methine group with formation of the
very unusually structured cationic hypercarbon complex 22
(Scheme 9).24

The phenyl-substituted derivative 22b shows very character-
istic NMR features of the m-h1+h2-C1H2C2HPh moiety, that is,
bridging uniquely between the two metal centers of the Cp2Zr–
Cl–ZrCp2 unit. It features 1H NMR signals at d 5.17 (C2H), 4.63
and 25.55 with coupling constants of 3J = 15.6 and 6.6 Hz, 2J
= 5.4 Hz. The corresponding 13C NMR resonances were

Fig. 6 A view of the molecular structure of the organometallic distorted C2v-
methane derivative 20.

Scheme 8

Fig. 7 A projection of the structural framework of 20 (D1–D4 denote the
centroids of the Cp-rings). The depicted orbitals at C1 and Zr2 indicate
potential electronic stabilization of the coordination geometry towards
distorted C2v at carbon atom C1.
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located at d 92.5 (C1) and d 86.3 ppm (C2). The 1JC2–H coupling
constant of 142 Hz is very typical for a metallacyclic three-
membered ring and the former signal shows two very different
1JC1–H coupling constants of 131 and 99 Hz. The latter indicates
a strong Zr/H–C1 agostic interaction.16 These NMR patterns are
observed throughout the series of complexes 22 with different R
groups. They are consistent with a unique distorted square-
pyramidal pentacoordinated geometry at the central atom C1.
For one example in the series, the [(MeCp)2Zr(m-Cl)(m-h1+h2-
C1H2C2H-n-butyl)Zr(MeCp)2]+ complex 22c this geometry
was further supported by an X-ray crystal structure analysis (see

Fig. 8).24 The unique stereochemical properties of both
zirconocenes2 have been used as tools to construct and stabilize
the very unusual coordination geometry of the pentacoordinated
carbon (C1) in the complexes 22. This goes so far as to utilize
even a C–H bond as a functional group to determine the shape
of the coordination polyhedron at the hypercoordinated carbon
atom1a in the center of these cationic complexes.

This example shall conclude our compilation of uncommon
coordination geometries at carbon, as they can be stabilized and
determined in their specific structural characteristics by using
the well defined special stereoelectronic features of the Group 4
bent metallocene moieties.2 We are expecting that the applica-
tion of these and similar organometallic tools will increase the
number of stable and isolable compounds that contain very
unusual and uncommon coordination geometries at carbon and
help to make many of such structurally and chemically new
types of organic and organometallic compounds available by
design.
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