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The electronic structure of Cp.Zr[CH2(BH{CsFs}2).], an intriguing compound recently
synthesized by Piers and co-workers, is analyzed by means of molecular orbital calculations.
The methods applied were of the extended Huckel type, as well as ab initio calculations at
the RHF and RMP2 levels, and density functional theory (DFT). This mononuclear complex
is of interest due to the exceptional, 5-fold coordination of its methylene carbon atom, which
assumes a distorted near trigonal-bipyramidal geometry with definite Zr—C bonding. The
factors stabilizing half-planar methane, the simplest organic molecule resembling the
conformation of the carbon atom found in the complex under study, as well as the electronic
structure of the compound are discussed. Half-planar methane may be stabilized by o-donor
(and/or s-acceptor) ligands in the axial plane and by an external, coordinating o-acceptor in
the equatorial plane. Both features are found in the Piers compound. In this molecule the
ligand is ideally oriented for making use of the bonding potential of the two a; and one b,
MOs of the CpZr fragment. There is Zr—H(B), Zr—B, and Zr—C bonding in this molecule.

Introduction

In 1970, it was suggested that the seemingly impos-
sible goal of stabilizing a planar tetracoordinate carbon
might not be out of reach.r A planar conformation for
a methane-like molecule implies weakened electron-
deficient three-center o-bonding between carbon and the
four ligands bound to it, while the carbon’s two remain-
ing valence electrons occupy an undisturbed, high-lying
carbon 2p m-orbital. For methane itself, this planar
conformation is destabilized by a considerable amount
of energy, probably more than the C—H bond strength.

The theoretical strategy suggested to reduce the
gigantic barrier to planarization was based on the
replacement of the four hydrogen atoms by substituents
that are (i) o-donors, to facilitate electron transfer to
the electron deficient carbon, and (ii) z-acceptors, to
delocalize the p- or z-type lone pair. These proposals
were substantiated and extended by Schleyer et al.,2
who carried out Hartree—Fock self-consistent field
calculations on several model species with ligand atoms
or groups containing Li, B, and Si and also with the
carbon atom incorporated in small rings. Since that
time there have been many other theoretical studies and
some experimental approaches to square planar carbon.?

The last few years have brought us a number of
organometallic compounds with the exceptional “anti
van't Hoff/Le Bel” arrangement for the carbon atom, i.e.
molecules with stabilized planar tetracoordinated car-
bon. The first of those compounds—V,(DMP)4 (DMP =
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dimethoxyphenyl)—was synthesized by Seidel and co-
workers in 197642 and structurally characterized 1 year
later by Cotton and Millar.** Quantum chemical analy-
sis of its electronic structure showed that the planar
tetracoordinate carbon atom is stabilized through dona-
tion of the carbon G lone pair toward fragment orbitals
delocalized on the two metal atoms.* Recent experi-
mental work in Erker’s group® on quite different bi-
nuclear [Zr]—[M] complexes ([M] = B, Al, Ga, Zr) has
revived interest in these unusual carbon configurations.
Gleiter et al.b interpreted the stabilization of the planar
tetracoordinate carbon in Erker's complexes by the
presence of a g-acceptor substituent d°-[Cp,Zr]?+.

The process of planarizing methane can be viewed
either as “squashing” (opening up two opposite angles
while retaining D,g symmetry) or “twisting” (one CR»
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angle twisted vs the opposing one, D), 1.
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Actually these motions are not as distinct as they
seem.” Each involves a great increase in some R—C—R
angle; this is a much more difficult thing to achieve
(through molecular architectural constraints) than clos-
ing such an angle down.

There is another deformation of tetrahedral carbon,
which can be seen as related to the planarization
discussed above, and this is the “half-planarization”,
illustrated in 2. The resulting geometry is obviously
related to a trigonal bipyramid minus one ligand or to
the SF, structure.

il

......

There are some examples of derivatives of half-planar
carbon stabilized in organometallic complexes.? In these
compounds one effectively has five-coordinate methylene
carbon atoms with a distorted trigonal-bipyramidal
coordination geometry. The examples known are gener-
ally “ate” complexes, negatively charged compounds
with lithium counterions in the carbon ligand sphere,
such as Evans’ (Me3SiCH>)Y[(u-CH2)2SiMez][(u-OtBu)-
Li(THF)]28 or a similar samarium compound made by
Clark et al. 8 Five-coordinate carbon atoms have been
observed previously but generally with a methylene
carbon or alkyl group bridging a binuclear metal center
in a three-center, two-electron bonding mode.®1® There
is also a lore of trying to stabilize the five-coordinate
trigonal bipyramidal carbon which is the transition state
of an SN2 reaction.!

Most recently, Piers et al.,»2 in the course of their
investigation on the reactivity of the electrophilic borane
HB(C¢Fs), toward alkylzirconium complexes, published
the synthesis and structure of Cp,Zr[CH,(HB{CsFs}2)2],
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3 (only the Cjs carbon atoms of the perfluorinated
phenyl groups are shown).
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This complex appears to be the first mononuclear
organometallic compound stabilizing a pentacoordinate
carbon atom, which is not an “ate” complex. A X-ray
analysis of 3 as a benzene solvate!? reveals the unique
bonding arrangement, in which the methylene carbon
is approximately trigonal-bipyramidally coordinated.
The environment of the carbon contains two hydrogen
atoms and the metal of the bent metallocene unit in
what we will call the equatorial plane and two axial-
substituted borane groups HB(CgFs),. The zirconium—
carbon distance is 2.419(4) A, 0.046 A longer than the
bond length of the central zirconium atom to the Cinsige
atom of the ethylene ligand in Cp,Zr(PMejz)(572-CoHy).13
We think this distance is definitely to be regarded as a
bonding contact, and we will support that contention
below.

The B—C—B angle of 149.3(4)° is highly unusual,
significantly larger than expected values. The sum of
the angles spanned by the three ligands in the equato-
rial plane of the methylene carbon atom is 358°, but the
atoms are not in an ideal trigonal arrangement. The
CH; unit appears to be tilted, resulting in Zr—C—H
angles of 107 and 149°, respectively. We note here the
usual reservations one must have about the position of
hydrogen atoms located in X-ray crystallographic struc-
ture determinations.

The Model and Computational Details

The model compounds we used in our calculations were 4,
5,6and 4,5, 6, 6".

We replaced the four Cg¢Fs ligands attached to boron in the
case of the simplest model compound 4 by four hydrogen
groups and symmetrized the molecule to a C,, structure with
a planar six membered heterocyclic ring {—Zr—-H-B—-C—-B—
H-}. In 5 the substituents are methyl groups, and in 6 we
substituted the CsFs ligands by F atoms (to mimic the z-donor
and o-acceptor properties of a CgFs ring). The distances
available from the X-ray structure determination were aver-
aged and used in our calculations, with the exception of the
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published carbon—hydrogen bond lengths, which were ad-
justed to a more realistic 1.10 A. The distances and angles
used are listed in the Appendix. In 4', 5', and 6' we use Cl as
a replacement for the Cp rings and OH in the case of 6".
Recent studies have shown that such substitutions reduce
computer time but do not affect the essential electronic
features of the system.64

We have carried out molecular orbital (MO) calculations of
quite different types in order to get some insight into the
bonding of complex 3, particularly to discern the electronic
features that stabilize the 5-fold coordination geometry at the
carbon atom. Single point calculations were carried out on
model compounds 4, 5, and 6 applying the extended Hiickel
(EH) and ab initio restricted Hartree—Fock (RHF) procedures.
Details of the EH calculation are provided in the Appendix.
MP2 (Mgller—Plesset perturbation theory terminated at sec-
ond order)®® and DFT (density-functional theory) methods were
also used (with geometry optimization under a C; symmetry
constraint) for model compounds 5, 6', and 6". We have taken
in our DFT calculations Becke's three parameter hybrid
method?® using the correlation functional of Lee, Yang, and
Parr,'” which includes both local and nonlocal terms. The
symmetry was lowered to C; in the case of 6' and 6" so as to
investigate the skewing of the methylene group suggested by
the crystal structure determination. Relativistic pseudopo-
tentials were employed for inner shell electrons of Zr and Cl
as suggested by Hay and Wadt.*® The valence orbitals, and
in the case of Zr also the outermost core orbitals, are treated
as a Gaussian orbital basis set (4s, 4p, 4d, 5s, 5p) for Zr and
(3s, 3p) in the case of Cl. The valence orbitals are contracted
to a double-¢ basis.

A split-valence basis for C(10s, 5p), B(10s, 5p), F(10s, 5p),
0O(10s, 5p), and H(4s) was used, as suggested by Dunning and
Hay.!®* We used the Gaussian 94 program? for our ab initio
and DFT calculations.

Extended Huckel Investigation of Half-Planar
Methane

The C,, structure of half-planar methane can be
related to either a square-planar or a tetrahedral
geometry. Both extremes serve as good starting points
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Figure 1. Walsh diagram for a linear transformation of
CHy, (left) and [CHx(BHs3)2]2~ (right) from a tetrahedral to
a half-planar structure. All the orbitals in this figure are
occupied.

for this analysis. As afirst step, we decided to compare
tetrahedral methane and half-planar CH4. A Walsh
diagram for the transformation of tetrahedral to half-
planar CH4, depicted in the left part of Figure 1,
explains why this deformation is costly in energy.

Shown are the energies of the occupied frontier
orbitals (t; in Ty) as a function of a linear transit of the
angles H—C—H from 109.5 to 180 (o)) and 120° (f),
respectively, as well as a schematic illustration of these
orbitals at the beginning and the end of this transit.
The coordinate system is given in the figure—the y axis
is that of the linear H—C—H grouping at the half-planar
extreme. The z axis is that of the forming “empty
coordination site”. Of the three p orbitals on carbon, py
gains bonding overlap (1b,), whereas p; rapidly rises in
energy (2a;) and becomes directed toward the empty
coordination site. If one were to continue to the square
planar geometry by opening j to 180°, 2a; would become
the pure p; lone pair of square planar CH4. Orbital py
is almost not affected by a small change of the 5 angle
from 109.5 to 120°. Thus it is the p, 2a; orbital which
is mainly responsible for CH,4 not having a half-planar
structure.

The right part of Figure 1 shows the Walsh diagram
for the distortion of the dianionic molecule [CHx(BH3)2]%,
in the region of —11 to —17 eV. All orbitals in this
energy window are occupied. Since there are many
orbitals, the picture is more complex than for CH,. In
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Table 1. Calculated Deformation Energies,
Carbon Net Charges, and Carbon Orbital
Occupations of CH,X; (X = H, CH3, OH, CN, BH3")

X

o gCQ: [3

X

X
H CHs OH CN BH3™

min energy conformer (deg)

« 1095 117 112 114 120

B 1095 105 117 107 102

AErp (€V);2 o = 180°, 306 376 646 270 2.06
=120°

AEsg (€V); a = 150°, 098 115 265 093 054
B ="104°

net charge on C —0.439 —0.386 0.821 —0.005 —0.958
aop® C py 0.901 0.857 0.494 0.802 1.190
aop C p, 1.361 1.397 0.732 1.2297 1.524

a AEnp (eV): deformation energy between the minimum energy
structure and the half planar form.? AEsg (eV):deformation
energy between the minimum energy structure and the geometry
corresponding to 3. ¢ aop: atomic orbital population.

principle, the same carbon orbitals are affected by the
geometrical distortion of CH4 or [CH2(BH3)2]2~, namely
the orbitals 2a; (C p;), 1b2 or 2b, (C py), respectively,
and 1b; (C px). The difference between CH, and the
boron-substituted model is mainly due to the 2a; orbital,
which is destabilized in the course of the transformation
for methane by 2.44 eV and for [CH,(BH3)2]?~ by 1.38
eV. The differential is less for orbitals 1b; or 1b,/2b,,
altogether a stabilization of 0.92 eV for methane com-
pared to 0.76 eV for the boron compound.

Table 1 shows carbon net charges and orbital occupa-
tions as well as EH-computed deformation energies to
the half planar form (o = 180°, = 120°), AEpp, and to
the strongly bent form found in 3 (oo = 150°, § = 104°),
AEsgg, of molecules CH2X; with different substituents
X (H, CH3, OH, CN, BH3™). The deformation energies
are defined as the difference in energy between the
minimum energy conformation and the specified dis-
torted geometry.

We calculate an energy difference of 3.06 eV between
the tetrahedral and half-planar structure for methane.
The atomic orbital occupation of the p, orbital increases
in the course of the transformation by approximately
0.40 electrons (from 0.962 to 1.361). The overlap
population between carbon and the axial hydrogen
atoms, not shown in Table 1, drops (from 0.781 to 0.682),
as does the atomic orbital occupation of the Haxia S and
C py orbitals. We calculate considerable electron trans-
fer from the axial hydrogen atoms to the carbon atom
and a decrease of the C py orbital occupation. Thus,
half-planar methane should be stabilized by substitution
of the axial hydrogen atoms by good o-donor ligands
and/or w-acceptor ligands. This conformation may also
be stabilized by the introduction of an external o
acceptor group, a fifth ligand, which could interact with
the high lying 2a; (p,) orbital.

The energy values given in Table 1 support this
argument. There is a correlation between the computed
carbon net charge (and therefore with the occupation
of mainly C py and C p;) and the deformation energies
for molecules with ¢ donor ligands X. Compounds with
a more negative carbon net charge in general have a
lower deformation energy. The most impressive ex-
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Figure 2. Frontier orbitals of [CH»(BH3),]?".

ample is CH,(OH),, where X is a electronegative group,
leading to a positive charge on the carbon atom and
relatively small atomic orbital occupations of C p, and
C py. The calculated deformation energy, AEwp, is 3.40
eV higher than that of methane. Of the first four entries
in Table 1, only the molecule with the w-acceptor ligand
X = CN reduces AEp relative to methane.

Table 1 also shows the unusual role of BH3;™ as a
substituent. The substitution of the two axial hydrogen
atoms by [BH3]~ groups, excellent o donors and isolobal
to H or CHj3, leads to a decrease of the energy barrier
for the deformation to 2.06 eV.

The atomic orbital occupation of the methylene carbon
orbitals in [CH2(BH3)2]2~ in the half-planar geometry
is generally higher than for methane with this structure,
but most significantly the populations of py (1.190
electrons vs 0.901 electrons in half-planar CH,4) and p,
(1.524 vs 1.361 electrons) are increased.

Half-planar methane is stabilized by the introduction
of o-donating [BH3]~ groups in the axial position. This
does not mean that the free ligand would assume the
half-planar structure. But the substituted compound
has a lower energy barrier for the deformation from
tetrahedral to half-planar structure, a larger negative
net charge at the central carbon atom, and an exposed,
high-lying 2a; orbital, mainly C p, in character. The C
p. atomic orbital is occupied by 1.52 electrons and
therefore available for electrophilic attack.

The Ligand in the Organometallic Complex

What is the nature of the frontier orbitals of the
[CH2(BH3)2]%~ ligand prepared for bonding in 3? We
showed these orbitals in Figure 1; they are shown again,
in greater detail, in Figure 2. To distort the ligand from
the energy minimum structure to a B—C—B angle of
150° and H—C—H angle of 104° costs 0.54 eV. The
levels 2a; and 2b, do not cross during this distortion,
and 2b, remains the HOMO.

Of the six high-lying MOs, three (2b,, b;, and ay) are
not localized much in the region of space likely to
overlap with the [Cp,M]?* fragment—they are to be
identified as B—C or C—H bonding orbitals. The other
orbitals, however do “point” toward the metal. Notice
the C p, character of the partially planar carbon in 1la;
and 2a; and the substantial H(B) 1s contribution
especially in 1b,,
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Figure 3. Orbital interaction diagram forming 4. The Cp’s

of the [Cp,Zr]?* fragment in the MOs of 2a;, 1by, and 1a;
have been omitted for clarity.

The origin of this polarization phenomenon is il-
luminated by a comparison of the isoelectronic molecules
CH4 and [BH4]~. Although CH4 is a poor ligand in
organometallic chemistry,?! [BH,]~ complexes are well-
known.22 Boron is more electropositive than carbon,
and isoelectronic substitution of C by B~ will create
changes in the wavefunction and orbital energies. With
a change in the electronegativity of a substituent, the
Coulomb integral <Wa|H|Wa> = Hg, varies, decreasing
for more electronegative substituents if the geometry
is the same, and the overlap integrals are not affected.
Any orbitals containing atoms of the more electronega-
tive type are consequently lowered.2® The t; orbitals of
tetrahedral CH, are in fact 1.1 eV lower in energy than
those of [BH4]".

A second consequence of such an electronegativity
perturbation is a change in localization of the MOs; the
percentage of the H 1s basis functions in the t; orbitals
of tetrahedral [BH4]™ is higher (65.2%) than in CH4
(52.0%). This leads to a higher net charge on the
hydrogen atoms of [BH4]~. We calculate an average net
charge of —0.243 per hydrogen atom for [BH4]~ and
+0.029 for CH,4. Roughly speaking, the negative charge
in [BH4]~ is not at the central boron but equally
distributed among the hydrogen atoms. Both factors
lead to a B—H?~ unit capable of better donor coordina-
tion through hydrogen to a transition metal fragment.

The Complex

We are ready to construct the bonding in our model
of complex 3 with its unusual 5-fold coordinated carbon
atom. We show in Figure 3 a portion of the interaction
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Engl. 1993, 32, 789. (c) Brookhart, M.; Green, M. L. H.; Wong, L.-L.
Prog. Inorg. Chem. 1988, 36, 1.
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1982, 25, 267. (c) Barron, A. R.; Scott, J. E.; Wilkinson, G.; Montevalli,
M.; Hursthouse, M. B. Polyhedron 1986, 5, 1833. For a recent
theoretical investigation on BH, complexes see: (d) Oishi, Y.; Albright,
T. A,; Fujimoto, H. Polyhedron 1995, 14, 2603.

(23) (a) Heilbronner, E.; Bock, H. Das HMO Modell und seine
Anwendung; VCH: Weinheim, Germany, 1976. (b) Jorgensen, W. L.;
Salem, L. The Organic Chemist’s Book of Orbitals; Academic Press:
New York, 1973.
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diagram computed with the EH method illustrating the
bonding of [CH2(BHs3),]2~ and the bent metallocene unit
[Cp2zr]?T.

The highest occupied MOs of the metallocene moiety
(shown in Figure 3 as a shaded block) are mainly
localized at the ligand and can be described as =7 MOs
of the Cp ring. Crucial for the resulting stabilization
interactions and the bonding in the complex are the
acceptor capabilities of the low-lying unfilled [Cp,Zr]?*™
MOs la;, 1by, and 2a;, which are localized at the metal
center (see left side of Figure 3). These orbitals are
familiar, recurring as the frontier orbitals of Cp,M
fragments,?* and they are drawn out schematically in
7. The la; orbital is directed mainly along the y axis
and can be described as a d,2 orbital, MO 1b; is mainly
of dy, character, and 2a; is a hybridized MO pointing
along the z axis.

x
<5

i

All these orbitals are involved in bonding. The Cp;M
orbitals 2a;, 1b,, and la; interact very efficiently with
the ligand orbitals 1a;, 1b,, and 2a;. Important overlaps
and resulting contributions to the overlap populations
(adding up to 0.736 out of a total inter-fragment overlap
population of 0.995) of these interactions are given as
follows:

la, 1b, 2a, y
7

Cp2M orbital ligand orbital overlap  overlap population
2a; la; 0.349 0.237
1b, 1b, 0.289 0.238
la; 2a; 0.239 0.311

The stabilization that results for these MOs is shown
in Figure 3. Ligand MO 2b, is almost unaffected by
interaction with the MOs of the [Cp,Zr]?* unit going
over into MO 2b, of complex 4. The same goes for the
b1 and a, orbitals. For 4, ligand MO 2b; is involved in
a weak, net repulsive interaction with one low-lying,
filled MO of b, symmetry of the [Cp,Zr]?* unit. For 5
and 6, however, the orbital analogous to 2b, shown in
Figure 3 is the HOMO of the complex. It has very small
contributions of Zr orbitals. The corresponding MO
plots of the four occupied molecular orbitals 2b,, 2a;
1b,, and 1a; of 4, computed at the EH level of theory,
are shown in Figure 4.

It is clear that in this system the ligand is ideally
disposed to bond with the [Cp,Zr]?* orbitals. Alto-
gether we get bonding Zr—H, Zr—B, and Zr—C interac-
tions.

Figure 5 illustrates the Zr—C, Zr—H, and Zr—B
molecular orbital overlap population (MOOP)25 of the
MOs of the composite molecule in the valence region.
What this graph plots is the contribution of the orbitals
at any energy to the total overlap population. Note that
the horizontal scale of the MOOP diagrams is arbi-
trary: the peak heights or integrations of MOOPs for
different bond types are not comparable. All three low-

(24) Lauher, J. W.; Hoffmann, R. 3. Am. Chem. Soc. 1976, 98, 1729.

(25) MOORP is a “solid-state-like” plot of the contribution of indi-
vidual orbitals to the specified overlap population. For the solid-state
analogue see: Hoffmann, R. Solids and Surfaces, A Chemist's View of
Bonding in Extended Structures; VCH: Weinheim, Germany, 1988.
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2b2 23,

1b2 161

Figure 4. Contour plots of 2b,, 2a;, 1b,, and 1a;. The
values of the contour lines are +0.02, 0.04, 0.06, 0.1 for
la; and £0.02, 0.04, 0.08, 0.12, 0.16, 0.20 for the other
orbitals. 1la; has 18.95% Zr s character (out of a total Zr
contribution of 32.03%).

MOOP Zr-C MOOP Zr-B  MOOP Zr-H Levels
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Figure 5. MOOP of Zr—C, Zr—B, and Zr—H in 4.

lying orbitals (1a;, 1b,, 2a;) are weakly Zr—B bonding.
The MO's 1b, and 1a; are Zr—H bonding in character.

What about the special feature of this molecule, the
Zr—C bonding? The Zr—C overlap population results
almost entirely from composite molecule MO 2a;. Thus,
our critical carbon p; orbital is stabilized mainly by one
MO of the zirconocene fragment acting as a o-acceptor.
Most significantly, the atomic orbital occupation of C
p; decreases by 0.23 electrons, whereas the occupations
of s, px, and py remain almost constant (see Table 2). If
we calculate a hypothetical [CH2(BHz3)2]2~ ligand inter-
acting with just a proton (a model for an external Lewis
acid) at the carbon atom, we obtain a decrease in the
population in C p, of 0.35 electrons, to 0.911 electrons.
This type of o-acceptor stabilization is also found in “ate”
complexes with five-coordinate carbon atoms,® where
lithium counterions provide the necessary acceptor
orbitals.

Table 2 shows important calculated values of overlap
populations, atomic orbital occupations, and net charges
calculated for the model complexes Cp,Zr[CH2(BHs)2],
4, and for the full structure of 3. Calculations for the
methyl- and fluoride-substituted complexes 5 and 6 are
in substantive agreement with the full structure. In the
following we will restrict our discussion to the simplest
model, Cp2Zr[CH2(BH3),], 4.

Radius et al.

Table 2. Calculated Values of Important Atomic
Orbital Occupations, Net Charges, and Overlap
Populations of Cp,Zr[CH,(BHz3),], 4, and
Cp2Zr[CH2(BH{CsFs}2)2], 3, from Extended Huckel
Calculations

szZI’[CHz(BHe,)z], 4
complex ligand alone

Cp2Zr[CH2(BH{ CsFs}2)2], 3
complex@

Atomic Orbital Population

Cs 1.286 1.308 1.291
C px 0.964 0.968 0.990
Cpy 1.181 1.213 1.201
Cp: 1.037 1.265 1.038
Net Charge
Zr 0.581 0.528
C —0.467 —0.754 —0.520
B 0.369 0.113 0.578
H(3,4) 0.049 0.036 0.057
Overlap Population
Zr—C 0.289 0.273
Zr—B 0.155 0.145
Zr—H(1,2) 0.280 0.292
Zr—H(@3,4) —0.031 —0.029
C-H3,4) 0.782 0.798 0.780
B-C 0.565 0.636 0.573

a The geometry suggested by the published X-ray structure
determination was used and values averaged where necessary.

As Table 2 indicates, and as we implied above, we
calculate a significant overlap population between Zr
and all other members of the metallaheterocyclic ring,
i.e. for Zr—C, Zr—H(B), and Zr—B as well. The overlap
populations, Zr—H(B) = 0.280, Zr—B = 0.155, and H-B
= 0.548, are comparable to those in a hypothetical Cp,-
ZrH(172-BH,4)%® with a geometry resembling the geometry
of the Zr—H-B moiety of our model. The calculated
values for this model compound are 0.245 for Zr—H (d
= 1.95 A), 0.212 for Zr—B (d = 2.37 A), and 0.592 for
B—H (d=1.15A).

For Zr—C we calculate a reduced overlap population
of 0.289, which is definitely less than what we find for
a model of a full Zr—C single bond, 0.540 in Cp,Zr(CHy3);
(with a hypothetical bond length Zr—C of 2.42 A). But
the overlap population is near the Zr—Cinpsige Overlap
population in d? Cp.Zr(7?-CoHa)(PMe3z)*® or d° [Cp,Zr-
(7?-CaH4)Me] .27 In these complexes we obtain for Zr—
Cinside distances of 2.42 A (and planar ethylene ligands)
overlap population values of 0.315 and 0.276, respec-
tively.

Investigation of the B—C Bond

Our calculations on the extended Huckel level show
for each model an interesting decrease of the B—C
overlap population for the coordinated ligand. In Cp;-
Zr[CH2(BH53),], 4, for example, the B—C overlap popula-
tion is 0.565 compared to 0.636 in the uncoordinated
ligand [CH2(BH3)2]2~. This decrease is analyzed by a
natural bond orbital (NBO) analysis, on a RHF single
point calculation on Cp,Zr[CH2(BHMe,),], 5, and Cp,-
Zr[CH2(BHF,),], 6. The canonical MOs of the RHF
wave function of 5 and 6 have been transformed into a
set of natural bond orbitals (NBOs) according to the

(26) (a) James, B. D.; Nanda, R. K.; Wallbridge, M. G. H. Inorg.
Chem. 1967, 6, 1979. (b) Marks, T. J.; Kennelly, W. J.; Kolb, J. R;;
Shimp, L. A. Inorg. Chem. 1972, 11, 2540. (c) Marks, T. J.; Kolb, J. R.
J. Am. Chem. Soc. 1975, 97, 3387.

(27) (a) Marks, T. J. Acc. Chem. Res. 1992, 25, 57. (b) Jordan, R. F.
Adv. Organomet. Chem. 1991, 32, 325. (c) Wu, Z.; Jordan, R. F. J. Am.
Chem. Soc. 1995, 117, 5867.
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Table 3. Wiberg Bond Indices (wb;) in the NAO
Basis for 6" and Energy Contributions AE;; (kcal/
mol) Coming from Interactions between Donor
Natural Bond Orbitals (NBOs) with the
Occupation Numbers (n;) and Low Occupied
Acceptor Orbitals

1 ¥
H'—B!..
HO\Z/ \CF/H3
- ) AR o, 14
HO™ \[p Bz/,F H
.
Wbi nj AEIJ
o-bond complex ligand complex ligand complex
Zr—C 0.316
Zr—H(1) 0.297
Zr—H(2) 0.297
Zr—B(1) 0.130
Zr—B(2) 0.130
Zr—H(3) 0.013
Zr—H(4) 0.009
B(1)-C 0.741 0.763 1.873 1.980 33.0
B(2)—C 0.741 0.763 1.873 1.980 33.0

H(1)-B() 0597 0879 1755 1993  106.9
H(2)-B(2) 0597 0879 1755 1993  106.9
C—H(@3) 0.856  0.958  1.952  1.982
C—H(4) 0.856 0940  1.952  1.971

Weinhold NBO localization procedure.?® We discuss in
the following model 6'"; the analysis for 5 or 6 is in
substantial agreement with the data shown below.

In Table 3 we have compared the Wiberg bond
indices?® of the natural atomic orbital (NAO) as well as
the occupation numbers (n;) of 6” with those of the
[CH2(BHF,),)?~ ligand. The Wiberg bond indices (Table
3) indicate a significant interaction between Zr and all
other members of the metallaheterocyclic ring. These
values confirm the qualitative conclusions of the EH
calculation.

We searched in our NBO analysis for two-electron
three-center bonds in the metallaheterocyclic ring.
According to our analysis only the Zr, H, and B atoms
are mutually engaged in two-electron three-center
bonds. The data of Table 3 reveal that both H—B o
bonds (nj = 1.755) of 6" are strongly delocalized, and
the two B—C o bonds (n; = 1.873) are delocalized to a
smaller extent, compared to the free ligand (Table 3).
According to second-order perturbation theory, a stabi-
lization energy AE;; %0 associated with high (donor)
NBO and low (acceptor) NBOy; is expressed as

AE = ny(F’le; — €) 1)

where n; is the donor orbital occupancy, ¢ and ¢ are
diagonal elements, and Fj; is the off-diagonal element
of the NBO Fock matrix. The substantial AE;; value of
106.9 kcal/mol can be assigned to the donor—acceptor
interaction between each H—B ¢ bond with a relatively
pure d-orbital acceptor NBO, similar to the 2a; metal
orbital shown in the left part in Figure 3 (see Table 3).
Another smaller donor—acceptor interaction (AE;; =
33.0) is between each B—C o-bond and a d orbital
comparable with the 1b, level in Figure 3.

(28) (a) Foster, J. P.; Weinhold, F. 3. Am. Chem. Soc. 1980, 102,
7211. (b) Reed, A. E.; Weinstock, R. B.; Weinhold, F. J. Chem Phys.
1985, 83, 735.

(29) Wiberg, K. Tetrahedron 1968, 24, 1083.

(30) Reed, A. E.; Curtis, L. A.; Weinhold, F. Chem. Rev. 1988, 88,
899.
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Table 4. Comparison between Experimental
(3) and Calculated Bond Lengths and Bond

Angles for 6"
1 1,F
H'—Bl..
HO\Z / \g/ e
R . rd
HO \Hz /»F H
F
6"
MP2 DFT 3 exptl
Distances (A)
Zr—C 2.457 2.448 2.419
Zr—B(1) 2.623 2.615 2.614
Zr—B(2) 2.623 2.615 2.650
Zr—H(1) 1.940 1.912 1.978
Zr—H(2) 1.940 1.912 1.941
C—-B(2) 1.703 1.673 1.697
C-B(2) 1.703 1.673 1.693
C—H(@3) 1.105 1.099 0.934
C—H(4) 1.105 1.099 0.925
Angles (deg)
B(1)-C—B(2) 151.5 152.4 149.3
B(1)-C—-Zr 75.8 76.2 76.6
H(1)-Zr-H(2) 138.2 137.2 126.0
Zr—H(1)-B(1) 104.0 104.8 112.0
Zr—C—H(3) 124.3 125.0 107.0
Zr—C—H(4) 124.3 125.0 149.0

Looking for a Potential Agostic Interaction

In their original paper, Piers et al.12 attributed the
skewing they found for the methylene unit of 3 to a
potential agostic interaction between methylene hydro-
gen atoms and the metal center. Neither for 3 nor for
our model 4 did we calculate a bonding overlap popula-
tion for Zr—H(3) on the extended Huckel level. In both
cases we got a slightly negative overlap population of
—0.031 and —0.040, respectively (see Table 2).

In order to investigate the possible existence of an
agostic Zr—H interaction at a higher level of calculation,
we predisposed 5 and 6 for such an interaction by taking
the values for the Zr—C—H(3) = 107.0° and Zr—C—H(4)
= 149.3° angles from the X-ray data of 3. In neither
case we could find a donor—acceptor interaction for the
C—H(3) o bond. We think there is no reason to assign
an agostic interaction to this bond. One further attempt
to find such an interaction, described in the next section,
also failed.

Geometry Optimizations of 5', 6', and 6"

We have optimized the geometry of compounds 5', €',
and 6" by applying the RHF, RMP2, and DFT methods.
The values obtained for (HO),Zr[CH2(BHFy);], 6", are
shown in Table 4.

The calculated geometrical parameters of 6" (L = OH)
are in good agreement with the X-ray data obtained
from 3. Those of 6' (not shown in Table 4) are not that
different. The values for the 5’ model, not reported here,
differ, in part significantly. Especially the calculated
value for the B—C distance was too long. Thus the
fluoride ligand seems to be a better substituent model
than the methyl group for the CgFs unit, since the
og-acceptor and sz-donor interactions of the F ligand
appear to be comparable with those of the CgFs ligand.

The positions obtained for the hydrogen atoms in the
metallaheterocycle are different from those of the crystal
structure. We have also performed RMP2 geometry
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optimization without symmetry constraints for model
6' and 6". However, we obtained nearly the same
geometrical parameters (within 0.01 A for all distances,
within 0.3° for all angles). A skewing of the methylene
group, in the sense encountered by the crystal structure
determination, was not found. We think therefore that
this skewing, if real, should be attributed to steric or
packing effects. Further evidence for the hydrogen
positions could be obtained by neutron diffraction.

Implications for the Catalytic Activity of 3

Piers et al. suggested in their paper'? a possible
equilibrium between complex 3 and its ionic fragmenta-
tion products, as indicated in 8 — 9. Studies of similar
complexes by Marks et al.3! point to such species as
catalysts for ethylene polymerization.

Cst
— B
CeFs
Cp > / \C < H
H
o \ . BZCst

CeFs

8
CeFs —
c + B
P\Zr | / iCCSF;H
H
cp” \ \pACEH

H |
CeFs

9

As a consequence of such an equilibrium, a reduction
in the activity of the catalyst might be expected. We
have estimated the difference in energy between 6" and
the appropriate ionic fragments 9", [(HO)2ZrH]"[CH.-
(BF2)2(u-H)]~, at the RMP2 level. According to our
calculations the fragments 9" are approximately 143
kcal/mol less stable than 6”. In a similar calculation,
we obtain for 6' and 9', [Cl,ZrH]T[CH2(BF2)2(u-H)]~, an
energy difference of 164 kcal/mol. We considered nei-
ther solvation effects of the ions 9" in our computations
nor attractive electrostatic interactions between them.
Thus the value 143 kcal/mol is an upper limit. Fur-
thermore we have computed the difference in energy
between 6" and the appropriate neutral molecules 10",
[(HO),ZrHy], and 11', [CH2(BF>).], at the RMP2 level.
The optimized structures of the ionic fragments and
neutral molecules are shown in Figure 6.

The calculated bonding parameters of the anion-part
9" are in good agreement with the X-ray structure of
['BUCH,CH(B{C¢Fs}2).H] determined by Marks et al.
31 The carbon atom is tetrahedrally coordinated in the
neutral fragment 11', whereas the carbon atom in
complex 3 is half-planar. Our computations predict that
6" is only 14 kcal/mol more stable than the neutral
molecules 10" and 11’ (for 6’ and 10" and 11' we obtain
5 kcal/mol). As a consequence of our computations we
suggest rather a possible equilibrium between complex
3 and its neutral fragmentation products, indicated as
follows:

(31) Jia, L.; Yang, X.; Stern, C.; Marks, T. J. Organometallics 1994,
13, 3755.
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Figure 6. Optimized structure of the ionic fragments 9"
and the neutral molecules 10" and 11'.
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Conclusions

The methylene carbon atom of 3 with its exceptional
distorted “trigonal-bipyramidal” or “part-planar” geom-
etry is stabilized by (i) two good o-donor groups in axial
positions and (ii) a bond to an external o-acceptor orbital
of the metallocene unit. We certainly find for this
methylene carbon atom bonding overlap populations to
five atoms in its coordination sphere; in the “equatorial”
plane of the five-coordinate carbon two bonds to hydro-
gen atoms and a Zr—C bond are formed. The bond
strength of the latter is comparable to the Zr—Cinsige
bond in Cp.Zr(57?-CoHa)(PMes) and [Cp.Zr(5?-CoHa)Me] .
In the axial plane the carbon binds to two boron atoms,
with a bond weaker than that in an analogous tetra-
hedral geometry. The known complexes containing
trigonal-bipyramidal pentacoordinated carbon atoms
stabilize this geometry in similar ways, i.e. by o-donor
and/or m-acceptor ligands in the axial plane and by
coordination to an external g-acceptor in the equatorial
plane.

From another viewpoint, the essential feature of the
binding of [Cp,Zr]?* to the [CH2(HBR2),]?~ unit is that
all five chelating atoms, H(B), B, C, B, and H(B), get
involved in bonding, optimally utilizing the bonding
capabilities of the two a; and the b, orbitals of the Cp,M
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Table 5. EH Parameters Used in the Calculation

Hii ¢l cl ;2 c2
Zr 5s —9.87 1.817
Zr 5p —6.76 1.776
Zr 4d —11.18 3.835 0.621 1.505 0.5769
C2s —21.40 1.625
C2p —11.40 1.625
F2s —40.00 2.425
F2p —18.10 2.425
B 2s —15.20 1.300
B 2p —8.50 1.300
H1s —13.60 1.300

Table 6. Important Bond Distances and Bond
Angles of Our Model

distances (A) angles (deg)

Zr—C 2.42 H—Zr—H 128.6
Zr-B 2.57 Zr-H-B 111.2
Zr—H(1,2) 1.92 H-B—C(Hy 109.5
B—C(Hy) 1.70 B—-C-B 150.0
B—CHg 1.65 H-C—H 104.0
C—H 1.10

C-F 1.40

fragment. The resulting six-membered ring, stabilized
by the interaction of Zr to all other members of that
metallaheterocycle, enables the methylene carbon atom
to enlarge its B—C—B angle.
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Appendix: Details of the EH Calculations

The extended Huckel calculations®? were done using
Greg Landrum’s YAeHMOP program.3® The param-
eters used were taken from previous work322:34 and are
listed in Table 5. Table 6 shows some important
distances and angles used in our model.

OM960099B

(32) (a) Hoffmann, R. J. Chem. Phys. 1963, 39, 1397. (b) Hoffmann,
R.; Lipscomb, W. N. J. Chem. Phys. 1962, 36, 2179. (c) 1962, 36, 3489.
(d) 1962, 37, 2872.

(33) Landrum, G. YAeHMOP—Yet Another extended Huckel Mo-
lecular Orbital Package, version 1.1, Ithaca, NY, 1995. This package
is available on the WWW at the following address: http://over-
lap.chem.cornell.edu:8080/yaehmop.html.

(34) (a) Tatsumi, K.; Nakamura, A.; Hofmann, P.; Stauffert, P;
Hoffmann, R. 3. Am. Chem. Soc. 1985, 107, 4440. (b) Anderson, A. B.;
Hoffmann, R. J. Chem. Phys. 1974, 60, 4271.



