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On the Relation between ® Bonding, Electronegativity, and Bond Angles
in High-Valent Transition Metal Complexes

Martin Kaupp*!?!

Abstract: Ligand-to-metal m bonding is
important for the understanding of bond
angles in d° transition metal complexes.
This is demonstrated by density func-
tional calculations on a number of
model complexes, combined with natu-
ral bond orbital and natural localized
molecular orbital analyses. Analyses of
the simple model systems ScF,™ and
ZrO, indicate a complicated depend-
ence of m bonding on bond angle. In
particular, in-plane & bonding exhibits a
nonuniform dependence, whereas out-
of-plane & bonding shows a more regu-
lar behavior. This may be understood
from the nodal properties of the relevant
metal d orbitals. The net m bonding
behavior then depends sensitively on the
donor properties of the ligands. While &t
bonding appears to favor the bent equi-

at a linear structure for the “weak -
donor case” ScF,". Similar considera-
tions come into play for more compli-
cated species, exemplified by MX,Y,
model complexes. Thus, the “inverse
Bent’s rule structures” of TiCl,(CHj;),
and TiCL,H, are related to the improved
in-plane 5t(Ti-Cl) bonding at larger Cl-
Ti-Cl angles. In contrast, for CrO,F, or
MoO,F,, the angular dependences of
the strong in-plane and out-of-plane
components of 7(M-0O) bonding com-
pensate each other partially, and the
O-M-O angles appear to be dominated
by the o-bonding framework. When
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introducing a strong o-bonding ancillary
ligand, as in CrO,H,, the net m bonding
does again seem to favor larger angles.
Electronegativity effects on bond angles
have been probed by studying hetero-
leptic complexes without significant
bonding. “Inverse structures” are found
for complexes like TiH,(CF;), or Ti-
(SiH;),(CHj;),, that is the smaller angles
are those between the less electroneg-
ative ligands. Hybridization analyses
indicate /ess d character for these bonds.
The interpretation is complicated by the
fact that even the structure for the
silicon analogon of the latter complex
violates Bent’s rule. In general, Bent’s
rule appears to be less useful for d°
transition metal complexes than for
main group compounds, in part due to
the much larger importance of t bond-

librium structure for the “strong m-
donor case” ZrQ,, it is more efficient

sition metals

I. Introduction

During the past decade an increasing number of early
transition metal complexes in high oxidation states (mainly
with d° configurations, but also partly d' and d? systems) have
been found to prefer structures that defy the valence shell
electron pair repulsion (VSEPR) model or other simple
structural rules derived for main group chemistry. Examples
range from the famous bent dihalides of some heavy alkaline
earth metals!l to nonoctahedral structures of six-coordinate
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ing for the former.

organometallic complexes® >4 like [W(CH,)q], [Re(CH;)4],
or [Zr(CH;)s]*~ (a more general overview on “non-VSEPR
structures” for d° complexes will be given elsewherel). It has
been demonstrated that the d-orbital participation in covalent
o-bonding contributions (enhanced by core polarization, at
least for the earlier metalsl) favors such distorted “non-
VSEPR structures”. In addition to ligand repulsion, =
bonding is usually considered to oppose the distortions, as it
increases the gap between occupied and unoccupied MOs at
the high-symmetry structures and thereby disfavors second-
order orbital mixing upon symmetry lowering.> 7 Thus, for
example, the Group 6 hexahalides are all octahedral, in
contrast to their hexamethyl or hexahydride analogues. This is
attributed largely to a better stabilization of the octahedron
relative to the trigonal prism by m bonding.* 7

However, for some other systems, m bonding has been
considered to favor small angles between multiply bonded
ligands and thus strong deviations from the expectations of
the VSEPR model. The most famous example is the cis
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“molybdenyl fragment”, MoO,**, which is present in many
Mo"! dioxo complexes!®® %1 but has also recently been
considered computationally as an isolated species.''] Here m
bonding is thought to contribute to the small O-Mo-O bond
angles (around 101-105°).5 "l Small O-M-O angles are also
found for chromyl complexes, CrO,X,, and for a considerable
number of related compounds. We will show here, by
analyzing the results of density functional calculations, how
these apparently contradictive views on the relation between
7t bonding and bond angles may be reconciled.

Another controversy has arisen over whether and how it is
possible to extend Bent’s rule to transition metal chemistry.
An instructive example to start with is the distorted tetrahe-
dral structure of TiCl,(CHj),. Gas-phase electron diffrac-
tion'?l and computation'> 4 both indicate the C-Ti-C and Cl-
Ti-C angles to be lower than the ideal tetrahedral value,

Abstract in German: 7-Bindungsbeitrige zwischen Metall und
Liganden spielen eine wichtige Rolle fiir das Verstindnis von
Bindungswinkeln in d’-Ubergangsmetallkomplexen. Dies zei-
gen Dichtefunktionalrechnungen an einer Reihe von Modell-
komplexen, in Kombination mit natural bond orbital und
natural localized molecular orbital Analysen. Die Untersu-
chung der einfachen Modellsysteme ScF,"™ und ZrO, ergab
einen komplizierten Zusammenhang zwischen m-Bindung und
Bindungswinkel. Insbesondere weisen die in-plane m-Anteile
eine nichtmonotone Abhdngigkeit vom Winkel auf, wihrend
die out-of-plane m-Anteile sich regulir verhalten. Dies kann
anhand des Knotenverhaltens der d-Orbitale am Metall
verstanden werden. Der Winkelverlauf der Summe der m-
Bindungsanteile hingt empfindlich von den o- und m-Donor-
eigenschaften der Liganden ab. Wiihrend die n-Bindungen die
gewinkelte Struktur des ZrO, klar begiinstigen, scheinen sie im
ScF,* bei einer linearen Anordnung effizienter zu sein.
Ahnliche Gesichtspunkte sind fiir kompliziertere MX,Y,-
Systeme von Bedeutung. Tatsichlich scheint die , Inverse-
Bent’sche-Regel-Struktur“ von TiClL,(CH;), und TiCl,H, mit
verbesserter 7(Ti-Cl)-Bindung bei grofieren CI-Ti-Cl Winkeln
zusammenzuhdngen. Im Gegensatz dazu kompensieren sich
die starken in-plane und out-of-plane m-Anteile fiir CrO,F, und
MoO,F, teilweise, so daf3 anscheinend die o-Bindungsanteile
die O-M-O Winkel dominieren. Bei FEinfiihrung starker o-
Donoren als Nachbarliganden, wie im CrO,H,, scheinen die -
Anteile insgesamt wieder grofiere O-M-O Winkel zu begiin-
stigen. Der Einflufs von Elektronegativititseffekten wurde an
heteroleptischen Komplexen ohne signifikante m-Bindung
untersucht. , Inverse” Strukturen wurden fiir Komplexe wie
TiH,(CF;), oder Ti(SiH;),(CH;), gefunden, d. h. kleinere
Winkel treten zwischen den weniger elektronegativen Liganden
auf, wobei Hybridisierungsanalysen fiir diese Bindungen den
geringeren d-Charakter am Metall ergeben. Die Interpretation
wird dadurch kompliziert, daf} selbst das Silizium-Analogon
des letzten Komplexes die Bent’sche Regel verletzt. Allgemein
scheint die Bent’sche Regel fiir d’-Ubergangsmetallkomplexe
weniger niitzlich zu sein als fiir Verbindungen der Haupt-
gruppenelemente, teilweise aufgrund der viel grofieren Bedeu-
tung der m-Bindungsbeitrige.
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whereas the CI-Ti-Cl angle is larger (Figure la). This is just
opposite to what one normally observes in main group
compounds, for example for the analogous SiCl,(CH;),
compound (Figure 1b™1). Here the angle between the less
electronegative alkyl ligands is larger than tetrahedral,
whereas the CI-Si-Cl angle is smaller.

a)
117.39 (118.2%9
2.196 A (2.209 A)
2058 A
(2.047 4)
b)

114.20 (115.19

Figure 1. Main structural parameters for MCl,(CHj;), complexes obtained
from gas-phase electron diffraction, and from DFT calculations at the level
used throughout this work (italic numbers in parentheses). a) M=Ti
(experimental data from ref. [12]). b) M =Si (experimental data from ref.

(sD.

The main group structures in such cases are frequently
explained by Bent’s rule,l'! which states that the bonds to the
more electronegative substituents utilize more central-atom
p-orbital character and thus make smaller angles, whereas the
bonds to the less electronegative substituents obtain more s
character and thus prefer larger angles (the valence p orbitals
of main group atoms are higher in energy and have a larger
radial extent than the valence s orbitals!'”!). Jonas et al.
argued,™ on the basis of natural bond orbital (NBO)
hybridization analyses for TiCl,(CHj;), and related complexes,
that Bent’s rule has to be rephrased to be applicable to
transition metal species. As the (n — I)d orbitals are lower in
energy and have a smaller radial extent than the ns orbitals,
the bonds to the less electronegative ligands tend to acquire
more d character and thus make smaller angles, whereas the
bonds to the more electronegative ligands have larger s
character and thus make larger angles. This has been criticized
by McGrady et al.l'l and by Landis et al.l'¥! In particular,
Landis et al. argue that simple valence-bond hybrid-orbital
strength functions calculated for the appropriate sd* hybrids
prefer larger bond angles with increasing x, that is with
increasing d character. Thus, the less electronegative ligands
should make the larger angles, just as predicted by Bent’s rule.
Landis et al. suggested that the “inverted” structures of
TiCl,(CH;), and of related compounds may be explained
instead within a valence-bond picture by invoking ionic
resonance structures (this would imply lower d character in
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the Ti—C compared to the Ti—Cl bonds).['8l We will show here
that m bonding may be at least as important as electro-
negativity differences in controlling the bond angles in these
and other systems, and that Bent’s rule thus has only very
limited applicability for most early transition metal com-
plexes. Landis also pointed out!"! that the o(Ti—Cl) NBOs
computed for TiCl,(CHj;), indicate significant bond bending
(i.e. the charge centroid of the NBO deviates from the straight
line between the atoms), and we will address this point in our
discussion.

II. Computational methods

All calculations for the present paper have been carried out at
the gradient-corrected density functional theory level, using
the BP86 functional,”” with the Gaussian94 program.?!
Quasirelativistic small-core effective-core potentials (ECPs)
and (8s7p6d)/[6s5p3d] valence basis sets were used for the
transition metals,?? together with ECPsi?l and (4sd4pld)/
[2s2p1d] valence basis setsl'® 2324 for the p-block main group
atoms. Hydrogen basis sets were of the size (4s)/[2s],*]
augmented by one p-function (o =1.0) for hydrogen atoms
directly bonded to the metal. To get information on energies
and bonding as a function of bond angles, the angles in
question have been varied stepwise, and all other degrees of
freedom have been reoptimized at each angle value.

Natural population analyses (NPA), natural bond orbital
(NBO), and natural localized molecular orbital (NLMO)
analyses®»?7] have been carried out with the built-in NBO
subroutines of the Gaussian94 program.?!l Desired Lewis
structures based on a representation of the one-particle
density matrix in the basis of strictly localized NBOs have
been selected by the SCHOOSE keyword of the NBO code if
necessary. The composition and hybridization of natural
atomic orbital (NAO) contributions to the NLMOs derived
from this NBO Lewis structure have been used as the main
quantities in the present analyses. We consider the composi-
tion and hybridization analysis of the NLMOs to be more
appropriate here than either the analysis of the strictly
localized NBOs used by Jonas etal.,' or the Mulliken
analysis of Boys localized orbitals used by McGrady et al.['?!
(or much earlier in a related context by Kutzelniggl!”). While
the former method is not recommended due to the large part
of the one-particle density matrix that has to be typically
assigned to “antibonding” or “Rydberg-type” NBOs for
transition metal complexes, the latter scheme suffers from
the large basis-set dependency and from other known
artefacts of the Mulliken population analysis. We found triply
bonded | X=M=X| Lewis structures to be most appropriate
for ScF," and ZrO, (see Section III), and for the MX,
fragments of the dichalcogenido complexes (see Section
IV.B). For the MCLY, (M=Si, Ti; Y=H, CH;) complexes
(see Section IV.A), NBO Lewis structures with only single
bonds were better behaved (they accounted for a larger
fraction of the electronic charge density), and the metal
contributions to the corresponding st-type chlorine lone-pair
NLMOs were analyzed. Singly bonded Lewis structures were

Chem. Eur. J. 1999, 5, No. 12

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999

of course used for exclusively o-bonded systems (Section
IvV.C).

NBO deletion analyses®®™?”] have been based on singly
bonded NBO Lewis structures. Those off-diagonal NBO
Fock-matrix elements were deleted which couple the mt-type
lone-pair NBOs on the ligand atom in question (Cl for
MCLY, complexes) to “antibonding” and “Rydberg-type”
NBOs. We considered contributions from individual matrix
elements on the order of maximally about 40-60 kJ mol~! to
the second-order perturbation theoretical analysis of the
NBO Fock-matrix to indicate a good NBO Lewis structure.
No deletion analyses were carried out for cases where
significantly larger interactions were found. The energy of
the truncated NBO Fock-matrix was computed by performing
one extra SCF iteration, to obtain the “energy for an NBO
Lewis structure” (Ep.)-P»?1 As no analytical energy
gradients are available for this non-self-consistent energy,
the corresponding structure optimizations have been carried
out numerically. We note in passing that the Kohn-Sham
wavefunctions used here refer to a hypothetical noninteract-
ing reference system. However, it has been shown that they
form a well-suited starting point for the analysis of the
electronic structure of the real system as well.[?®!

III. The triatomic case: & bonding in ScF,"
versus ZrQO,

The simplest case that may be considered is that of a triatomic
d® MX, system. It appears reasonable to assume, based on
many calculations for such early transition metal compounds,
that the metal d orbitals dominate the bonding, with the
s-orbital contributions being somewhat less important, and
the p-orbital contributions being small (see, e.g., refs. [2a,18],
but also ref. [29]). Those metal d orbitals that may form o
bonds with the appropriate ligand orbital combinations are
indicated in Figure 2a for the linear and in Figure 2b for the
bent structure (the symmetry labels and coordinate axes
generally refer to C,, symmetry). The unsymmetrical combi-
nation of the ligand o-type orbitals (b, symmetry) finds an

" oalBeEo

a,

a,

by

Figure 2. Metal d orbitals available as o-bonding acceptors for a) linear,
and b) bent MX, complexes. See also ref. [30].
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appropriate d orbital (d,) only at a bent structure (it may only
interact with a metal p, orbital at the linear structure). This is
generally accepted to be a major driving force for the bending
of such d° M X, systems.[": 7 3] The simultaneous loss of overlap
of the symmetrical combination with the d,. . (a;) orbital is
considered to be of lesser importance.

Those metal d orbitals available to accept charge density
from ligand n-type lone pairs are shown in Figure 3. For the
linear structure (Figure 3a), the four possible linear combi-
nations of ligand mt-type lone pairs find only two d orbitals to
interact with (d,, and d,—in C,, symmetry these orbitals
belong to a, and b,, respectively). The three metal d orbitals
that may in principle contribute to m bonding at the bent
structure (Figure 3b) are d,, (a,), d,, (b,), and d,: (a; symmetry,
metal s and d._,» AO contributions may be mixed in). The
former two orbitals may be considered to be out-of-plane &
bonding (,,), whereas the latter may be termed in-plane &

bonding ().

© L]
T:up s 3y

a)

b)

[ L)
T:np s bl

& £l
M s @y

Figure 3. Metal d orbitals available as m-bonding acceptors for a) linear,
and b) bent MX, complexes. See also refs. [8b,11].

This is not new. These orbitals and their influence on
bonding have been discussed by various workers.® 'l How-
ever, let us consider in somewhat more detail which changes
in T bonding may be expected to happen upon bending such
an MX, molecule. Starting from the linear structure (bending
angle a =180°), we first loose any in-plane it bonding from the
d,, (b,) orbital, as the overlap with the ligand orbitals
decreases rapidly (at the same time this d,, orbital starts to
be involved more efficiently in ¢ bonding, cf. Figure 1b). Loss
of m,, overlap by the d,, (a,) orbital is expected to be much less
pronounced. As we lower the angle further, the d,, (b,) orbital
becomes slowly m,, bonding, and then the a, orbital (com-
posed of d., d._2, and s character) becomes more suddenly
m;, bonding. To a first approximation, we expect thus only
moderate, uniform changes in m,, bonding with decreasing
angle, as the slow loss of overlap with the d,, (a,) orbital
should be roughly compensated by better overlap with the d,,

3634 —
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(b,) orbital. On the other hand, we expect a notable loss of m;,
bonding upon bending at larger angles, before the d,. (a;)
orbital may start to contribute at smaller angles, and m;,
bonding starts to increase again.

These simple considerations suggest that the overall m
bonding will not be a uniform function of bond angle (in
particular due to the behavior of m, bonding). Owing to
competition between m;, and o bonding, we may expect that
the change of @ bonding with bond angle will also depend on
the relative o- and m-donor abilities of the ligands. Let us
compare the ScF,* ion as an example with weak m-donor
ligands and the gas-phase molecule ZrO, as an example with
strong m-donor ligands. Both systems have previously been
studied computationallyB" 32 (ZrO, also experimentally3'*])
and were found to be significantly bent. Table 1 summarizes

Table 1. DFT-optimized structures for ScF," and ZrO,.

¥ (X-M-X)[] dM-X) [A] AE [kJmol~']t!
ScF,* 1122 1.772 64.5

(180! 1.808
710, 106.1 1.796 246.0

(180! 1.876

[a] Linearization energy. [b] Optimization restricted to linear structure.

our DFT-optimized structural data, together with the bond
lengths at enforced linear strucures, and with the linearization
energies. Our results agree well with previous ab initio
studies.*: 32 The somewhat more covalent ZrO, compound
has a smaller angle, a considerably larger linearization energy,
and it shows a more pronounced bond contraction upon
bending (0.080 A vs. 0.036 A) than the more ionic ScF,* ion
(we have chosen ZrO, rather than the 3d-analogue TiO,, to
ensure an overall similar bond polarity in both complexes®!).
Figure 4 illustrates the much steeper bending potential of the
zirconium compound.

275
250
225 "~

] 7rO
2004 \. 2
175 \
150

1254 \
100 +
ScF » hd
754 . cz_ \
50 e .\ -

254 R N " 2
o4 ey e .‘____..--"

-25

E,, (kJ mol™)

T T T T T T T T T T T 1
190 180 170 160 150 140 130 120 110 100 90 80 70
X-M-X angle (degs)

Figure 4. Comparison of calculated bending potential curves for ScF,* and
Zr0,.

The origin of the differences between the two systems may
be traced in different ways, for example based on canonical
(delocalized) or on localized orbitals. Throughout this work
we will emphasize a localized orbital viewpoint. As may be
seen from Figures 1 and 2, at a bent structure in-plane mt and ¢
bonding is not well defined from a symmetry point of view (in
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contrast, m,, bonding may be identified clearly). At the
canonical MO level it is particularly difficult to separate m;,
and o bonding contributions, as these tend to employ the same
MOs (of b, and a; symmetries), to an extent that changes
dramatically with the bond angle. This orbital mixing is most
pronounced for the more covalent ZrO, and complicates the
analysis. Some of the differences between ScF,™ and ZrO, are
nevertheless apparent already at the canonical MO level (see
Figures S1 and S2 in Supporting Information for the MO
energies as a function of bond angle) and deserve mention. At
the equilibrium structure, the symmetrical m;, bonding a; MO
is relatively high in energy (above both o bonding MOs) and
has little metal character for ScF,". In contrast, for ZrO, the
same MO is the lowest of the overall five MOs depicted in
Figures 2b and 3b and has considerable metal character.
Significant m,, bonding from both the a, and b; MOs
(Figure 3b) is apparent for both systems, but again more
pronouncedly so for ZrO,.

Mixing between o and m;, bonding is also present in a
localized MO picture and manifests itself in a deviation of the
charge centroids of the localized o bonding MOs from the
internuclear axis (we will discuss the NLMOs but find similar
effects also with other localization schemes), as well as a
concomitant rotation of the m;, bonding LMOs within the
MX, plane. For the two MX, complexes, this “bond bending”
is most pronounced at angles between 150° and 170° and
below 90°, where the ligand hybrids deviate from the bond
axis by 30-45° (the metal hybrids generally deviate less from
the internuclear axis, typically only by a few degrees). It is thus
clear that a designation as 0 and m;, bonding localized orbitals
is not very well defined at these angles. Near the equilibrium
bond angles this bond bending is less pronounced (generally
below 20°), and no such complications arise at 180°. There-
fore, an analysis in terms of NLMO compositions appears to
provide us with a somewhat more transparent interpretation
than the canonical MOs, in spite of this inherent ’bond
bending’. We note that the o/m;, mixing is much more
pronounced for the d° complexes than for comparable main
group species and appears to be a characteristic feature of the
involvement of metal d orbitals. At small bond angles, the m;,
bonding ligand hybrids are rotated towards the second ligand,
whereas at large angles they are rotated away. Closer
inspection of the NLMOs indicates that this is related to
improved involvement of the metal d,; AO in the symmetrical
in-plane ©-MO (a;, cf. Figure 2b) at smaller angles but
improved involvement of the metal d._» AO at large angles.
The o bonding NBOs and NLMOs deviate from the bond axis
just in the opposite direction than the m;, bonding NLMOs
(most likely due to competition for the d, and d._,» AOs).

We will analyze in the following the relative metal
contributions (in %) to the natural localized MOs (NLMOs),
corresponding to o, i;,, and ., bonding between M and X, as
a function of bond angle. These values are a useful measure of
the covalency of o, m;,, and m,, bonding, and we may associate
with them also, to a first approximation, the relative strengths
of these covalent interactions (keeping in mind the inherent
limitations in the definition of the ¢ and m;, components).
Results for ScF," and ZrO, are given in Figures 5 and 6,
respectively.
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metal character of NLMO (in %)

T T T T T T T T T
180 170 160 150 140 130 120 110 100 90

F-Sc-F angle (degs)

Figure 5. Dependence of the metal character (in%) of the bonding
NLMOs in ScF," on X-M-X angle (starting from a |X=M=X| Lewis
structure).
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Figure 6. Dependence of the metal character (in%) of the bonding
NLMOs in ZrO, on X-M-X angle.

Before discussing the angular dependence of the NLMO
composition, we note that the more covalent character of the
bonding in ZrO, compared to ScF," is shown nicely by the
larger metal character of both o- and m-type NLMOs
(consequently, the overall changes of these values as a
function of bond angle are also larger). However, the o
covalency is significantly larger than either m, or m,,
covalency for ScF,", except for the largest angles. In contrast,
for ZrO, the o covalency becomes comparable to the m;,
covalency only around the equilibrium bond angles, and
covalency is larger at all angles. This is consistent with our
designation of ScF," as a complex with weak st-donor ligands,
and of ZrO, as a complex with strong st bonding. The m;, curve
remains generally below the m,, curve in both complexes,
except of course at 180°, where the two curves meet. This
confirms that in-plane 7 bonding is generally weaker than out-
of-plane 7t bonding for bent MX, d° systems, consistent with
the rotational barriers and conformational preferences com-
puted previously for complexes like Ba(NH,),.’* As expect-
ed, o bonding does in both cases become dramatically more
covalent as the angle decreases. The uniform increase in o
covalency continues down to about 90°.

Let us now turn to the angular dependence of it bonding. In
agreement with our above considerations, an essentially
uniform increase of m,, covalency from a=180° down to
a=90° is apparent. This increase is much more pronounced
for ZrO, (from 18.3 % to 22.0 % relative metal character) than
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for ScF," (from 7.5 % to 8.3 % ). The behavior of m;, covalency
is quite different and also appears to follow the above
discussion: A decrease upon bending is found at large angles,
before the curve rises again at lower angles. In both systems,
the minimum of the m;, curve is found near 150° angles. The
minimum value is about 6.0 % for ScF,* and about 13.5% for
Zr0O,. This is about 1.5 % and about 4.8 %, respectively, below
the corresponding value at a=180°. At the corresponding
equilibrium bond angles, the metal contribution to the m;,
NLMO is in both cases still about 1% below the value at o =
180°.

However, let us consider the overall t bonding, that is the
average (i,,) of both m;, and m,, covalency: For ScF,", the m,,
curve does have a notable minimum around o = 150°, and the
value at the equilibrium bond angle (7.25% at 112.2°) is
slightly lower than at 180°. In contrast, due to the notable
increase in 7, covalency with decreasing angle, the m,, curve
for ZrO, has only a very slight dip around 150°, and the m,,
value at the equilibrium bond angle (ca. 19.25% at 106.1°) is
larger than at 180°. We expect therefore that m bonding
increases the energy difference between bent equilibrium
structure and linear arrangement for ZrO,, whereas it should
decrease the energy gain upon bending for ScF,". However, in
both systems, the m,, curve has a positive slope around the
equilibrium bond angle (this is much more pronounced for
Z10,). Thus, the actual bond angle should be reduced by
bonding. Attempts to confirm this conclusion by NBO
deletion analyses have failed, as singly bonded NBO Lewis
structures did not describe the one-particle density matrix
well for these systems. Thus, in contrast to the more favorable
situation for the MCL,Y, systems discussed in the following
section, we cannot provide additional support for the NLMO
results by a complete NBO deletion analysis (but the deletion
energies obtained do at least seem to suggest that st bonding
favors indeed the linear structure).

In a recent DFT study of the metallocenes [M(7°-CsHs),]
(M =Ca, Sr),*! the symmetrical 7t;, bonding combination (a,
in Figure 2b) has been held responsible as the main origin of
bent structures. Unfortunately, the significantly bent metal-
locene structures in that work appear to be artefacts of the
unbalanced basis sets used®! and contrast with earlier MP2
results®’l which give quasilinear structures (i.e. very shallow
bending potentials). However, one may indeed speculate about
the interesting question of significant s;,-bonding contribu-
tions in more strongly bent metallocene structures, such as
those found computationally for the [M(7°-CsHs),]* (M =Sc,
La) ions,! or experimentally in bent metallocene complexes
with additional ligands. Of course, the discrimination between
o and m;, bonding will be even less straightforward in these
cases than for the present model systems.

IV. Is Bent’s rule applicable to transition metal
systems ?

A. Comparison of MCLY, (M =Ti, Si; Y=H, CH,)

Let us now analyze the “inverse Bent’s rule structure” of
TiCl,(CH;), compared to the conventional structure of its
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main group analogon SiCl,(CHj;), (Figure 1). Figure 7 ana-
lyzes the covalency of the different metal-ligand o- and =
bonding NLMOs for SiCl,(CHj;),. Figure 8 gives the results
for TiCl,(CHj,),, Figure 9 those for the simpler model complex
TiCl,H,, for which we will discuss an NBO deletion analysis
further below. The NLMO plot for SiCLH, is very similar to
that shown for the methyl compound, except for the less polar
Si—H bond, and is omitted.

24 - —-n .
221 o(Si-Cl)
= 204
= 18]
=]
= 167 0.5%o(Si-C)
g 14 4 ¢
o 124
5 107 .
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5 64 .
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= %7 m_(Si-Cl) *-e--e-- S
S 1, (Si-Cl) ) ) O ) S5 555 220 SR
g 0

T T T T T T T T
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CI-Si-Cl angle (degs)
Figure 7. Dependence of the metal character (in%) of the bonding
NLMOs in SiCl,(CH3;), on CI-M-Cl angle.
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Figure 8. Dependence of the metal character (in%) of the bonding
NLMOs in TiCl,(CHj3), on CI-M-Cl angle.
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Figure 9. Dependence of the metal character (in%) of the bonding
NLMOs in TiCLH, on CI-M-CI angle.

First of all, we note that the M—CI nt-bonding covalency of
the silicon complex is very low, with average metal contribu-
tions around 2 % compared to about 23 -24 % for the Si—Cl o
bonding NLMO and about 28 % for the o(Si—C) NLMO (the
latter curve was scaled by 0.5 in Figure 7 for a better

0947-6539/99/0512-3636 $ 17.50+.50/0 Chem. Eur. J. 1999, 5, No. 12



Bonding in High-Valent Transition Metal Complexes

3631-3643

representation). This is not surprising, as the main group
element silicon has only outer 3d orbitals available as =
acceptors, and therefore most of the st bonding is only possible
due to negative hyperconjugation at the expense of Si—C and
Si—Cl o bonding strength.l Changes of all curves along the
Cl-Si-Cl angle coordinate are smooth and not very pro-
nounced. The decrease of the m;, curve with decreasing angle
is almost compensated by the increasing m,, curve, such that
the overall mt-bonding covalency (m,,) changes very little. We
expect therefore that the influence of & bonding on the bond
angles is moderate (as a result of the low w bonding, bond
bending of the Si—Cl bonding NLMOs is small, typically
below 5° in the relevant angle range).

The M—CIl mn-bonding covalency for the Ti complexes
(Figures 8 and 9) is considerably larger than for the silicon
analogues, with about 9—10 % metal contribution on average
for both systems. Thus, i bonding is much more important for
the d° systems, due to the ready availability of inner 3d orbitals
as m acceptors (this is also reflected in the much smaller
difference between M—Cl and M—C distances than in the
silicon analogue, cf. Figure 1). Nevertheless, with regard to the
o covalency, the chloride ligand may be classified as a weak
donor compared to the situation for ZrO, above.

Another notable feature in both complexes is the signifi-
cant deviation of the chlorine hybrid contributions to the
o(Ti—Cl) and m;,(Ti—Cl) NBOs and NLMOs from the bond
axes (bond bending is again much less pronounced on the
metal hybrid side, generally below ca. 5°). The chlorine m;,
hybrids bend towards the second chloride ligand only at very
small angles (below ca. 92° for TiCl,(CHj;),, below ca. 104° for
TiCL,H,; around the angles mentioned, the magnitude of the
bond bending exhibits a minimum) and point increasingly
away from the second chlorine atom with larger CI-Ti-Cl
angles. As in the case of the MX, complexes (Section III), the
opposite behavior is found for the o-bonding hybrids. In the
relevant angles range from about 105-125° this rotation of
the hybrids away from the bond directions is around about
20-30°. This has to be kept in mind when discussing the m,
and o covalency. Consequences of this bond bending for the
metal hybridization will be discussed in Section IV C.

Interestingly, the m;, covalency is slightly larger than the m,,
covalency for both Ti complexes, as well as for the Si systems.
The m,, covalency, and particularly the m;, covalency, decrease
with decreasing angles for both complexes (s;, covalency
starts to increase again slightly below 105° for TiCLH,, see
Figure 9). Over the angle range of interest (i.e. between 125°
and 105°), the m,, curve has thus a negative slope in both
systems. This negative slope is most pronounced for TiCl,H,
(possibly due to the larger o(Ti—H) covalency, and to a
somewhat lower o(Ti—Cl) covalency in this system). Thus,
Ti—Cl &t bonding may be considered to increase the CI-Ti-Cl
angle for both TiCl,(CH3;), and TiCLH,.

To obtain further support for these findings, we have carried
out NBO deletion analyses on TiCl,H, and SiCL,H,. The
nondiagonal NBO Fock matrix elements involving the
chlorine mt-type lone pair NBOs were deleted. The structures
optimized with respect to the energy of this singly bonded
NBO Lewis structure (Ej ;) are compared in Table 2 to the
fully optimized structures (cf. E,,). The energy loss upon
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Table 2. NBO deletion analysis of wt-bonding influences on the structures
of MCLH, (M =Tj, Si).
d(M—Cl) d(M—H) % (CI-M-Cl) £ (H-M-H) % (CI-M-H)
[A] [A] ('] ('] (]

TiCLH,
Epld 2177 1685 1199 109.3 106.8
EM2581 1806 954 1224 108.9

SiCLH,

E,l 2080 148 1105 113.1 108.3
EL2232 1488 971 1203 109.2

[a] Fully optimized structure parameters. [b] Structure parameters opti-
mized with truncated NBO Fock matrix, based on M—Cl and M—H single
bonds only (i.e. M—Cl m bonding is “removed”). See Computational
Methods.

deletion of the m-bonding contributions is considerably larger
for M = Ti than for M = Si (689 kJ mol~! versus 266 kI mol ' at
the E,, structures). These absolute energy values should not
be overinterpreted, but their relative magnitude confirms the
much larger importance of t bonding for the transition metal
complex. In both MCLH, systems, the Ej . structure con-
forms to Bent’s rule, that is the H-M-H angles are consid-
erably larger than the tetrahedral value, whereas the CI-M-Cl
angles are smaller. In both cases, m® bonding appears to
counteract these electronegativity preferences. This has been
found previously for other main group compounds.?” The
fully optimized structure of SiCl,H, still adhers to Bent’s rule,
albeit with reduced deviations from ideal tetrahedral angles
(and with the CI-Si-Cl angle slightly above 109.5°). In
contrast, the influence of st bonding for TiCL,H, is so large
that it apparently reverses the structural preference in favor of
large CI-Ti-Cl, and low H-Ti-H and H-Ti-Cl angles.[*) We
expect similar behavior for TiCl,(CHj;), (see Figure 8).

The ’bending’ of the m;, NBOs might lead us to over-
estimate the structural effect of m bonding. Nevertheless, the
NBO Fock-matrix deletion analyses seem to support our
suggestion that the apparent inversion of Bent’s rule for the
TiCLY, d° systems is at least in part due to the much larger
M—Cl m-bonding contributions compared to those for the
main group case. Whether larger angles may thus be expected
in general between moderate m donors like halogen in the
presence of strong ancillary o donors, will have to be
confirmed by further calculations (see also below).

B. Chromyl fluoride and related complexes

nt Bonding was rejected as a likely explanation for the
“inverted” structure of TiCl,(CH;), by McGrady et al.l'? They
pointed out that the O-M-F and O-M-O bond angles in
CrO,F, and VOF; are smaller than tetrahedral, in spite of the
presumably larger m-bonding ability of oxo versus fluoro
ligands. This is a valid argument. However, as shown above for
the simpler systems ScF,* and ZrO,, the angular dependence
of t bonding for good & donors such as oxo ligands may differ
significantly from the weak m-donor case. We also have to
keep in mind the donor properties of the ancillary ligands (cf.
above). Let us thus examine CrO,F, and related complexes.
The optimized structures of a number of d° dichalcogenido
complexes are summarized in Table 3. We have included
further CrO,Y, complexes (Y =Cl, H, CH;), as well as two
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Table 3. DFT-optimized structures for chromyl fluoride and some related
complexes.

MX,Y, dM-X)  dM-Y) X(X-M-X) ¥(Y-M-Y) ¥(X-M-Y)
[A] [A] ['] ['] [']
CrO,F, 1571 1715 1085 110.6 109.4
CrOCl, 1573 2131 1092 110.9 109.2
CrO,H, 1.566 1578 1120 1262 104.7
CrO,(CH,), 1.578 1972 1126 114.0 107.6
MoO,F,  1.710 1870 106.3 1132 109.4
MoO,Cl,  1.710 2275 106.5 112.6 109.3
WO,F, 1.728 1878 1063 1157 108.6
WO,Cl, 1.729 2.285 106.3 1142 109.0
CrS,F, 2.002 1.721 109.1 1122 108.9
SO,F, 1.443 1607 1261 94.4 107.9
SO,H, 1.467 1396 1245 97.1 107.9

molybdenyl and two tungstyl dihalides, and the dithio
analogue of chromyl fluoride, CrS,F,. The optimized struc-
tural parameters are in good agreement with experiment(*!
and with other quantum chemical calculations,*? where
available. In general, the Y-M-Y angle is larger than the ideal
tetrahedral value, only slightly so for CrO,F, and CrO,Cl,,
and very significantly so for CrO,H,. The O-M-O (or S-M-S)
angle is below the tetrahedral value, except for CrO,H, and
CrO,(CHj;),. Optimized structures of two main group ana-
logues, SO,F, and SO,H,, have also been included for
comparison. They exhibit the large O-S-O and small Y-S-Y
angles expected on the basis of the VSEPR model.[*]

Figure 10 shows the NLMO analysis for chromyl fluoride.
A designation of the oxo ligands as strong 7t donors (relative
to their o-donor ability) is not as appropriate as for ZrO,, as
the covalency of the o(Cr—O) NLMO is larger than that of
either of the two ;t components (except for very large O-Cr-O
angles). Nevertheless, both ¢ and 7 bonding to the oxo ligands

& 36 CrO,F, o(Cr-0) o
=
=2 344 - nop(Cr-O)
@) 32 " A o Aok
= a :/IKl ------ Ak A A
R
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g 55 . . . ; :
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0-Cr-0 angle (degs)

Figure 10. Dependence of the metal character (in%) of the bonding
NLMOs in CrO,F, on O-M-O angle.

is significantly covalent. Deviations of the charge centroids for
0- and m;,-bonding NBOs or NLMOs from the Cr—O axis are
small (below 5° over the entire angle range of interest). The
Cr-0O o covalency shows the expected increase with lower
angles, with a maximum around 105°, close to the actual
equilibrium bond angle (108.5°). Interestingly, the =, cova-
lency is considerably larger than the m;, covalency (as for the
free MX, complexes; cf. Section III), and it increases with
decreasing bond angle (in contrast to the TiCl,Y, complexes,
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cf. Section IVA). It appears that the oxygen m-type lone pairs
compete excellently for metal d orbitals with the weak
fluoride ligand, and so the m,,(Cr—O) bonding is very efficient
even at small O-Cr-O angles. The m;, curve shows the expected
nonuniform behavior, with an overall larger covalency for the
largest angles. However, as a result of the positive slope of the
T,y curve, the m,, curve is very flat in the relevant angle range.
Thus, the m-bonding covalency is large but overall relatively
independent of the bond angle, due to partial cancellation
between in-plane and out-of.plane components. We may thus
conclude that the O-Cr-O angle probably is dominated by the
Cr-0 and Cr-F o framework (however, the t bonding may
influence the angle indirectly by forcing very short Cr—O
bonds and thus a large metal d character in these bonds, cf.
next section). The covalency of the o(Cr—F) NLMOs in-
creases slightly with increasing O-Cr-O angle (the Cr—F =
bonding is rather ionic and also shows little angular depend-
ence, again due to cancellation between in-plane and out-of-
plane components).

Let us now replace the weak ancillary o- and m-donor
fluoride ligand by the strong, exclusively o-bonding hydride
ligand to get CrO,H, (see Figure 11 for the NLMO analysis).
Probably due to the competition with the very strong Cr—H o
bonding, the o(Cr—O) covalency is diminished compared to
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Figure 11. Dependence of the metal character (in%) of the bonding
NLMOs in CrO,H, on O-M-O angle.

CrO,F,, particularly for large O-Cr-O angles. As an indirect
consequence, the m;,(Cr—O) covalency appears to be consid-
erably enhanced at large angles but decreases to similar values
as in CrO,F, at lower angles. We also note significant bond
bending of both ¢ and m;, bonding NLMOs (10—-25° over the
relevant O-Cr-O angle range). Even at larger angles, the
oxygen ;, hybrids are rotated towards the second oxo ligand
(the o-bonding hybrids are rotated away), in contrast to the
TiCLY, complexes (Section IVA). The m,, covalency varies
relatively little; it increases slightly for low angles. The
resulting m,,(Cr—O) curve has a pronounced minimum around
105°, and the & covalency increases for larger angles. Likely as
a consequence, the optimized O-Cr-O angle is 112° (see
Table 3), that is larger than favored by o(Cr—O) bonding
alone, and larger than for the chloride and fluoride (note also
the large H-Cr-H angle). We suspect that the large angle
dependence of both o and m;, covalency, as well as the
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significant mixing between these two components, are con-
nected to the presence of the strong ancillary hydride ligands.

Figure 12 examines the effect of replacing Cr in CrO,F, by
its heavier homologue Mo. We note that the covalency of both
o- and m-type NLMOs is reduced, consistent with the
expected larger ionicity of bonding in the 4d-metal complex.
Otherwise, the situation is rather similar to that for the
chromium complex. The slightly negative slope of the
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Figure 12. Dependence of the metal character (in%) of the bonding
NLMOs in MoO,F, on O-M-O angle.

7;,(Mo—O) curve is roughly compensated for by the positive
slope of the m,,(Cr—O) curve, leading to a very low overall
angular dependence of the m bonding. We conclude that the
observed angle seems to be dominated by the M—O o bonding
(bond bending of the NLMOs in MoO,F, is minor, as for
CrO,F, above). The analysis for the thio-analogue CrS,F,
(Figure S3 in Supporting Information) indicates very strong
Cr—S m bonding, but also a relatively low overall angular
dependence of the mt,, curve (with a small positive slope in the
relevant angle range).

Energy changes with X-M-X angle for a number of
complexes are compared in Figure 13. The potential curves
are all relatively flat for smaller angles than the equilibrium
values. At larger angles, the X-M-X bending potentials
increase steeply for the dioxo and dithio complexes. In
contrast, the CI-M-Cl potentials increase less pronouncedly.
This holds in particular for TiCl,(CH;),, where the large-angle
minimum is accompanied by an extremely flat potential curve.
The comparison shows that there are large differences in the
bending potentials for the various compounds studied.
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Figure 13. Comparison of energy profiles for the X-M-X angle coordinate
in MX,Y, complexes. Relaxed scan.
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We note also that the coupling between X-M-X and Y-M-Y
angles is quite small. When changing the CI-M-Cl angles in
SiCL Y, from 96° to 140°, the Y-M-Y angles increase merely by
2.2° (Y=H) or 2.7° (Y=CH,). For the transition metal
complexes, the same increase in X-M-X angles decreases the
Y-M-Y angles by about 7-8° (by 11.3° for TiCL,H,). Changes
in the Y-M-Y angles are found to be monitonous functions of
those in the the X-M-X angles. The small interdependence of
the angles suggests that the MX, and MY, fragments in such a
MX,Y, complex do have to some extent an independent angle
preference, of course modulated in addition by the other
ligands. Thus, for example, O-Mo-O angles in MoO,>* frag-
ments have angles in the 101 -105° range for tetrahedral or
octahedral complexes,® 14421 a5 well as in the free fragment
ion." However, this is expected to change in the presence of
strong ancillary o-donor ligands like Y =H, alkyl (see above).

Typically, the M—X distances exhibit minima near the
equilibrium bond angles (usually at somewhat lower angles).
Changes in M—Y distances are small. The changes are
monotonous when Y=H, CH; (distances increase with
increasing X-M-X angles for M =Si and decrease for tran-
sition metals) but tend to exhibit shallow minima for Y =F, Cl.

C. Electronegativity and hybridization effects

The previous sections showed that m bonding may have an
important effect on bond angles in d° transition metal
complexes. For TiCl,(CHj;),, on which previous discussions
of Bent’s rule for d° complexes have concentrated,!'> ' 18] our
analyses suggest that Ti—Cl & bonding acts to widen the CI-Ti-
Cl angle considerably. This molecule may thus not be a
particularly good example to probe the influence of electro-
negativity differences within the o-bonding framework only. It
would be better to examine complexes in which rt bonding is
negligible. However, to find simple, covalently bound, heter-
oleptic MX,Y, d” model complexes, with sufficiently different
ligand electronegativities but without s bonding, is not a
trivial exercise (we assume in this case that X is the less
electronegative ligand).

Table 4 summarizes the main optimized structural features
of four systems studied, TiH,(CF;),, Ti(CH;),(CF;),,
Ti(SiH;),(CH;),, and Ti(SnH;),(CH;),, together with the
structural data for the corresponding main group analogues,
where Ti is replaced by Si. In Ti(CH;),(CF3),, both X-M-X
and Y-M-Y angles are slightly above the tetrahedral value,
with the X-M-Y angle thus being small. This situation is not
really covered by any simple model, although it is not

Table 4. Main DFT-optimized structural parameters for o-bonded com-
plexes.

MX,Y, dM-X) dM-Y) ¥(X-M-X) ¥ (X-M-Y) X(Y-M-Y)
[A] [A] [ [ (']
TiH,(CF,), 1695 2109  107.8 109.5 111.1
Ti(CH,),(CF;), 2.038 2126 1105 108.8 1112
Ti(SiH,),(CH,), 2.636  2.037 1064 109.3 1132
Ti(SnH,),(CH,), 2.882  2.032  106.8 109.2 113.0
SiH,(CF;), 1490 1941 1129 109.0 107.6
Si(CH,),(CF,), 1883 1941 1163 108.6 105.6
Si(SiH,),(CH,), 2.368 1920  108.1 109.5 110.7
Si(SnH,),(CH,), 2.622 1924 1085 109.6 109.9
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as uncommon as one might think.*! In TiH,(CF;),, Ti-
(SiH;),(CH,),, and Ti(SnH;),(CHj;),, the angles between the
less electronegative substituents are smaller than 109.5°,
whereas those between the more electronegative ones are
larger. This is indeed just the opposite to the original
expectations of Bent’s rule. However, even the main group
systems Si(SiH;),(CH;), and Si(SnHj;),(CHj;), violate Bent’s
rule by having large Y-Si-Y and small X-Si-X angles (Table 4).

Table 5 shows the results of NPA/NLMO hybridization
analyses for these o-bonded complexes. In general, the
polarity of the NLMOs follows expectation, that is the M—X

Table 5. NPA/NLMO hybridization analyses for o-bonded complexes and for
MCLY, (M=Ti, Si; Y=H, CH,).l"

o(M—X) NLMOs

6(M-Y) NLMOs

TiH,(CF), o(Ti—H): 39.1% Tisd®®  o(Ti—C): 30.2% Ti sd**
Ti(CH),(CFy),  o(Ti—CHa): 30.3% Ti sd*™ o(Ti—CF,): 29.0% Ti sd*1°
Ti(SiH,),(CH,),  o(Ti=Si): 36.4% Tisd®®  o(Ti—C): 27.6% Ti sd*"
Ti(SnH;),(CH;),  o(Ti—Sn): 38.0% Tisd**?  o(Ti—C): 27.3% Ti sd*!®
SiH,(CE,), o(Si—H): 41.9% Sisp'™®  o(Si—C): 31.2% Si sp®
Si(CH3)y(CFy),  o(Si—CHs): 28.6% Si sp'™*  o(Si—CFs): 28.9% Si sp'
Si(SiH:),(CHy),  o(Si=Si): 47.2% Sisp'®  o(Si—C): 29.1% Si sp'®
Si(SnHs;),(CHs), o(Si—Sn): 50.6% Si sp*®  o(Si—C): 29.2% Si sp'©
TiCL(CH,), o(Ti—C): 32.6% Tisd™  o(Ti~Cl): 17.4% Ti sd®®
TiCLH, o(Ti—H): 42.2% Ti sd>>* o(Ti—Cl): 17.6% Ti sd>¥
at E, ., structure!”’  o(Ti—H): 40.8% Ti sd**®  o(Ti—Cl): 17.5% Ti sd***
SiCL(CH,), o(Si—C): 28.1% Si sp'®  o(Si—Cl): 23.4% Si sp'
SiCLH, o(Si—H): 42.0% Sisp'®  o(Si~Cl): 25.3% Si sp'

at E,,;, structure!”!  o(Si—H): 42.6 % Si sp™!? o(Si—Cl): 25.0% Si sp>”

[a] Results at the optimized equilibrium structures unless noted otherwise.
The metal natural atomic orbital (NAO) contributions to the corresponding
NLMOs and their composition are given. p-NAO contributions are small for
M=Ti (<2%), and d-NAO contributions are small for M=Si (<1%).
[b] At the structures optimized relative to the energy of a singly bonded
NBO Lewis structure. These conform to Bent’s rule for both TiCL,H, and
SiClH, (cf. Table 2).

bonds are indeed more covalent than the M—Y bonds.
However, the difference in polarity between CH; and CF;
ligands turns out to be marginal, so that the M(CH,),(CF;),
complexes are not very good examples. In TiH,(CF;),,
Ti(SiH;),(CH;),, and Ti(SnH;),(CH;),, more s character is
connected to the smaller angles (between the less electro-
negative substituents) and less s character to the larger angles
(between the more electronegative substituents). This distri-
bution of the s character is as predicted by Landis et al., based
on sd* hybrid orbital strength functions,!'¥! but contrasts with
the suggestion of Jonas et al.l'¥l that more d character should
be connected to the larger angle. The analysis of Jonas et al.
was based on the NBO compositions computed for
TiCl,(CH;),. The entry for this complex in Table 5 indicates
that the large d character for the Ti—C bonds observed by
Jonas et al. is found also for the NLMOs, which we take to be
a more reliable measure than the NBO hybridizations (see
Computational Methods). Similarly, TiCl,H, exhibits the
larger metal d character in the Ti—Cl bonds. There is thus a
clear discrepancy between the hybrid distributions for the
exclusively o-bonded examples and those for TiCL,Y, (Y=H,
CH;) complexes, which involve Ti—Cl rt bonding.

At the E . structures of MCLH, (M = Si, Ti), which both
obey Bent’s rule (Table 2), the differences in the central-atom
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hybridizations are even more pronounced. With M = Ti, lower
d character is still seen for the M—Cl bonds. However, this
means now that the larger d character pertains to the larger
H-M-H angles (see Table 5). We have thus arrived again at a
situation consistent with Landis’ hybrid orbital strength
functions,'®! but with the smaller angle between the more
electronegative ligands. The inverted situation at the E,y
structures of the two TiCl,Y, complexes may thus be related
to the presence of Ti—Cl & bonding and coincides with the
presence of a significant deviation of the Ti—Cl o bonding
NBO from the Ti—Cl axis at the optimized structure (23.7° on
the chlorine hybrid side, ca. 5° for the metal hybrid). As the
rotation of the o-bonding hybrids at the equilibrium structure
is towards the second chloride ligand, the effective angle
between the Ti—Cl o-bonding charge centroids is smaller
than the optimized Cl-Ti-Cl angle. The bond bending reduces
thereby the effective angle between the Ti—Cl bonds, and the
hybrid composition is not expected to reflect the actual bond
angles. It is thus clear that a rationalization of bond angles
with hybridization arguments is difficult in these systems.
Interestingly, the bond bending is very small (1.7° for the
chlorine hybrid) at the E| . structure of TiCl,H,.

For SiX,(CH,), (X = SiH;, SnHj;), the unexpectedly small
X-Si-X angles are accompanied by a larger p-character in the
Si—X bonds than in the Si—C bonds, in spite of the less polar
bonding. This does clearly violate Bent’s rule in its original
formulation. Possibly, the rather diffuse bonding orbitals
employed by the SiH; and SnH; substituents make it more
favorable for the central atom to direct considerable
p-character towards these groups. It appears thus that the
relative substituent orbital size (i.e. overlap considerations)
overrides electronegativity differences in these cases. This is
consistent with an extension of Bent’s rule due to Huheey
et al., which assigns the larger hybrid s character to the
stronger covalent interactions and thus incorporates both
electronegativity and overlap aspects.*”] We have also found

inverted carbon hybridization for mercurimethanes
[CH,(HgX),_,], where hydrogen 1s orbitals compete with
mercury 6s orbitals for the carbon bonding hybrids.“! Of the
four ligand combinations studied in this section, only the
combination X=H, Y=CF; thus appears to fulfill the
expectations, that is behavior according to Bent’s original
rule is observed with SiH,(CF;), but an “inverted” structure is
found for TiH,(CF;),. This shows that it is difficult to select
suitable reference compounds to discuss the electronegativity
effects on hybridization and bond angles alone. We conclude
that no simple relations between ligand electronegativity,
hybridization, and bond angles are apparent for these d°
complexes, even in the absence of t bonding.

Hybridization analyses for the dichalcogenido complexes
are given in Table S1 in the Supporting Information. We note
here only that the metal d character of the o(M—O) NLMOs
in the dioxo complexes is very large, generally much larger
than the d character directed towards the ancillary ligands.
This holds regardless of the electronegativity of the ancillary
ligands and is likely due to the very short multiple bonds,
which force their 6 components to utilize significant metal d
character. In contrast, in CrS,F, more metal d character
pertains to the o(Cr—F) than to the o(Cr—S) NLMOs.
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As a general comment, we note that the NLMO/NPA
hybridizations shown in Table 5 (cf. also Table S1 in Support-
ing Information) indicate considerable “hybridization de-
fects”'> 47l in all cases. Thus, for the silicon compounds the
average s character is considerably larger than that implied by
the orthogonal sp® hybrids one usually associates with
tetrahedral coordination. In contrast, the average metal s
character for the o-bonding NLMOs in the transition metal
complexes is smaller than implied by sd® hybridization.*s! As
has been discussed in detail for the heavier p-block main
group case,!'? ¥l ideal orthogonal sp™ hybrids would require s-
and p-valence orbitals of similar radial extent. However, the
valence s orbitals are much more contracted than the p
orbitals, and thus the s character is generally larger than
expected within the traditional counting rules used to relate
bond angles to hybridization. Similarly, the 3d orbitals of
titanium in the present d° complexes have obviously a smaller
radial extent than the 4s orbitals with which they have to be
hybridized. Therefore, the average d character is larger than
what would be obtained with orthogonal sd® hybrids. In simple
homoleptic hydride complexes, hybridization defects tend to
be moderate,['8l but in the presence of more electronegative
ligands they obviously become sizeable.

V. Conclusion

The bonding analyses presented in this work are based mostly
on the NBO/NLMO procedure of Weinhold et al.?> 2 The
data do thus of course contain some degree of arbitrariness, as
is true for any type of population analysis or density-matrix
partitioning scheme. Complications arise also from the
inherently ill-defined nature of in-plane & and ¢ bonding for
nonlinear molecules. However, we have been careful to
discuss only trends, mostly for variations in the structure of a
given complex. We expect that the following general con-
clusions drawn will remain unaltered when using alternative
interpretational schemes:

e Ligand-to-metal m bonding tends to be much more
important in early transition metal d’ complexes than for
analogous main group species, due to the ready availability
of inner metal d orbitals. The influence of m bonding on
bond angles may thus also be significant.

e Due to the variety of possible orientations of the different
metal d orbitals available as acceptors for m bonding, the
actual angular dependence of m bonding may be compli-
cated. This holds in particular for the in-plane & bonding in
MX, molecules or fragments.

e In d’ MX, complexes, 7t bonding may be stronger either in
linear or in bent structures. ; bonding appears to favor the
bent structure for the “strong m-donor case” ZrO,, but the
linear structure for the “weak m-donor case” ScF,'.
However, near the bent equilibrium structures, @ bonding
seems to favor smaller angles in both complexes.

o The “inverse Bent’s rule” structure of TiCLY, (Y=H,
CH,) is at least in part due to significant Ti—Cl st bonding,
acting to increase the CI-Ti-Cl angle and to decrease the
Y-Ti-Y angle. @ Bonding also counteracts the normal

Chem. Eur. J. 1999, 5, No. 12

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999

electronegativity-driven “Bent’s rule” distortions for

main group species like SiClL,Y,,? but there its influence

is not sufficient to reverse the relative order of the
angles.

o For MX,Y, complexes with strong st-donor ligands X but
weak ancillary ligands Y, like CrO,F, or MoO,F,, out-of-
plane M—X &t bonding is larger than in-plane & bonding and
it favors smaller X-M-X angles. As a result of the partial
compensation between the angular dependence of the
different m bonding contributions, the overall influence of
7t bonding on bond angle may be small. However, when the
ancillary ligand Y is a strong o donor, as in CrO,H,, the in-
plane m-bonding component starts again to dominate the
angular dependence, and & bonding apparently favors a
larger O-M-O angle.

It is difficult to isolate the influence of ligand electro-
negativity on the bond angles from the & bonding effects, due
to the need to find suitable o-bonded model systems. Of the
four complexes studied here, only MH,(CF;), turned out to
cleanly obey Bent’s rule for the main group case (M = Si),
whereas the others exhibit more irregular behavior. For
TiH,(CF;),, an “inverse Bent’s rule structure” was found. The
hybridization analyses indicate less d character in the bonds to
the less electronegative ligands, in contrast to our analyses
and previous ones!'*l for TiCl,Y, (Y = H, CH,). For the latter
compounds, the relation between hybridization and bond
angles is obscured by the occurrence of significant “bond
bending” of the relevant o-bonding localized MOs. This is in
turn related to the presence of in-plane m bonding. For
SiX,(CHj;), complexes with X = SiH;, SnHj;, Bent’s rule in its
original version is violated even in the main group case, most
likely due to disparate substituent orbital sizes (i.e. overlap
considerations override electronegativity effects*).

Overall, the interdependence of m bonding, substituent
electronegativity, and o-bonding influences on bond angles in
d° complexes appears to be considerably more complicated
than for their main group analogues. This should not surprise
us, given the larger number and more variable directionality
of valence orbitals available for transition metal systems. As a
result, simple models like Bent’s rule are not as useful as for
p-block main group compounds. More refined interpretations
have to be given, and the present work is a step into that
direction.

While the present model study has focussed only on the
simplest triatomic MX, complexes and on pseudotetrahedral
MX,Y, systems, it is clear that very similar considerations will
hold also for other ligand combinations and for other
coordination numbers. For example, density functional and
ab initio calculations on heteroleptic complexes bearing both
nt-donor and exclusive o-donor ligands have been carried out
also for five-*> 1 and six-coordinateP!! complexes. In all of
these cases, a very prounounced competition between - and
o-bonding contributions has been found, leading in many
cases to rather striking structural features.**>! In addition to
the structural aspects, on which we have concentrated in the
present study, it is obvious that reactivity is similarly depend-
ent on &t bonding and ligand electronegativity. This holds, for
example, for the stereochemical outcome of chemical reac-
tions. As many d° complexes are of significant importance, for
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example in catalysis and metalloenzymes, there remains a
considerable need to develop such structure —bonding rela-
tionships.
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