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Abstract: In this paper we describe a
range of model d0 metal ethyl com-
pounds and related complexes, studied
by DFT calculations and high resolution
X-ray diffraction. The concept of ligand-
opposed charge concentrations
(LOCCs) for d0 metal complexes is
extended to include both cis-and trans-
ligand-induced charge concentrations
(LICCs) at the metal, which arise as a
natural consequence of covalent metal ±
ligand bond formation in transition
metal alkyl complexes. The interplay
between locally induced sites of in-
creased Lewis acidity and an ethyl

ligand is crucial to the development of
a �-agostic interaction in d0 metal alkyl
complexes, which is driven by delocali-
zation of the M�C bonding electrons.
Topological analysis of theoretical and
experimental charge densities reveals
LICCs at the metal atom, and indicates
delocalization of the M�C valence elec-
trons over the alkyl fragment, with

depletion of the metal-directed charge
concentration (CC) at the �-carbon
atom, and a characteristic ellipticity
profile for the C��C� bond. These ellip-
ticity profiles and the magnitude of the
CC values at C� and C� provide exper-
imentally observable criteria for assess-
ing quantitatively the extent of delocal-
ization, with excellent agreement be-
tween experiment and theory. Finally, a
concept is proposed which promises
systematic control of the extent of
C�H activation in agostic complexes.
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Introduction

Transition metal alkyl complexes with a d0 electron config-
uration commonly exhibit structures which confound expect-
ations based on simple models such as the VSEPR theory.[1]

These fall into two apparently distinct classes,[2] namely
i) systems such as WMe6[3] or Me2TiCl2,[4] in which the

metal�alkyl geometry appears more-or-less normal but the
skeletal geometry deviates from VSEPR predictions; and
ii) complexes such as [RTiCl3(dmpe)] (R�Me, Et; dmpe�
Me2PCH2CH2PMe2),[5] in which the whole metal�alkyl moi-
ety is severely distorted, leading to an agostic structure
displaying close M ¥ ¥ ¥H�C contacts.[6]

On the basis of combined experimental and theoretical
studies of [EtTiCl3(dmpe)] and related complexes, we have
recently proposed a bonding model for �-agostic interactions
in early transition metal complexes which considers the
interaction to derive primarily from delocalization of the
M�C� bonding electrons, rather than from any significant
M ¥ ¥ ¥H�C� interaction.[7a±d] In another recent contribution, we
demonstrated that this type of electron delocalization in
organolithium compounds can be described in terms of the
well-known phenomenon of negative hyperconjugation, as-
sisted by additional secondary interactions between the Lewis
acidic metal and the alkyl fragment.[7e,f]

The energetic stabilization which attends resonance or
electron delocalization[8] is a central feature of both the
valence bond[9] and the molecular orbital[10] approaches to
bonding. Whilst it represents an elegant concept, hyper-
conjugative delocalization is very difficult to represent
quantitatively on the basis of experimental observables. Thus,
whereas its geometrical consequences can be followed by
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careful structural studies, concomitant changes in the elec-
tronic structure are rather difficult to trace by experiment.
However, analysis of the topology of the charge density
exploiting the ™atoms-in-molecules∫ (AIM) approach[11] of-
fers a powerful method with which to analyze the electronic
effects of delocalization. Bader et al. and Cremer et al. have
related conjugative interactions to the existence of ellipticity
of the electron distribution (�) in a bond, thus establishing a
direct link with the (observable) molecular charge densi-
ty.[12a,b] According to these studies, hyperconjugation is also
revealed by the bond order n, which can be evaluated in terms
of the charge density at the bond critical point (BCP),
�(rc).[12b] Accordingly, C�C bonds with n �1 and � �0 can
show evidence of hyperconjugative interactions. However,
experimental evidence for charge transfer from a carbanion
lone pair to an electronegative group, or of charge delocal-
ization due to negative hyperconjugation, remains elusive. In
order to observe such effects experimentally, charge-density
based criteria such as analysis of atomic charges,[11] valence
shell charge concentrations[13] and atomic dipole or quadru-
pole polarizations[12c, 14] must be employed.
In this paper, we apply theoretical and experimental

methods to analyze the topology of the charge density
distribution in a series of d0 metal ethyl complexes and
related species. We demonstrate that the charge concentra-
tions in the valence shell of the �- and �-carbon atoms of the
ethyl fragment vary with the extent of delocalization of the
M�C bonding electrons over the alkyl fragment, and we show
that the alkyl ligand induces charge concentrations at a d0-
metal center that are responsible for both types of structural
deformation described above. We also propose the concept of
bond path ellipticity as novel and general measure of the
nature and extent of delocalization in an agostic system.
Finally, a concept is introduced which holds out the prospect
of manipulating the extent of C�H activation in potential
agostic systems by controlling and modeling the ligand-
induced charge polarization of the transition metal atom.

Results and Discussion

Non-VSEPR geometries of d0 metal complexes : In an elegant
study by Gillespie et al.,[15] the monomeric alkaline-earth
dihalides were examined using the AIM method of Bader.[11]

The heavier congeners (Ca�Ba) are remarkable in displaying
bent rather than linear geometries as are observed for the
dihalides of Be and Mg. These unusual bent geometries,
initially established by experiment,[16, 17] have been the subject
of several theoretical studies.[3f, 17c,d, 18] Apart from BaF2, the
barrier to linearity is no greater than 2 kcalmol�1; hence these
systems are more realistically described as quasilinear. Whilst
neither a simple ionic model nor the VSEPR concept[1] can
account for these distortions, the more sophisticated polarized
ion model[19a±c] predicts the correct geometries of the individ-
ual alkaline earth dihalides. Thus, the polarizability of the
metal seems to be a primary factor in promoting nonlinearity.
However, Schleyer et al. observed systematic differences
between the bending force constants obtained by the polar-
ized ion model and by ab initio methods:[18b] participation of

d orbitals on the metal atom decreases the force constants for
the heavier dihalides (Ca ±Ba). Thus, the atomic d orbitals
should be relatively unimportant for Be and Mg but should
increase in importance in going from Ca to Ba, as noted
earlier by Hayes.[19d] Hence, both polarization of the metal (an
ionic effect) and d orbital participation (a covalent contribu-
tion) affect the bending potential in these molecules. As noted
by Szentpa¬ ly and Schwerdtfeger, these factors are not differ-
ent; rather are they two sides of the same coin, since it is the
subvalence (n� 1)d orbitals that are responsible for the
polarization of the metal cores.[20]

As an alternative to the polarized ion model, which
describes these distortions mainly in terms of electrostatic
interactions, Gillespie et al. proposed topological analysis of
the charge density as a non-empirical way of accounting for
the polarization, and discovered so-called ligand-opposed
charge concentrations (LOCCs) to exist trans to the M�X
bonds in the nonlinear alkaline-earth dihalides.[15] In fact,
Bader et al. had shown in an earlier study that the presence of
ligands in covalent or polar molecules induces local charge
concentrations (CCs) in the valence shell of atoms which are
revealed by AIM analysis as (3,� 3) critical points (CPs) in
the negative Laplacian L(r)���2�(r) of the charge den-
sity.[21] Furthermore, the number and relative positions of
these charge concentrations have been shown to recover the
number and relative positions of the localized electron pairs
(electron pair domains) associated with the bonding and
nonbonding electron pairs of the VSEPR model, thereby
endowing it with a sound physical basis.[21a]

The non-VSEPR geometries observed for the heavier
alkaline earth and d0 transition metal systems arise naturally
when LOCCs are brought into the picture. Now, not just the
bonding electron pair domains, but also the LOCCs each
make spatial demands at the central atom, the global solution
of which leads to the lowest energy configuration. The more
covalent the M�L bond, the greater the LOCC which it
induces, accounting for the proclivity of alkyl ligands to shy
away from a mutually trans disposition in d0 complexes.[3, 22]

In the following two Sections, we explore the concept and
nature of CCs in d0 transition metal alkyl complexes, we
highlight potential confusion in the terminology relating to
VSCCs, and we identify for the first time the origin and nature
of LOCCs.

Charge concentrations in [MeCa]� (1): With only a few
exceptions, the successes of the strikingly simple VSEPR
model are confined to the lighter main group elements. The
situation becomes more complicated when the polarization of
transition metals or of the heavier alkaline earth elements
(Ca, Sr, Ba) is analyzed. We illustrate this point by reference
to the simple cationic alkyl systems [MeCa]� (1) and [EtCa]�

(2) (Figure 1). According to Bader et al. the Laplacian
recovers the shell structure of atoms,[23] since the radii at
which L(r) attains a maximum value define spheres upon
which electronic charge is concentrated. For elements with Z
�18, one sphere is observed for each quantum shell. The radii
of these spheres of charge concentration are characteristic for
each shell of each atom, and thus provide an unambiguous
identification of the corresponding quantum shell.[11, 23] How-
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Figure 1. a), b): Constant probability density surface for the HOMO of
[MeCa]� (1) and [EtCa]� (2), respectively. Distances in [ä] and bond
angles in [�]. c), d): Isovalue surface (envelope) plots of the negative
Laplacian [L(r)� 84 and 101 eä�5, respectively] for the Ca center in 1 and
2. e), f): Contour plot of the negative Laplacian of the charge density, L(r),
in the Ca-C-H plane of 1, and the Ca-C-C plane of 2, respectively. Default
contour levels are drawn at �0.001, �2.0� 10n, �4.0� 10n, �8.0�
10n eä�5, where n� 0, �3, �2, �1; positive and negative values are
marked by solid and dashed lines, respectively. Extra contour lines at 15, 25,
84, 105, 240, 280, 350 eä�5 are drawn and the contour lines at 80, 200 and
400 were skipped to reveal the relative positions of the CCs. This will be our
default setting in the following. The relative locations of the bonding charge
concentration BCC, of the ligand induced charge concentration LICC and
of the diffuse feature representing the nonbonding charge concentration
NBCC in 1 are indicated by arrows. In 2, the diffuse feature, labeled NBCC,
has been polarized by the agostic ethyl ligand, resulting in two cis-oriented
CCs.

ever, as noted by Bader et al., the shell structure for the
transargonic elements is not fully represented by the Lap-
lacian. Thus, only three instead of four shells of charge
concentration are observed for the calcium atom, [Ar]4s2. The
same is true for the calcium atom in 1 and 2. In general the
fourth, fifth or sixth shell for elements of Period 4 ± 6,
respectively, is not revealed in the Laplacian.[24]

The L(r) contour maps of the calcium atom in 1 and 2,
Figures 1e and f clearly reveal the presence of CCs within the
outer (third) shell of the core of L(r). Thus, it is the charge
distribution in the (n� 1) quantum shell that is distorted by
the presence of ligands, rather than that in the n quantum shell
as for a p-block element with Z� 18.[25] Recent quantum
chemical studies have clearly demonstrated the CCs present
in the (n� 1) outer shell of the core of d-block elements to
arise from polarization of the (n� 1)d and n s valence
electrons.[26] Bader et al. concluded that the (n� 1) outer
shell of the core as defined by L(r) is, in effect, the valence
shell of a transition metal atom,[26] a conclusion in accord with

the ubiquitous participation of the (n� 1)d orbitals in the
chemistry of transition metals. Hence, the distinction between
local maxima in the so-called valence shell charge concen-
tration (VSCC) for elements with Z �18 and local maxima in
the outer shell of charge concentration for transargonic
elements is purely a formal one. Both types of local maxima
or charge concentrations arise from distortion of the valence
electron density. Accordingly, we use the general term CC to
discuss polarization or distortion of the electron density,
irrespective of the principal quantum shell of the atom at
which it occurs.

Charge concentrations in [EtCa]� (2)±Electron delocalization
and �-agostic interaction : Figure 1e and f show contour maps
of the negative Laplacian of the charge density for the
electrons in the symmetry plane of [MeCa]� (1) and the Ca-C-
C plane in [EtCa]� (2) at the B3LYP/I level of theory (see
Experimental Section for a basis set definition; unless
specified otherwise, this will be our standard level employed
in the density functional theory (DFT) calculations). Positive
values of L(r) indicate that charge is locally concentrated at r,
whereas negative L(r) values are characteristic of regions
suffering local charge depletion. Accordingly, the principal
quantum shells of the carbon atoms in 1 and 2, K and L, are
characterized by regions of charge concentration and deple-
tion (Figure 1e and f). The charge concentration in the L shell
of the carbon atoms appears to be rather distorted, showing
local maxima and minima. Indeed, L(r) in Figure 1e and f
reveals two maxima in the L shell of each carbon atom in
1 (Ca-C�-H plane) and 2 (Ca-C�-C� plane). These two
maxima, or (3,� 3) critical points,[11] are henceforth denoted
bonding charge concentrations [bonding CC(1) and CC(2)],
since they are located on the Ca�C, C�H or C�C bond
paths.[27] In Figure 1e and f the relative positions of CC(1) and
CC(2) are revealed by the contour line at 5 eä�5. In total, four
such maxima are evident, located along each of the three or
two C�H bonds in 1 and 2, respectively, the unique C�C bond
(in 2) and the Ca�C bond. In addition to their location, these
four CCs can also be classified by their relative magnitudes.
Thus, CC(1) for 2, with a value of 17.5 eä�5, represents our
benchmark value for a ™carbanionic∫ CC directed toward the
metal atom. We now demonstrate that the CCs at the calcium
atom in [MeCa]� and [EtCa]� can also be assigned in a
systematic manner and shown to be ligand induced. The first
type of charge concentration is assigned straightforwardly:
BCC describes the bonding charge concentrations facing the
C� atom of the alkyl groups (Figure 1e and f). This arrange-
ment of facing charge concentrations is typically observed in
the case of covalent bonds. Here, the CCs of the two bonding
partners of similar electronegativity merge with each other to
give a single region of bonding charge concentration, with the
characteristic two maxima or (3,� 3) CPs.[28] In the case of the
Ca�C bond, a low �(r) value of 0.52 eä�3 in combination with
a negative L(r) value of �3.6 eä�5 at the Ca�C bond CP of 2
imply pronounced bond polarity. However, energetic consid-
erations and a detailed topological analysis of the charge
density at the Ca�C bond CP also support some covalent
character.[29]

Chem. Eur. J. 2003, 9, 6057 ± 6070 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 6059



FULL PAPER W. Scherer, G. S. McGrady et al.

In addition, analysis of the wavefunction reveals the Ca�C
bond to be remarkably covalent and, as for the heavier
alkaline earth dihalides,[17d] to have metal d-orbital character.
The HOMOs of 1 and 2 are essentially Ca�C �-bond orbitals
formed mainly by combination of the Ca dz2 and the C pz
atomic orbitals (Figure 1a and b). As with the early transition
metal systems MenTiCl4�n (n� 1� 4),[30] the M�C bond in
both 1 and 2 may be described in terms of sd, rather than sp,
hybridization at the metal according to our natural localized
molecular orbital (NLMO) analysis.[31] In this respect, 1 and 2
serve as the simplest model systems for d0 transition metal
methyl and ethyl complexes.
The second type of charge concentration in [MeCa]� (1),

trans to the Ca�C bond, is much more pronounced than the
BCC [L(r)� 107.4 vs 85.5 eä�5; Figure 1e], and appears to be
ligand induced. This corresponds to the ligand-opposed CCs
(LOCCs) postulated by Gillespie et al. for the heavier
alkaline earth dihalide molecules.[15] For the reasons explained
below we use the term trans-ligand-induced CC (trans-LICC)
to describe this feature. A third type of CC is also apparent in
Figure 1c and e; denoted nonbonding charge concentration
(NBCC), it is rather diffuse and shows near-perfect cylindrical
symmetry.[32] Thus, a significant degree of metal polarization is
apparent in 1, but only a single ligand is present.
In the case of the higher homologue [EtCa]� (2), the BCC

and trans-LICC each appear again. However, in comparison
with 1, these two CCs are more pronounced: L(r)� 89.5 eä�5

(BCC) and 112.2 eä�5 (trans-LICC). Furthermore, two
pronounced CCs are observed orthogonal to the (BCC)-
(trans-LICC) vector, which we denote cis-LICCs. Only trans-
LICCs (or LOCCs) have been reported hitherto in the
literature.[15] As far as we are aware, this is the first report of
charge concentrations induced cis to a M�C bond. A further
difference between 1 and 2 is the overall geometry of the
metal ± alkyl fragment: the �-CH3 unit of the ethyl ligand has
been canted toward the Ca atom so as to bring a C��H�

fragment close to the metal (Ca ¥ ¥ ¥C� 2.682, Ca ¥ ¥ ¥H� 2.331 ä).
In other words, a �-agostic interaction has been established.[33]

This has further consequences for the polarization of the
metal atom: Figures 1d, and f reveal a pronounced asymmetry
in the cis-LICCs described above. The proximal C��H�

fragment appears to cause a depletion in the magnitude of
cis-LICC(1) compared with cis-LICC(2) [L(r)� 101.1 eä�5 vs
109.9 eä�5].[34]

Hence, for the first time a clear relationship emerges
between the charge-density and wavefunction based models
of metal atom polarization. In the case of [MeCa]� (1), the
HOMO is derived mainly from combination of the dz2 metal
orbital and the pz orbital on the C� atom of the methyl ligand.
Since this is the only bonding interaction between the metal
and the solitary ligand, the LICCs must be related to the
density contours of this MO. The predominance of the dz2
orbital in the metal-based bonding results in a charge
distribution which mimics the shape and symmetry of the
contours of the dz2 function: two pronounced CCs along the
molecular z axis and a diffuse belt in the equatorial (xy) plane.
The �-agostic interaction in [EtCa]� (2) polarizes this belt of
CC into the two distinct cis-LICCs seen in 2. Depletion of cis-
LICC(1) can now be related to the agostic bonding interaction

which develops between the metal atom and the �-CH
fragment, resulting in a cyclic delocalization of the metal ±
ligand bonding electrons, as described in our previous analysis
of �-agostic interactions in early transition metal alkyl
complexes.[7a±d] The HOMO of 2 thus accommodates the total
�2-metal�ethyl bonding interaction within a single orbital.[35]
In common with the lithium complex [2-(Me3Si)2-

CLiC5H4N]2 (3), which displays pronounced negative hyper-
conjugation, the carbanion charge concentration in the �-
agostic system 2 is reduced relative to that in EtLi (4)
[CC(1)� 17.5 vs 18.9 eä�5].[7e,f] In common with EtLi,[7e,f] we
note a pronounced asymmetry along the C��C� bond in 2
[CC(2)� 15.5/16.3 and CC(2�)� 20.2/20.4 eä�5 in 2 and 4,
respectively (Figure 1f)].

Experimental observation of ligand-induced charge concen-
trations : In this Section we demonstrate that the polarization
pattern induced by an agostic ethyl group in our model system
2 is characteristic of more realistic and complex �-agostic
systems. The textbook example in this regard is [Et-
TiCl3(dmpe)], the earliest reported �-agostic ethyl complex,
and which has since been the subject of numerous exper-
imental and theoretical investigations.[7a±d] Accordingly, [Et-
TiCl3(dmpe)] (5) serves as our experimental benchmark
system (Figures 2 and 3).

Figure 2. Molecular structure of [EtTiCl3(dmpe)] (5) in the solid state at
105 K; 50% probabililty level (after multipolar refinement); salient bond
lengths [ä] and angles [�] are specified and compared with the calculated
values (in square brackets).

In Figure 3c the L(r) plot in the TiCC plane of 5 is shown,
after multipolar refinement of all atoms except Ti,[36] which
appears completely unpolarized as a consequence. In Figur-
es 3d and e, successive multipoles have been introduced (one
hexadecapole with l� 4;m� 0, and one dipole with l� 1;m�
0) at the metal center in the refinements (the z axis points
along the Ti�C� vector). The main polarization features
evident for 2 in Figure 1d and f are thus reproduced
satisfactorily for 5. As a normalized charge density function
derived from the spherical harmonics, population of the first
multipole (P40 hexadecapole) leads to a charge density
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Figure 3. a), b) Contour plot of the negative Laplacian of the theoretical
and experimental charge density, L(r), in the Ti-C�-C� plane of [Et-
TiCl3(dmpe)] (5), respectively. Flexible multipolar refinement at Ti
(hexadecapole level). Besides the extra contour lines at 196 and
320 eä�5 default levels as defined in Figure 1 were used. Only in Figure
3a lines at 20, 25, 84, 105 eä�5 were skipped. c) ± e): L(r) contour plots in
the Ti-C�-C� plane of 5 (box size around Ti: 2.5� 2.5 ä2; contour levels as
above) showing that the distortion of the charge density at the metal can be
approximately fitted by just two multipoles: c) Without multipolar refine-
ment of the Ti atom. d) Inclusion of one hexadecapole at Ti (l� 4, m� 0).
e) Inclusion of an additional dipole at Ti (l� 1,m� 0). f) Representation of
the shape of the density-based multipoles (hexadecapole [l� 4, m� 0] and
dipole [l� 1, m� 0], respectively). g) Experimental envelope map (L(r)�
160 eä�5) showing the ligand-induced polarization at the Ti atom in 5.

distribution at the metal which mimics approximately the iso-
value density contours of a dz2 orbital.[37] Thus, it mainly
accounts for the axial (along the Ti�C vector) and equatorial
polarization of the metal atom. Owing to its mathematical
definition as a normalized density function, population of this
multipole alone results in a BCC and a trans-LICC of equal
magnitude and a diffuse NBCC feature with cylindrical
symmetry (Figure 3d). Accordingly, a second multipole (Ti�C
bond-directed dipole) is needed to account for the different
magnitudes of the BCC and the trans-LICC [303 and
334 eä�5, respectively] in our final experimental model which
is based on a flexible multipolar refinement (Figure 3b, e). As
shown by the L(r) contour maps in Figure 3a and b, the

experimental polarization pattern is in good agreement with
our theoretical model.[38]

Hence, a simple multipolar model accounts for the polar-
ization of the metal atom by an agostic ethyl group in 5, in
pleasing agreement with our interpretation of the wave-
function for 2 (previous Section).[39]

These results represent an important advance, for they
demonstrate cis-LICCs to be observable not just by calcu-
lation, but also from analysis of the experimental molecular
charge density; and confirm their existence as a real
phenomenon which warrants further experimental and theo-
retical investigation.

Bond ellipticity as a measure of charge delocalization in
agostic systems : At this stage, it is appropriate to introduce a
novel, charge-density based criterion which accounts for
electron delocalization within an alkyl group. Figure 1f
reveals the ethyl ligand in 2 to be polarized in such a way
that charge is locally concentrated [L(r) �0] on the face
directed toward the Lewis-acidic metal center. This contrasts
with the non-agostic ethyl ligand in EtLi (4), where a
pronounced charge depletion is observed at the �-carbon
atom facing the Li center.[7f] We have previously shown the
transition from non-agostic EtTiCl3 (6) to the �-agostic adduct
[EtTiCl3(dmpe)] (5) to be accompanied by a global bonding
redistribution within the Ti-CH2-CH3 moiety.[7d] We now
demonstrate that this global redistribution is a natural
consequence of delocalization of the M�C bonding electrons.
This becomes evident when the bond ellipticity is traced along
the full C��C� bond path. To illustrate the point, we introduce
[EtTiCl2]� (7) as a model �-agostic system for 5. [EtTiCl2]�

preserves the essential electronic features of the metal ± ethyl
bonding in 5 whilst avoiding complications from steric
factors,[40±42] and shows a more pronounced �-agostic inter-
action than does 5.[7a,c] These advantages have resulted in its
use as a model system for cationic metallocene-based
Ziegler ±Natta catalysts.[43] We have previously demonstrated
the existence of two �-agostic conformers for 7, with eclipsed
(7a) or staggered (7b) C��H� conformations with respect to
the M�C� bond.[44]

According to the mathematical definition (Figure 4), �

values greater than zero indicate partial �-character in a bond,
or electronic distortion away from �-symmetry along the bond
path.[12b] Indeed, the ellipticity profiles of both staggered and
eclipsed conformers of [EtTiCl2]� (7) along the C��C� bond
path reveal significant �-character. However, both profiles
show a rather complex pattern in comparison with the
standard C�C single or double bond in C2H6 and C2H4,
respectively, or in the metallacycle [(�2-C2H4)TiCl2] (8) (Fig-
ure 4).[12d] Whereas for C2H6 � is zero along the full bond
path, C2H4 and the metal complex 8 show pronounced
ellipticities. C2H4 shows a maximum � value (�max) of 0.34 at
the bond CP. In comparison with C2H4, the metallacycle 8
reveals a broader ellipticity profile with a pronounced double
maximum (�max� 0.31).[45] This arises from differences in the
�-bonding between C2H4 and 8 (see below). For the staggered
form of [EtTiCl2]� (7b), the ellipticilty profile is rather similar
to 8, albeit asymmetric along the C��C� bond and less
pronounced than for 8. For the eclipsed conformer 7a, the
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Figure 4. Calculated bond ellipticity profiles along the C��C� bond path of
[EtTiCl2]� (7a : eclipsed; 7b : staggered) in comparison with C2H6, C2H4,
and [(�2-C2H4)TiCl2] (8). The definition of the bond ellipticity is illustrated
by the �(r) contour map in the upper right corner, showing the charge
density in the plane perpendicular to the bond path at the C�C bond CP of
C2H4 (denoted ™1∫ in this figure). � is thus a measure of the cylindricity of
the charge distribution �(r): �� �1/�2� 1 (with �1� �2� 0). �i are eigenval-
ues of the corresponding eigenvectors v1 and v2 of the Hessian matrix of
�(r).

�-system is even more distorted on the evidence of its
ellipticity profile.[46] Here �max� 0.17, and is located close to
the �-carbon atom. At a first glance, the �-character of the
C��C� bond appears more pronounced in the vicinity of C� .
At the bond CP a much lower value (�� 0.10, denoted ™4∫ in
Figure 4) is found, and a second maximum is evident close to
C� (�max� 0.11).
This second, smaller maximum might arise from electronic

distortion of the formally sp3-hybridized �-carbon atom on
account of the hypervalent character induced by the addi-
tional Ti ¥ ¥ ¥C� interaction.[7a] We note that already at this
stage, the polarization of an agostic �-carbon atom can be
clearly revealed by the L(r) function. Thus, the L(r) contour
map of 7b (Figure 5d) shows the agostic C� atom to display a
charge concentration directed toward the metal center,
whereas a typical non-agostic C� atom displays a region of
charge depletion facing the metal center (see for example
Figure 10d). The first maximum, however, clearly arises from
the significant electronic distortion at the �-carbon atom
caused by the close-to-merging situation in the Ti-C�-C� plane
of the two carbanionic CC(1) and the C-C-directed CC(2)
features at C� (Figure 5c, d). In fact, the ellipticity profile of
7a (Figure 4), reveals �max to lie close to C� , corresponding to a
degree of retained carbanion character at the �-carbon atom,
albeit significantly less than in [C2H5]� and EtLi (4).[7f] A
similar ellipticity profile as in 7awas found experimentally for
the C��Si bond in [2-(Me3Si)2CLiC5H4N]2 (3).[7e,f] In this case
the carbanion character of C� is clearly reduced by negative
hyperconjugation and through additional electrostatic Li ¥ ¥ ¥C�

and Li ¥ ¥ ¥H� interactions.[7e,f] Hence, negative hyperconjuga-
tion also seems to play an important role in the delocalization
of the M�C bonding electrons observed in agostic complexes
of early transition metals, even though weak but nonetheless
significant secondary M ¥ ¥ ¥H interactions are evident in such
cases.[7c,d]

We conclude that the ellipticity profiles characterizing
C��X� bonds (X�C, Si) may be used in a general manner to

Figure 5. a) Envelope map of the negative Laplacian (L(r)� 150 eä�5) for
the Ti center in [EtTiCl2]� (7a). b) DFT model of 7a showing the relative
location of the critical points in the L(r) function. c), d) Contour plots of
L(r), in the Ti-C�-C�-H� plane of 7a and 7b, respectively. Default contour
levels (extra line at 200 eä�5) as defined in Figure 1 were used.

reveal electronic distortion of the �-C or �-X atom caused by
delocalization of M�C bonding electron density into the
C��X� bonding region. It is worth noting at this point that
ellipticity profiles for �-agostic ethyl groups of late transition
metal alkyls resemble closely those of alkene complexes,
indicating a much greater degree of M�C electron delocal-
ization; and according with the classical picture that these
systems are close to �-hydride elimination, possessing a high
degree of C�C and M�H bond character.[47±49]

The bond ellipticity profiles of agostic lithium organyls or
early transition metal alkyl complexes, which may be based on
either experimental or theoretical charge densities, thus
account in a unique and reproducible manner for electron
delocalization arising mainly from negative hyperconjugation.
The sensitivity of this new criterion of delocalization is
strikingly illustrated by comparing the profiles of the stag-
gered and eclipsed conformers of [EtTiCl2]� (7). As noted
above, the profile for the staggered conformer 7b closely
resembles that of the metallacycle 8. This is remarkable, since
the two conformers of 7 cannot be clearly distinguished on the
basis of their relative energies.[7c, 44] Furthermore, the MOs
which contribute to the agostic interaction show no significant
differences in their density contours between 7a and 7b
(Figure 6). Even the L(r) functions reveal no measurable
differences in the polarization of the metal atom (Figure 5c
and d). Only the bond ellipticity profiles are sufficiently
sensitive to reveal the subtly different nature of the ethyl
ligand in the two conformers of 7.

The nature of agostic interactions in d0 metal complexes : In
the previous Section on the charge concentration in [EtCa]� ,
we showed that the proximal C��H� fragment in [EtCa]� (2)
causes a depletion in the magnitude of cis-LICC(1). However,
the magnitude of cis-LICC(1) is in general rather independent
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Figure 6. Constant probability density surfaces for the salient orbitals
contributing to the interaction between Ti and the ethyl group of [EtTiCl2]�

(7a) and (7b), respectively.

of the orientation of the agostic C��H� fragment, being
virtually identical in 7a and 7b (237 and 235 eä�5, respec-
tively). This agrees with a wide range of experimental and
theoretical studies we have carried out on a variety of d0 metal
systems, which have shown that the M ¥ ¥ ¥H component of
agostic interactions in complexes of lithium,[7e,f] early tran-
sition metals,[7a±d] or bimetallic lanthanide aluminates[50]

makes only a modest contribution to the total agostic bonding.
The similarities in the L(r) plots for [(�2-C2H4)TiCl2] (8) and
both conformers of 7, Figure 8c and Figure 5c, d, respectively,
suggest an alternative driving force for �-agostic interactions
in early transition metal alkyl complexes. In 7 the agostic

interaction appears to be established primarily between the
metal and the �-carbon atom (Ti ¥ ¥ ¥C�). In comparison, in the
metallacycle 8, this Ti ¥ ¥ ¥C interaction has strengthened, and a
pronounced covalent interaction now exists between Ti and
C�. Thus, the CC denoted LICC(1) in 7 has evolved in 8 into a
well defined bonding CC denoted BCC (Figure 5c, d and
Figure 8c). Interestingly, the relative positions at the metal
center of LICC(1) and BCC in 7 and 8, respectively, remain
unaltered.[51] We note also that the bonding in both con-
formers of [EtTiCl2]� (7) is related to that in the isoelectronic
coordination complex [(�2-CH2NH2)TiCl2]� (9), in which the
terminal methyl group of 7 has been replaced by a NH2 donor
group (Figure 8d). The L(r) contour maps for 8 and 9, shown
in Figure 8c and f, represent the two extreme cases of covalent
and donor interactions between the metal center and the
terminal alkyl group CH2X (X�CH2

�, NH2, for 8 and 9,
respectively), with the agostic system 7 (X�CH3) represent-
ing an intermediate situation.
This is elegantly illustrated by the L(r) contour maps of 7a,

(Figure 7a ± c), which are oriented perpendicular to the Cs

symmetry plane and include the Ti�C� , the Ti�C� and the
Ti�H� vector, respectively. The plot along the Ti�C� vector
displays a pattern typical of a polar covalent bond, with a pair
of facing CCs for the two bonding partners (denoted CC(1)
and BCC). The situation is radically different along the Ti�C�

directrix: here a CC (3,� 1 CP) at the C� atom faces a region
of charge depletion (CD) [(3,�1) CP] at the metal atom,
similar to the Ti ¥ ¥ ¥N donor± acceptor interaction in 9. The
same is true for the agostic �-hydrogen atom: The L(r)
contours indicate a charge polarization toward a region of
locally increased Lewis acidity at the metal center (L(r)�
224 eA�5),[52] albeit less pronounced than the one facing the
�-C atom (L(r)� 117 eA�5) (Figure 7b, c). Thus, the Ti ¥ ¥ ¥H
component seems to be less important than the Ti ¥ ¥ ¥C�

interaction.
So what is the role of the agostic hydrogen atom in �-agostic

systems of early transition metal complexes? As outlined
above, and in accord with earlier investigations, it appears to
make only a modest contribution to the total �-agostic
bonding interaction. This situation is perhaps best illustrated
by [EtCa]� (2), which is distorted from genuine Cs molecular
symmetry [� (Ti-C-C-H)� 15.2�]. In the case of [EtTiCl2]�

(7a), the agostic H� atom is trapped in the cleft between the
two CCs opposing the Cl atoms (Figure 7c). However, when
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Figure 7. Contour plot ofL(r) in the plane perpendicular to the molecularCs plane in [EtTiCl2]� (7a), which includes a) the Ti and C� atoms; b) the Ti and C�

atoms; and c) the Ti and H� atoms. Default contour lines (additional contour line at 200 eä�5).
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the symmetry is lowered to C1 by replacing one �-hydrogen
atom by a methyl group (model 7c), the agostic H� atom in 7c
is displaced out of the Ti-C�-C� plane [� (Ti-C-C-H)�� 16.8�]
as in [EtCa]� (2). Simultaneously, the Ti ¥ ¥ ¥H� distance is
increased compared with 7a (2.035 and 2.067 ä for 7a and 7c,
respectively), in accord with previous observations. In fact, all
�-agostic alkyl complexes characterized to date appear to
display wide C�-C�-H� angles (�113�),[7a±d, 50] showing the �-H
atoms to be bent away from the metal center. Experimental
and theoretical charge density studies of [EtTiCl3(dmpe)] (5)
and [EtTiCl2]� (7)[7c, 42] have revealed in each case significant
exocyclic curvature of the Ti�C� bond path. Hence, it appears
that the �-agostic H atom in 7a and the two out-of-plane H
atoms at the �-carbon atom in 7b may actually hinder a close
Ti ¥ ¥ ¥C� approach and a more covalent Ti ¥ ¥ ¥C� interaction.

Metal polarization and the extent of delocalization : In this
Section we consider how the extent of electron delocalization
in d0 metal alkyl complexes is dictated by the polarization of
the metal, and we present a concept for introducing and
manipulating sites of local Lewis acidity at a metal center.
We start with an analysis of the electronic structures of a

series of complexes [EtTiCl2 ¥L]� [where L� i) a strong �-
acceptor (CO or PF3), ii) a weak �-acceptor (PMe3), iii) a �-
donor (H�, CH3

� or NMe3), or iv) a �-donor ligand (Cl�, F� or

OMe2)]. Figure 9 outlines the main differences in the
coordination modes of the various ligands. All �-acceptors
display acute C-Ti-L and BCC-Ti-cis-LICC(2) angles. Thus, �-
acceptor ligands directly face cis-LICC(2), which corresponds
to a site of locally reduced Lewis acidity. This site is avoided
by all �-donor or �-donor ligands, which prefer instead to
coordinate between cis-LICC(2) and trans-LICC–a site of
locally enhanced Lewis acidity at Ti. These differences are in
accord with general chemical considerations such as the
HSAB principle.[53]

The �-acceptor ligands cause the Cl-Ti-Cl angle to widen
relative to 7a (�ClTiCl 118.4�) when they coordinate to Ti,
resulting in a shift of the corresponding trans-LICC(Cl)
further out of the molecular plane (Figure 9).[54] In addition,
the magnitude of the CC at the opposed coordination site
decreases with increasing �-character of L, thereby assisting
the �-agostic interaction: for L�PMe3 (10a), PF3 (10b), and
CO (10c) cis-LICC(1) has values of 309, 282, and 299 eA�5,
with corresponding acute Ti-C-C angles of 85.5, 82.8, and
82.9�, respectively in [EtTiCl2 ¥L]� .[55] In contrast, the �- and
�-donor ligands induce an axial polarization of the metal, with
the donor electron pair causing a depletion of charge on the
near side of the metal and an increased CC opposed to the
Ti�L bond, resulting in a shift of LICC(1) toward BCC.[56] The
angle between BCC and cis-LICC(1) decreases to well below
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Figure 8. a), d) Constant probability density surfaces of the HOMO of [(�2-C2H4)TiCl2] (8) and [(�2-(CH2NH2)TiCl2]� (9), respectively. b), e) Envelope
maps of the negative Laplacian [L(r)� 160 eä�5] for the titanium center in 8 and 9, respectively. c), f) Contour plots of the negative Laplacian of the charge
density, L(r), in the Ti-C-X plane (X�C, N) of 8 and 9, respectively. Default contour levels (additional contour line at 200 eä�5) as defined in Figure 1 were
used.
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Figure 9. DFT models for a) [EtTiCl2 ¥PMe3]� (10a) and b) [EtTiCl2 ¥
NMe3]� (11a) showing the location of salient CPs in L(r). Important
distances [ä] and angles [�] for 10a and 11a, respectively: Ti�C 2.031
(2.013), C��C� 1.526 (1.528), C��H�� 1.130 (1.095), Ti ¥ ¥ ¥H�� 2.092 (Ti ¥ ¥ ¥H���
3.307), �TiCC 85.5 (119.9), �CCH� 114.7 (109.8), �CTiP(N) 89.1
(110.9), �ClTiCl 127.1 (115.6), �LICC(2)-Ti-BCC 88.0, �LICC(1)-Ti-
BCC 90.9 (79.6). Atoms in or out of the symmetry plane are denoted by (�)
and (��), respectively.

90� (82.0� for L�NMe3 (11a) or OMe2 (11b); 80.1�), and the
pronounced site of local Lewis acidity facing C� in [EtTiCl2]�

(denoted ™CD∫ in Figures 5c and 7b) is correspondingly
reduced: 117, 185, and 183 eA�5 in 7a, 11a, and 11b,
respectively.[57] As a consequence, the agostic interaction is
no longer favored in any of these complexes, which display
normal Ti-C-C angles of 119.9, and 117.6� for 11a and 11b
(Figures 10 and 11).
Thus, �-acceptor ligands trans to the agostic �-CH fragment

in our benchmark system 7a support a �-agostic interaction,
whereas �- or �-donor ligands in the same position disfavor
the interaction.[58] In contrast to the original suggestion by
Brookhart and Green,[6] it is not the global Lewis acidity of
the metal center, but the locally induced sites of increased
Lewis acidity and the flexibility of the M�C� bond which
determine the extent of agostic interactions. This is perhaps
best illustrated by our model system [EtTiCl2 ¥OMe2]� (11c),
which shows a fixed �C�-Ti-O of 180�. Here, the O-donor
ligand faces the ligand induced CC (trans-LICC) of the ethyl
ligand. This configuration results in a weakening of the Ti�C
bond relative to 11b (Ti�C 2.079 vs 2.016 ä, respectively),

Figure 10. a), c): Envelope maps of the negative Laplacian [L(r)�
160 eä�5] for the Ti center in [EtTiCl2 ¥PMe3]� (10a) and [EtTiCl2 ¥
NMe3]� (11a). The pronounced CD facing C� in 10a is reduced in 11a
due to the presence of the �-donor ligand. b), d) Contour plots of the
negative Laplacian of the charge density, L(r), in the Ti-C�-C�-H� plane for
10a and 11a, respectively. Default contour levels (additional contour line at
200 eä�5) are as defined in Figure 1.

Figure 11. Ligand-induced polarization pattern of the Ti atom in [EtTiCl2 ¥
L]� complexes 10a (L�PMe3), 10b (L�PF3), 11a (L�NMe3), 11b (L�
OMe2) and 11c (L�OMe2; with �CTiO fixed at 180�).

and also gives rise to an enforced Lewis acidic site at the metal
atom (CD� 130 and 183 eä�5, for 11c and 11b, respectively),
which opposes the �-CH fragment.[59] Thus, in 11c a pro-
nounced agostic ethyl conformation (�TiCC 82.9�, Ti ¥ ¥ ¥H�

1.977 ä) results, despite the presence of a �-donor ligand. This
again demonstrates that agostic interactions are controlled by
local ligand effects which dictate the polarization of the metal
center. An in-depth analysis of the nature of individual
metal ± ligand interactions, and of the interplay between these
at the metal center, has thus allowed us to attain a fuller
understanding of the factors involved in �-agostic bonding,
leading to enhanced predictive power and more reliable
conclusions.
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Conclusions

We have examined a range of d0 metal ethyl complexes and
related systems by a combination of experimental and
theoretical techniques. In spite of previous controversy over
the nature and origin of bonding and nonbonding CCs in the
outer shell of the core of transition metal atoms,[26] we have
shown these to be clearly revealed in the Laplacian of the
experimental charge density for [EtTiCl3(dmpe)] (5). Calcu-
lations on [EtCa]� (2), which possesses but a single ligand, have
demonstrated that these CCs arise from involvement of (n�
1)d metal orbitals in the M�L bond; and we have identified
both cis- and trans-LICCs as a consequence. trans-LICCs or
LOCCs have previously been proposed to be responsible for
the non-VSEPR geometries displayed by many d0 metal
complexes,[15] but cis-LICCs have not been reported previously.
The magnitude of the CCs at the �- and �-carbon atoms of

an ethyl ligand can be used to chart the extent of delocaliza-
tion of theM�C bond.[7f] The cis-LICCs and the CD facing the
�-methyl group in a d0 metal ethyl complex play a critical role
in hindering or encouraging the development of a �-agostic
interaction in a manner fully in accord with the molecular
orbital model of the interaction,[7a] which considers the
stabilization to derive from delocalization of the M�C
bonding orbital with the concomitant close M ¥ ¥ ¥H contact
being a consequence rather than the cause of the interaction.[60]

Bond ellipticity (�) profiles have been calculated for the
C��C� bond of [EtTiCl2]� (7), and compared with those of
related molecules. The asymmetry in � corresponds to the
degree of � character in the C�C bond, whereas the position
and magnitude of �max reveals the extent to which the M�C
bond is delocalized.
Analysis of CCs and of bond ellipticities provides a novel

and general method for quantifying the extent of electron
delocalization. These criteria benefit from the advantage of
being derived from the charge density of a molecular system,
and are thus physical observables that may be accessed both
through experiment and by calculation. Hence, these simple
criteria offer new direct experimental measures of electron
delocalization, and open up exciting possibilities for the
exploration of this phenomenon in a wide range of chemical
situations.
An understanding of the way in which the ancillary ligands

induce polarization at the metal center, and of the interplay
between these effects and the metal�alkyl bonding, affords
the possibility to predict–and hence to control and direct–
the development of an agostic interaction with an alkyl ligand
in a particular situation. Such predictive power is unprece-
dented in this area of chemistry. Detailed analysis of
molecular charge distribution thus holds out the prospect of
significant advances in the design and chemical control of
complexes with central relevance to many reactions of
academic and commercial importance.

Experimental Section

X-ray diffraction study of [EtTiCl3(dmpe)] (5): A high purity crystalline
sample of 5 was prepared as described in ref. [7a]. For the charge density

study we combined two X-ray experiments using a CCD and an imaging
plate detector system, both being connected to the same rotating anode
assembly. In the following all data of the latter experiment are given in
square brackets.

Data collection : A red, rhombic crystal with the dimensions 0.50� 0.25�
0.10 mm [0.20� 0.10� 0.05 mm] was glued inside a 0.01 mm thin-walled
capillary and mounted on a Kappa-CCD system from Nonius [imaging
plate system from Stoe (IPDS)]. The sample was cooled with an Oxford
Cryostream System to 105 K in 3 h with a mean temperature gradient of
�1 Kmin�1. Preliminary examination and final data collection were carried
out with graphite-monochromated MoK� radiation (�� 0.71073 ä) gen-
erated from a Nonius FR 591 rotating anode running at 50 kVand 80 mA.
Intensity data were collected using 1� �- and � scans [1� � scans] with a
detector-to-sample distance of 40 mm [75 mm]. For the low order data a
scan set with 360 frames was collected at a scan angle (�) of 17.662� and a
scan time of 70 s per frame. For the high order data two scan sets (213
frames in total; �� 30.928� and �� 31.480�) with a scan time of 200 s per
frame were chosen.[61a] [For the second crystal 360 frames at�� 0�with 300
s/frame were collected].

Data reduction : Crystal data for [EtTiCl3(dmpe)] at 105 K: C8H21Cl3P2Ti,
Mr� 333.43, a� 7.8295(2), b� 16.1104(2), c� 11.8216(3) ä, ��
91.6130(13)�, V� 1490.54(6) ä3; monoclinic; space group P21/n ; Z� 4;
F(000)� 688; �calcd� 1.495 gcm�3 ; 	� 1.30mm�1. The unit cell was deter-
mined from 87498 reflection positions. An initial orientation matrix was
determined from 10 frames of the first scan set and refined during the
integration of the scan sets of the first crystal. The intensities were first
corrected for beam inhomogeneity and crystal decay by the program
™Scalepack∫ [™Decay∫] using a tight scale restraint (0.0001).[61b]

An absorption correction was then applied (Tmin� 0.61; Tmax� 0.65) [Tmin�
0.81; Tmax� 0.85] and symmetry equivalent and multiply measured
reflections were averaged with the program ™Sortav∫.[62] The internal
agreement factor was Rint(I)� 0.029 [0.025] for a total of 35928 [16334]
reflections yielding 13425 [3205] unique reflections. Both data sets together
provided 99.8% of data in 5.8� 2�� 102.5� (sin�/� � 1.097ä�1).

Multipolar refinements and determination of the deformation density :
First, an independent atom model (IAM) refinement was carried out, in
which all atoms were treated as spherical. Anisotropic thermal parameters
were introduced to describe the thermal motion of all non-hydrogen atoms.
All hydrogen atoms were found in the difference map and refined
isotropically. The refinement finally converged at R1� 0.040, wR2� 0.087
and GOF� 1.039 for 11988 reflections (sin�/� �1.05ä�1), 211 parameters
and maximum and minimum values of the residual density of 0.89 and
�1.11 eä�3, respectively.[63]

A multipole model was then adopted to describe the deformation of �(r)
from a spherical distribution. According to a method proposed by
Stewart,[64] the electron density �(r) in a crystal is described by a sum of
aspherical pseudoatoms at the nuclear positions {Rj}:

�(r)�
�

j

�j(r�Rj)

Based on the Hansen ±Coppens formalism,[65] the pseudoatom density
�j(r�Rj) is expressed in terms of multipoles:[66]

�j(rj)�Pc�c(rj)�� �3Pv�v (� � rj)�
�lmax

l� 0

��lmax

m��lmax
� �� 3PlmRl(� �� rj)Ylm(
j ,�j)

In the refinement of our best model the multipole expansion was truncated
at the octapole level (lmax� 3) for carbon, phosphorus and chlorine and at
the hexadecapole level for titanium. The hydrogen atoms were treated with
monopoles (l� 0) and bond-directed dipoles (l� 1), in addition. Core and
spherical valence densities were constructed using Clementi and Roetti
Hartree-Fock (HF)[67a] atomic wave functions expanded over Slater-type
basis functions. The radial functions for the valence deformation densities
were of single Slater-type.[67b]

During the refinement the hydrogen atom positions were fixed at the
values obtained by calculation. To reduce the number of multipole
populations to be refined all methyl group carbons of the dmpe ligand
[C(3), C(4), C(7) and C(8)], the methylene carbons C(5) and C(6), the axial
chlorines Cl(2) and Cl(3), all methyl group hydrogens of the DMPE ligand
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and the hydrogens H(11), H(12) and H(21), H(23), respectively, were
assumed to be chemically equivalent (chemically constrained model, see
also S8 ± 11). In addition, local C3 pseudo-symmetry was imposed on C(3),
C(4), C(7) and C(8), and a local pseudo-mirror plane on Ti, C(1), C(2) and
Cl(1). A radial scaling (� � ) for the spherical density was refined for each
heavy atom type while for hydrogen atoms � � was kept fixed (1.20). In
addition, for chemically non-equivalent atoms different � � factors were
used (14 in total). The molecule was kept neutral during all refinements.

With the experimental model this procedure refined to � �� 1.312(16) for
Ti, � �� 0.970(2) for Cl(1), � �� 0.9678(16) for Cl(2) and Cl(3), � �� 0.961(5)
and 0.952(4) for P(1) and P(2), respectively, � �� 0.966(6) for C(1), � ��
0.996(7) for C(2), � �� 0.945(3) for C(3), C(4), C(7) and C(8) and � ��
0.952(4) for C(5) and C(6). The final agreement factors were R1� 0.0268,
wR2� 0.0284 and GOF� 2.4389 for 12719 reflections (Fo �3�(Fo); sin�/�
�1.05ä�1) and 256 parameters (Nref/Nvar� 49.7). The residual electron
density map was practically featureless with the maximum and minimum
values of 0.46 and �0.34 eä�3 (sin�/� �0.8ä�1), respectively (see also
S12, Supporting Information for details).

Hirshfeld×s rigid bond test[68] was applied to the atomic displacement
parameters obtained from the refinements. The difference between mean-
square amplitudes for all heavy atom bonds is within the limit of 1.0�
10�3 ä2, proposed by Hirshfeld, except for the P�C bond P(1)�C(5) [1.2�
10�3 ä2].

CCDC-204887 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge via www.ccdc.cam.ac.uk/
conts/retrieving.html (or from the Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge CB21EZ, UK; fax: (�44)1223-336-
033; or e-mail : deposit@ccdc.cam.ac.uk).

Computational details : All refinements were carried out with the full-
matrix least-squares program ™XDLSM∫ of the ™XD∫ suite of programs;[66]

the quantity minimized was ���w1(�Fo �� k ¥ �Fc � )2, where k is a scale
factor, based on 12719 reflections with Fo �3�(Fo). Weights were taken as
w1� 1/�2(Fo). Convergence was assumed when a maximal shift/esd �10�11

was achieved. For the topological analysis, critical points of the electron
density were searched via a Newton ±Raphson algorithm implemented in
™XD∫. Properties of �(r) and �2�(r) were calculated after transformation
of the local axis system into a global system.

DFT calculations using the Becke3LYP density functional[69] were carried
out with the ™Gaussian98∫ program suite (release A.7).[70] For all model
systems the 6-311G(d,p)[71] basis set combination as specified in Gaussian98
was used (denoted I in the text). For Ca and Ti[72] one additional
f-polarization function was employed. All geometry optimizations [except
1 (C3v), 2 (C1), 8 (C2v), and 11c (C1)] were performed imposing Cs

symmetry. The optimized geometries were verified as minima on the
potential energy surface by computing analytical frequencies. In the case of
the Cs geometry of 11b one spurious imaginary frequency of �� i33.5 cm�1

was found. However, the energy and geometry of theC1 model do not differ
significantly.

The topological analysis of the theoretical and experimental electron
densities was carried out with the ™AIMPAC∫ software package[73] and the
XD-program system,[74] respectively.
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