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Abstract

ansa-Zirconocene complexes have been studied by Three-Dimensional Quantitative StructureeActivity Relationship (3D-QSAR). Using the
comparative molecular field analysis (CoMFA) method, the experimental results obtained for catalytic activity and polymer molecular weight
have been successfully correlated with the steric and electrostatic 3D structural descriptors, which were calculated by density functional theory
(DFT) methods.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The discovery by Sinn and Kaminsky [1] of the group 4
metallocene/MAO catalytic system for the polymerization of
a-olefins has brought about a swift and unabating development
in this field [2]. The main efforts in this research area are fo-
cused on the design of metallocene complexes [3] with high
catalytic activities and capable of producing materials with
‘‘user defined’’ physical properties [2]. Small changes in the
structural make-up of the metallocene catalysts are well
known to have notable effects on the polymerization. How-
ever, to date, much of the chemistry carried out has been of
a ‘‘hit or miss’’ nature and therefore in order to reduce time
and cost, it is essential the capacity to predict for hypothetical
metallocene systems their catalytic behavior or propose possi-
ble modifications to existing catalysts to improve activity and
polymer molecular weight.
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Quantitative StructureeActivity Relationship (QSAR)
techniques can be applied to search for correlations between
the catalyst structure and its behavior in the polymerization
process. An adequate exploration of structureeactivity rela-
tionship can be expected considering our previous experience
in the application of Three-Dimensional QSAR (3D-QSAR)
methodology in the field of metallocene-based polymerization
catalysis.

In our initial study [4a], we used a set of metallocene cat-
alysts for determining polymerization activity and polymer
molecular weight under the same experimental reaction condi-
tions. Descriptors obtained from DFT (Density Functional
Theory) calculations, such as LUMO (Lowest Unoccupied
Molecular Orbital), electrostatic, steric and local softness
fields, were used in order to describe the structure of the cat-
alysts. The electronic interaction was confirmed by correla-
tions found between activity and LUMO as well as between
activity and local softness. The model revealed that the exper-
imental variance in catalytic activity is well explained in terms
of the arrangement of the ligands around the metal center or
the type of aromatic ligands (i.e., cyclopentadienyl or indenyl).
Furthermore, it was found that in ansa-metallocene catalysts
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the bridges were not directly involved in LUMO and local
softness fields, but rather in the cyclopentadienyl centroide
zirconiumecyclopentadienyl centroid (CenteZreCent) angle
promoting electronic interaction between the metal center
and the atoms of the ligands to a greater or lesser extent. Poly-
mer molecular weight was found to correlate also with those
fields where the CenteZreCent angle is the key geometric
variable. However, steric fields were not able to explain the
variance in the molecular weight data.

In our second work [4b] we performed a 3D-QSAR analy-
sis to a larger and more varied type of metallocene catalyst
systems extracted from an experimental study conducted by
the Kaminsky group [5]. The results obtained in this 3D-
QSAR analysis were in agreement with the correlations found
in our initial study [4b], however, with an additional implica-
tion of the electrostatic field, which was not previously
observed.

We include in this paper a section named ‘‘Problem State-
ment’’ where we explain the global problem of using chemo-
metric tools in the field of homogeneous catalysis and its
formal analogy with the drug design field.

As a continuation of our computational chemistry studies
[4,6] applied to single site polymerization catalysts and our
work related to zirconocene complexes [7], we present in this
paper the study of a set of ansa-bis(cyclopentadienyl) zirco-
nium catalysts where the structural variability, mainly focused
on the nature of the substituents attached to the silicon bridge
atom, has been considered. The structureeactivity correlations
found in this work show an interesting parallelism with the
behavior generally observed in supported catalysis [8].

1.1. Problem statement

QSAR is an essential tool in the designing of new drugs in
the medicinal chemistry field since 1960s [9]. The fundamental
hypothesis supporting the application of these tools is that drug
activity is modulated by its chemical structure. In fact, it is gen-
erally observed that small changes in the structure yield very
different responses in bioactivity. This is confirmed by X-ray
crystallography which shows unequivocally how some drug’s
structural features are connected with the activation or inhibi-
tion of some protein or enzyme. This prompted researchers in
drug design to use chemometric tools to rationalize the study
of these structureeactivity relationships. The application of
QSAR methodologies is today an essential step in the process
of designing a new drug [10]. Among the different tools,
Three-Dimensional Quantitative StructureeActivity Relation-
ship (3D-QSAR) [11] is one of the most useful methodologies
due to its capability to locate in the three-dimensional space the
main structural features associated to the particular biological
response.

One of the main criticisms posed towards the usage of 3D-
QSAR concerns to the inclusion of thousands of variables used
to correlate with a few dependent variables. However, it should
be taken into account that these variables are no longer inde-
pendent and cannot be used as in Multivariate Linear Correla-
tion techniques. The advent of statistical techniques such as
Partial Least Squares (PLS) solves this situation by deriving
true independent variables which are then used for the fitting
procedure.

The successful application of 3D-QSAR methodologies in
drug design has stimulated us to apply them to the study of
single site polymerization catalysis [4]. In this case the struc-
tural variability resides in the catalyst itself which would cor-
respond with the receptor in the drug design arena, where it is
common for each case. The monomer would be equivalent to
the ligand, but in this case this component will be the same for
all the catalyst species considered. As can be deduced, the par-
ticipants in the ligandereceptor interactions are equivalent
both in the drug design and in the homogeneous catalysis
arena, but the target of the modeling process is the drug/ligand
in the former case and the receptor/catalyst in the latter one.

Other criticism commonly made by researchers in the ho-
mogeneous catalysis field to the usage of QSAR tools con-
cerns the complexity of the real system. Of course, this is
the fundamental drawback inherent to any simulation or theo-
retical methodology. There is an additional point of debate
with the application of QSAR, i.e., the calculated descriptors
have to be directly correlated with experimental values. In
general, many factors other than molecular structure influence
the action of any drug or catalyst. However, careful and sys-
tematic experiments can be done to isolate the structural ef-
fects as much as possible, for example, by performing
experiments in the same conditions. The validity of this ap-
proach has been demonstrated by the numerous successful
cases in the drug design field. The area of homogeneous catal-
ysis should not present, in principle, further complications to
get similar results. The complexity of the real biological sys-
tem can be yet superior to the artificial polymerization system,
even if simpler ‘‘in vitro’’ experiments are contemplated.

The above arguments have motivated us to apply the 3D-
QSAR paradigm to the study of homogeneous polymerization
catalysis with the aim of obtaining useful information to gain
further knowledge about these processes and to design better
catalysts. Our previous works [4] show how useful can be
such QSAR models, both to interpret the polymerization
mechanisms and to predict the properties of catalytic systems
not present in the training set, i.e., the set of compounds used
to derive the models. These models are easy to interpret and
are also in agreement with the experimental and theoretical
observations reported in the literature.

2. Methods

2.1. Source of catalysts and polymerization data

A training set of 22 metallocene complexes were taken
from previous work carried out by us [7g,i]. The compounds
considered here (see Fig. 1) along with the corresponding ac-
tivities and polymer molecular weights are shown in Table 1.
As can be seen, this training set covers silylene bridged zirco-
nocene complexes with different substituents at the silicon
atom. Permethyl substitution at the aromatic cyclopentadienyl
ligand has been also considered as a structural variable.
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Fig. 1. Metallocene catalysts 1e22.

Table 1

Ethylene polymerization results

No. Catalyst Activitya Log activity Mw Log Mw

1 (h5-C5H5)2ZrCl2 23 750 4.37 1 014 670 6.01

2 [Et(H)Si(h5-C5H4)2]ZrCl2 11 100 4.05 210 200 5.32

3 [Et(H)Si(h5-C5Me4)(h5-C5H4)]ZrCl2 8760 3.94 186 200 5.27

4 [Ph(H)Si(h5-C5Me4)(h5-C5H4)]ZrCl2 7053 3.85 185 240 5.27

5 [CH2 ] CHCH2(H)Si(h5-C5Me4)(h5-C5H4)]ZrCl2 3120 3.49 133 500 5.13

6 [Ph(H)Si(h5-C5Me4)2]ZrCl2 15 967 4.20 194 650 5.29

7 [CH2 ] CHCH2(H)Si(h5-C5Me4)2]ZrCl2 6373 3.80 156 800 5.20

8 [Et{(CH2 ] CH)3SiCH2CH2}Si(h5-C5H4)2]ZrCl2 3307 3.52 139 460 5.14

9 [Et{(CH2 ] CH)3SiCH2CH2}Si(h5-C5Me4)(h5-C5H4)]ZrCl2 5513 3.74 420 000 5.62

10 [Et{(CH2 ] CH)Me2SiCH2CH2}Si(h5-C5Me4)(h5-C5H4)]ZrCl2 7213 3.86 141 300 5.15

11 [Et{(Et3SiCH2CH2)3SiCH2CH2}Si(h5-C5Me4)(h5-C5H4)]ZrCl2 3367 3.53 717 000 5.86

12 [Et{(Et3SiCH2CH2)Me2SiCH2CH2}Si(h5-C5Me4)(h5-C5H4)]ZrCl2 10 147 4.01 669 000 5.83

13 [Me(CH2 ] CH)Si(h5-C5Me4)2]ZrCl2 15 510 4.19 236 000 5.37

14 [Me(CH2 ] CHCH2)Si(h5-C5Me4)2]ZrCl2 16 472 4.22 136 790 5.14

15 [Me(Cl2MeSiCH2CH2)Si(h5-C5Me4)2]ZrCl2 26 898 4.43 483 000 5.68

16 [Me(Cl2MeSiCH2CH2CH2)Si(h5-C5Me4)2]ZrCl2 17 707 4.25 558 000 5.75

17 [Me(H)Si(h5-C5Me4)(h5-C5H4)]ZrCl2 9633 3.98 162 900 5.21

18 [Me(H)Si(h5-C5Me4)2]ZrCl2 26 407 4.42 151 300 5.18

19 [Me{(Et3SiCH2CH2)3SiCH2CH2}Si(h5-C5Me4)(h5-C5H4)]ZrCl2 3907 3.59 743 300 5.87

20 [Me{(Et3SiCH2CH2)Me2SiCH2CH2}Si(h5-C5Me4)(h5-C5H4)]ZrCl2 11 100 4.05 341 200 5.53

21 [Me2Si(h5-C5Me4)(h5-C5H4)]ZrCl2 16 073 4.21 175 500 5.24

22 [Me2Si(h5-C5Me4)2]ZrCl2 11 500 4.06 332 800 5.52

a In kg pol (mol Zr h)�1.
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All polymerization reactions were carried out under the
same experimental conditions: a reactor temperature of
20 �C, an ethylene pressure of 2 bar, 3� 10�5 mol L�1 of met-
allocene concentration and a molar ratio MAO (methyl alumi-
noxane)/metallocene of 3000. Polymer molecular weights
were determined by GPC (Waters 150C Plus) in 1,2,4-trichloro-
benzene at 145 �C.

2.2. Molecular modeling

The active species of the catalyst is a cationic organometallic
complex with a vacant coordination site where polymerization
takes place and can interact with the co-catalyst. Thus, the
DFT calculations are based on the cationic species rather than
on the metallocene precursor itself. The reactivity descriptors
considered in this work contemplate some characteristics of
the isolated reactants. This implies that the former are relevant
only with respect to the initial interaction between the catalyst
and the other species in the reaction medium. This type of infor-
mation can be related to the reactivity only if the reaction has an
early transition state, as it is the case with the ethylene insertion
into the metal alkyl bond of the metallocene catalyst. Further-
more, the possible co-catalyst effect on the activity and molec-
ular weight is assumed to be the same in all cases although the
co-catalyst is not taken into account explicitly in the present
work. This assumption can be valid as far as the same co-catalyst
and the same Al/Zr ratio are used for all polymerization reac-
tions. For each organometallic cationic species, geometry opti-
mization at B3LYP [12]/LANL2DZ [13] was performed using
the Gaussian 03 package [14]. The following 3D fields were
evaluated in Cartesian grids: electron densities, electrostatic po-
tential, HOMO and LUMO molecular orbitals. We also calcu-
lated electrostatic charges by fitting the electrostatic potential
to nuclear positions according to the CHELPG scheme [15]. Ste-
ric and electrostatic 3D fields are calculated in the CoMFA
method through the interaction between each catalyst and
a probe atom. The probe atom should have specific charge and
steric properties to evaluate the interaction energy at each partic-
ular point in the grid. The probe atom selected was an sp3 C atom
with a �1 point charge. This atom corresponds to atom C(3) in
the Tripos Force Field [16], which was used to calculate van der
Waals (steric) interactions. The value for the probe atom charge
was selected to represent the effect of the electrostatic nature of
either the ethylene or the anionic co-catalyst.

2.3. CoMFA details

All the reported 3D-QSAR analyses were carried out with
the CoMFA module [17] implemented in the SYBYL 7.2
package [18].

2.3.1. Alignment rule
It is essential in 3D-QSAR to align all structures in a com-

mon framework in order to make possible the comparison be-
tween all cationic active species of the tested catalysts [19]. In
this study the catalyst molecules were aligned in such a way
that the active site presented similar orientations. Zirconium
atom, cyclopentadienyl centroids, Cp(1) and Cp(2) and the al-
kyl carbon atom C(3) attached to the metal were used for the
molecular alignment as represented in Fig. 2a. The resulting
alignment is shown in Fig. 2b along with the cubic region
used to calculate the molecular fields. Several grid spacings
were used, but the best results are obtained with lattices of
1.0 Å and 2.0 Å spacing. These values represent a compromise
in the sense that a higher precision in the evaluation of the 3D
field represented by a finer grid increases the so-called ‘‘brown
noise’’ due to the sensitivity of the statistical technique applied
to generate the models [20].

2.3.2. PLS analysis
Partial Least Squares (PLS) [21] analyses were performed

for different combinations of field descriptors. PLS calculations
with the combined field were performed using the so-called
autoscaling, where each field is scaled to have unit variance.
The software calculates the standard deviation (stdev) of each
field and divides each value by the corresponding stdev. The
effect is to give each variable the same prior importance in
the analysis. Leave one out (LOO) [22] cross-validated PLS
analysis was initially performed to determine both the robust-
ness of the statistical models and the optimal number of compo-
nents. This can be achieved by examining the Predictive
Residual Sum of Squares (PRESS) and the cross-validated
regression coefficient (q2) as guidelines. The q2 statistics are
defined as:

PRESS¼
XN

i¼1

�
Yobs;i� Ypred;i

�2 ð1Þ

q2 ¼ 1� PRESS=SSD ð2Þ

where Yobs,i and Ypred,i are, respectively, the actual and pre-
dicted dependent variables and SSD is the sum of the squared
deviations of each dependent variable from the mean of all de-
pendent variables. It has been estimated by some authors [23]
that a q2 value greater than 0.3 has a 95% confidence limit.
The usual practice in drug design is to consider valid a model
with a q2 greater than 0.5, i.e., half way between perfect predic-
tions (q2¼ 1.0) and no model at all (q2¼ 0.0). The optimum
number of components was determined by minimizing PRESS
while maximizing q2 values. Whenever the increase in q2 with

Fig. 2. (a) Points used for the alignment rule. (b) Alignment of the training set

molecules and cubic region used to calculate the 3D fields.
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an additional component was less than 5%, the model with
fewer components was selected. Addition of more components
improves the fitting statistics but has two disadvantages: on
one hand, complicating the model and on the other loosing
its predictive ability. Finally, subsequent non-cross-validated
PLS analysis was carried out for the optimum number of com-
ponents to obtain a final model.

The CoMFA results are graphically represented as 3D maps
and for the sake of clarity only one catalyst (number 11) of the
set has been depicted in the corresponding figures.

3. Results

For clarity, this section has been divided into two parts ac-
cording to the different experimental data considered in this
study, i.e., polymerization activity and polymer molecular
weight. A plot of both experimental variables is shown in
Fig. 3. The unbridged zirconocene complex, used as a refer-
ence catalyst in the polymerization study, appears to be an out-
lier, clearly visible in the molecular weight data. This behavior
has been confirmed in the analysis described in the following
paragraphs. The experimental data have been transformed to
the logarithmic scale (see Table 1) to give a uniform distribu-
tion as is recommended for the statistical analysis.

3.1. Polymerization activity

One of our previous studies [4a] showed a positive linear
correlation between the activity data and the CenteZreCent
angle, the wider the angle the better the activity. A somewhat
similar observation can be made in the present work. Fig. 4
shows a graphical representation of the logarithm of the activ-
ity versus the CenteZreCent angle. If the outlier value is not
considered, then the angle values can be grouped into two sets.

Fig. 3. Experimental activity versus polymer molecular weight plot.
It can be observed that compounds containing two permethy-
lated cyclopentadienyl rings have angle values around 129�

and correspond to larger activity values. The least active com-
pound in this group corresponds to catalyst number 7, which
contains a vinyl group as one of the substituents at the silicon
atom ansa-bridge.

The presence of vinyl groups seems to have an influence on
polymerization activity as will be shown later in this section.
Conformational analysis performed on catalysts containing
vinyl groups has confirmed that it is possible to find low
energy conformers where the double bond can interact with
the metal center via intra- or intermolecular interactions.
This would probably give rise to deactivated catalyst mole-
cules. For example, a conformer showing zirconiumevinyl

Fig. 4. Plot representing the logarithm of experimental activity versus the

CenteZreCent angle (in degrees).

Fig. 5. Experimental versus predicted logarithm of activity plot.
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Fig. 6. Stdev� coeff. field isosurface for steric contribution mapped onto catalyst number 11. Each image corresponds to different viewpoints. H atoms have been

omitted for clarity.
group interaction has been found for catalyst number 8. This
conformer is 10 kcal/mol lower in energy than the extended
conformation. The latter conformation was, however, selected
to perform the QSAR study in order to be consistent in main-
taining a similar shape for all molecules. The contribution of
the conformational variability of the vinyl containing catalysts
to the QSAR models was, however, small due to the low activ-
ity showed by these complexes. On the other hand, the high
strength of this interaction is due to the absence of methyl
groups in the cyclopentadienyl ligands in this catalyst. In
this manner, it has been observed that zirconiumevinyl group
interaction in catalyst number 10, which contains one per-
methylated cyclopentadienyl ligand, is much more sterically
hindered.

Different 3D fields such as steric, electrostatic potential,
frontier molecular orbitals and local softness have been calcu-
lated and used to search correlations with the polymerization
activity. CoMFA models including only steric and electrostatic
fields have shown to give good correlations with the
experimental activity. Those fields related with electronic fea-
tures give poor models due to the large similarity found for
these amongst the set of catalysts considered.

The best model found corresponds to a combination of
steric and electrostatic fields evaluated in a 2 Å grid spacing
region. The resulting cross-validated statistics were: cross-
validated correlation coefficient, q2¼ 0.501 for 3 components;
standard error of prediction, SEP¼ 0.246 log units. The final
model with three ‘‘latent variables’’ including all catalysts
gives the following statistics: correlation coefficient, q2¼
0.952; standard error of prediction, SEP¼ 0.075 log units.
The contribution of each field to the global model was 91%
and 9% for the steric and electrostatic fields, respectively.
The corresponding plot of experimental versus predicted poly-
merization activity is shown in Fig. 5. As can be seen a good
correlation is obtained between both sets.

The PLS analysis gives information about the QSAR equa-
tion and its characteristics in terms of 3D fields. In this respect,
it is generally accepted that the most informative field is that
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Fig. 7. Stdev� coeff. field isosurface for electrostatic contribution mapped onto catalyst number 11. Each image corresponds to different viewpoints. H atoms have

been omitted for clarity.
resulting from the product of the standard deviation at each
grid point by the coefficient obtained for the same point in
the QSAR equation.

The standard deviation (stdev) times QSAR coefficients (b)
field gives a rough location where structureeactivity relation-
ship statements can be inferred discriminating areas where the
local descriptor is important from those that have no signifi-
cance [24]. Fig. 6 shows isosurfaces for the stdev� b field
contoured at 0.4 (green, positive values) and �0.4 (yellow,
negative values) onto catalyst number 11. The positive values
indicate where an increase of steric field corresponds to an
increase in activity. Two main areas of positive steric influence
can be observed, one around substituent positions in the aro-
matic cyclopentadienyl ligands, indicating that addition of
bulky substituents should enhance activity. This could be inter-
preted in terms of the catalysteco-catalyst interaction. A pos-
sible explanation could be that bulky substituents in these
positions would prevent the approximation of the anionic co-
catalyst species to the metal, so that complexation and inser-
tion of the ethylene monomer are facilitated. This observation
is in agreement with previous results obtained in our group
on different catalyst series [4]. Another area of positive
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contribution of the steric field is located on the opposite side of
the active site (ansa-bridge region), although at some distance
from the silicon bridge atom. This contribution is, however,
more diffused than the permethyl contribution explained
above, however, a plausible interpretation for this cannot be
given at the moment.

On the other hand, negative values are associated with loca-
tions where it is necessary to release steric impediment to in-
crease activity. The yellow isosurfaces in Fig. 6 correspond to
those areas with a negative influence of the steric field on po-
lymerization activity. These regions are located in the proxim-
ity of the silicon bridge atom indicating that steric hindrance
around the bridge will be detrimental to the activity. Monomer
insertion can be difficult if steric bulk is near to the active site.

The electrostatic field exerted by a molecule outside its van
der Waals radius is supposed to be a principle descriptor of in-
termolecular interaction in 3D-QSAR [25]. The electrostatic
nature of the catalyst active species can play an important
role in the case of ethylene polymerization with metallocene
catalysts where several molecules (monomer, solvent or co-
catalyst) can interact through electrostatic forces with the met-
allocene compound.

The stdev� b field for the electrostatic component of the
CoMFA model is shown in Fig. 7 contoured at 0.05 (blue, posi-
tive values) and �0.05 (red, negative values). The red mesh
represents areas where an increase in negative charge will
also contribute to improved polymerization activity. The neg-
ative areas are positioned in the vicinity of the aromatic ring
substituents. These areas correspond to the most external sur-
face of the catalyst above the active site. These observations
suggest that negatively charged substituents in the aromatic
rings would be able to facilitate the ion-pair separation, mak-
ing more room for ethylene coordination to the metal center.
This might result in an improvement of the catalyst activity
as was mentioned in the previous section on steric field.
This result is in agreement with models for the electrostatic ef-
fect on the catalyst activity obtained in a previous study [4b].
The areas corresponding to positive values of the stdev� b

field can be associated with those molecular regions where
vinyl groups are located. The model is thus indicating that
release of these groups, which contain negative charge
concentration, would be beneficial for the polymerization
activity.

3.2. Polymer molecular weight

Reliable 3D-QSAR models have been obtained for the cor-
relation of the experimental polymer molecular weight and
a combination of steric and electrostatic molecular fields.
Other fields related with electronic features such as Frontier
Molecular Orbitals or Local Softness give models with very
low correlation coefficients.

The activity versus molecular weight plot of experimental
values in Fig. 3 showed catalyst 1 to be an outlier more pro-
nounced in the molecular weight data set. This has been sub-
sequently confirmed during the derivation of PLS models. The
uncommon nature of the unbridged zirconocene complex with
respect to the other compounds in the set is most likely respon-
sible for the differential behavior of this catalytic species.
Therefore, models to explain the molecular weight variability
have been derived without the outlier catalyst.

The best model found corresponds to a combination of ste-
ric and electrostatic fields evaluated in a 1 Å grid spacing
region. The resulting cross-validated statistics were: cross-
validated correlation coefficient, q2¼ 0.558 for two compo-
nents; standard error of prediction, SEP¼ 0.19 log units.
The final model with two latent variables including all cata-
lysts gives the following statistics: correlation coefficient,
q2¼ 0.776; standard error of prediction, SEP¼ 0.132 log
units. The contribution of each field to the global model was
94% and 6% for the steric and electrostatic fields, respectively.
The model for the molecular weight gives better predictive ca-
pability, measured by the q2 value, than the model obtained for
the activity although the final statistics are worse. The corre-
sponding plot of experimental versus predicted polymer mo-
lecular weight is shown in Fig. 8. It can be seen a dispersion
of points at lower molecular weight values. The farthest points
from the diagonal line correspond to some of the catalysts con-
taining a vinyl group as one of the silicon bridge atom substit-
uents (numbers 7, 9, 10 and 14). It seems that molecular
weight data are more sensible to the presence of such groups.

The stdev� b field for the steric component of the CoMFA
model is shown in Fig. 9 as an isosurface contoured at 0.3
(green, positive values) and �0.3 (yellow, negative values).
Two areas of positive steric contribution can be observed. On
one hand, steric bulk around the cyclopentadienyl ring substit-
uents seems to be beneficial in increasing the polymer molecu-
lar weight. This contribution to the model is, however, smaller
than the corresponding analogue in the activity case described
in the previous section. On the other hand, a large area of pos-
itive steric effect is located in the region occupied by the silicon
bridge atom substituents. The meaning of this contribution is,
however, not clear. Some parallelism with the supported metal-
locene catalysis can be observed. The effect of the support on

Fig. 8. Experimental versus predicted logarithm of Mw plot.
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Fig. 9. Stdev� coeff. field isosurface for steric contribution mapped onto catalyst number 11. Each image corresponds to different viewpoints. H atoms have been

omitted for clarity.
olefin polymerization is in general to increase the polymer mo-
lecular weight with respect to the unsupported case. It can be
supposed that the steric hindrance built up by the support disfa-
vors the polymerization termination reactions [8]. The effect of
the catalyst volume on the polymer molecular weight can also
be observed by plotting the experimental values against the
total molecular volume as in Fig. 10. A positive correlation
between both variables can be observed which is in agreement
with the 3D-QSAR model. This correlation can be improved af-
ter removing those catalysts containing vinyl group substitu-
ents. The negative steric contribution is very small and does
not deserve further comment.

The stdev� b field for the electrostatic component of the
CoMFA model is shown in Fig. 11 contoured at 0.05 (blue, pos-
itive values) and�0.05 (red, negative values). The contribution
Fig. 10. Plot representing the logarithm of Mw versus the catalyst molecular

volume (in angstrom).
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of positive electrostatic potential can be observed in those areas
occupied by vinyl group substituents, as was observed in the
case of catalytic activity. The same interpretation can also be
given here. The electrostatic negative areas are of minor rele-
vance and are spread around the bridge atom substituent area.

4. Conclusions

Some interesting 3D-QSAR models have been found to ex-
plain the variance in certain experimental data such as poly-
merization activity and polymer molecular weight obtained
for a set of silylene bridged bis(cyclopentadienyl) zirconium
complexes. The CoMFA models derived in the present work
are in agreement with those models obtained in previous
3D-QSAR studies applied to metallocene-based homogeneous
catalysis [4].

The positive correlation between polymerization activity
and steric hindrance in the cyclopentadienyl substituents has
been confirmed. This result is in agreement with the depen-
dence observed between CenteZreCent angle and activity. In
particular, the presence of two permethylated cyclopentadienyl
rings gives rise to larger CenteZreCent angles. This can be as-
sociated to a weakening of the cationeanion interaction, which
allows a more efficient olefin insertion. The steric contribution
Fig. 11. Stdev� coeff. field isosurface for electrostatic contribution mapped onto catalyst number 11. Each image corresponds to different viewpoints. H atoms

have been omitted for clarity.
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constitutes more than 90% of the CoMFA model for the activity
as well as for the molecular weight dependent variables.

There are, however, some special peculiarities of the QSAR
models described in this work not encountered in previous
studies. It has been found that an increase in steric bulk in
the region defined by the silicon bridge atom substituents is
beneficial for larger polymer molecular weights. This result
is completely new, as previous 3D-QSAR studies did not
take into account this molecular area. The positive correlation
between molecular weight and catalyst volume can be also di-
rectly observed by a bivariate plot (Fig. 10). No clear interpre-
tation is given for this correlation but the analogy with the
observed polymer molecular weight increase in supported
metallocene-based catalysis has been remarked upon.

On the other hand, correlation between dependent variables
and electronic fields associated to nucleophilic reactivity like
frontier molecular orbitals or local softness has not been
found. This result can be explained by the high similarity of
these fields for the catalyst set considered in this work.
In fact, all the compounds contained very similar aromatic
ligands coordinated to the zirconium atom. It should be
stressed again that the main source of structural variability is
focused on the substituents attached to the Si bridge atom.

The good predictive ability of the models allows one to con-
sider the application of the 3D-QSAR methodology as a valuable
tool in the design of better catalysts for olefin polymerization.

The fundamental methodologies used in 3D-QSAR are well
established and can provide robust models from a statistical
point of view. However, some details should be improved in
order to get better results.

One concern is about the large number of descriptors that are
used for the correlations. Possible solutions have been pointed
out by Cruciani’s group regarding the application of variable se-
lection methods in addition to the PLS methodology.

Other improvements in the 3D-QSAR technique try to
overcome the molecular alignment problem. The requirement
is that all molecules in the set should be aligned so that each
point in the grid had the same meaning for each compound.
This introduces some arbitrarities which greatly affect the out-
come of the final model. The implementation of Auto-correlation
and Cross-correlation techniques simplifies this problem to
the requirement of only one arbitrary point to be the common
origin for all compounds. This point can be easily identified in
the homogeneous catalysis case to be the metallic center, for
example.

In summary, we believe that chemometric tools can play an
important role to help in the rational design of polymerization
catalysts. In particular, 3D-QSAR can yield useful and precise
information about the influence of molecular structure details
on the catalytic properties of the organometallic compounds,
much as it is done in the drug design field.
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