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ABSTRACT: The transition from a generation III Ziegler—Natta catalyst with a monodentate Lewis base to a
more modern generation IV/V system, containing a tetrahydrofuran derivative, the tetrahydrofurfuryloxide
C4H;0—CH,O™ bidentate ligand (THFFO), was studied by means of molecular modeling and DFT calculations.
This particular ligand was carefully chosen so that it remained in the titanium coordination sphere in the model
active site. With such a constraint, the dual role of tetrahydrofurfuryloxide was identified: it was demonstrated
how the presence of this ligand limits the number of isomeric active sites as well as enhances the selectivity of
the species that can still exist. The results indicate that the catalyst with a bidentate ligand attains good selectivities,

albeit at a cost of activity.

1. Introduction

The classical Ziegler—Natta catalysts, invented over a half-
century ago, have been modified extensively to improve their
activity and selectivity. These efforts led to the consecutive
generations of such systems. As a result of all the modifications,
the modern industrially applied catalysts, classified as generation
IV and V, contain multidentate Lewis bases (usually diesters
or diethers)." Polypropylene of well-defined properties can be
obtained over such systems with relatively high yield.

Although the first theoretical papers on the coordinative olefin
polymerization appeared over 30 years ago and dealt almost
exclusively with ethylene, it was only within the past decade
that the researchers attempted the quantitative explanation of
the role of electron donors in the heterogeneous systems and
their influence on selectivities. Shiga carried out the analysis
of propylene polymerization over titanium and zirconium
catalysts using the PIO method;> one of the systems discussed
in his work contained a Lewis base. Bhaduri et al.* compared
different catalysts bearing alkoxy ligands in the process of
ethylene and propylene polymerization. Their study however,
neither took the support into account nor predicted any changes
in the selectivities of these catalysts. Toto et al.” studied the
coordination of 1,3-diethers on the surface of the support by
means of molecular mechanics and semiempirical methods.
Although they succeeded in determining the preferential modes
of coordination with respect to numerous factors (such as
different lateral cuts of the support, the electron donor structure
and its conformation), their study addressed the problem of
regio- and stereoselectivity indirectly due to omission of
polymerization active sites. Very recently, the group of Cavallo®
extended these findings and reported the results of the DFT
calculations on the first model of active sites composed of the
support, titanium atom, growing polymer chain and, most of
all, a bidentate donor attached to the surface of magnesium
chloride. Stereoselectivity of their model was unambiguous and
demonstrated in an elegant way; nevertheless, the regioselec-
tivity was still negligible. On the contrary, the calculations
conducted in the Ziegler group’ indicated that a monodentate
Lewis base attached to the titanium atom in a model active site
is sufficient to create a regioselective and stereoselective catalyst.

In this setting, it is worth examining whether a bidentate
ligand attached directly to the titanium atom improves the
selectivities of the catalyst. Theoretical calculations®® suggest
that a typical bidentate ligand (e.g., diethyl phthalate) binds to
the surface of the support much stronger than to the titanium
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tetrachloride molecule, but both processes are thermodynami-
cally favored. Therefore, introducing a ligand with two donor
atoms of comparable basicity (as in the case of 1,3-diethers)
implies the necessity of considering a large number of potential
active sites, since the ligand can coordinate to the titanium and
magnesium atoms according to various scenarios, i.e., binding
only to the support as described in ref 6, bridging both the Ti
and Mg atoms, or attaching exclusively to the former. To
overcome this problem, a special kind of bidentate ligand, having
two oxygen atoms of extremely different coordination number,
can be selected. The 2-tetrahydrofurfuryloxide (see Figure 1),
despite its limited industrial importance, fulfills this criterion.
If it is applied as an internal Lewis base in the form of the
titanium complex, one can guarantee that the strong Ti—Ojikoxide
bond never gets broken, as demonstrated by the experimental
and theoretical works.”'® At the same time, the ligand’s ability
to coordinate to the support is still retained. Such an approach
in electron donor selection makes it possible to isolate the
interactions of the ligand with the transition metal atom from
the interactions with the support.

2. Computational Details

The computational procedures applied were similar to these
described in refs 7 and 11-13 with several minor modifications.
The ONIOM method'* implemented in the Gaussian 03 pack-
age'® was applied to divide the models of active sites into two
layers. The high layer was treated with the density functional
of Tao, Perdew, Staroverov, and Scuseria (TPSS),!® whose
performance in the field of transition metal compounds was
reported to be superior'’ to the widely used B3LYP func-
tional,'®!® whereas the UFF molecular mechanics®® was used
in the low layer. The 6-31G(d) basis set>' was applied to the C,
H, and O atoms and the LANL2DZ double-{ basis set with the
effective core potential*> > to the Ti atom.

The transition states were located by scanning the potential
energy surface along the reaction coordinate, which was the
distance between the carbon atoms of the bond to be formed as
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Figure 1. Tetrahydrofurfuryloxide ligand.
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Table 1. Diastereomers Possible for the [Mabcdef] Octahedral

Complex
L M N
ab ab ab
1 cd ce cf
ef df de
ac ac ac
2 bd be bf
ef df de
ad ad ad
3 bc be bf
ef cf ce
ae ae ae
4 be bd bf
df cf cd
af af af
5 be bd be
de ce cd

a result of insertion. The step of the linear transit procedure
was 0.1 A; in certain cases it was decreased to 0.05 A.

3. Results and Discussion

3.1. Design and Construction of Active Sites. The models
of the active sites were constructed according to the procedure
described and thoroughly validated elsewhere.”''~'* The current
analysis was restricted to the (110) lateral cut of MgCl, with
the four-coordinated magnesium atoms exposed, since it was
demonstrated theoretically that the model catalyst based on it
exhibits not only greater stability, but also higher activity
comparing with other lateral cuts of catalytic importance.”'"-*
This assumption is further rationalized by the latest experimental
and theoretical ﬁndings,27 indicating that the surface of the ball-
milled magnesium chloride does contain ca. 20% of the four-
coordinated magnesium species, corresponding probably to (110)
cuts.

The molecule of the tetrahydrofurfuryloxide ligand (see
Figure 1) has two oxygen atoms of markedly different donor
numbers. These O atoms can potentially coordinate either to
the Mg atoms of the support or the Ti atom of the catalytic
site, or both. The ligand can be absorbed on the surface of the
support only in the chelating mode® due to short O—O
interatomic distance. A dinuclear complex of titanium tetra-
chloride and tetrahydrofurfuryloxide, in which two chlorine
atoms form a bridge between the titanium atoms, has been
successfully synthesized and characterized.” The DFT calcula-
tions in the gas phase, carried out within the current work, show
that the dimer easily dissociates—the energy required for this
process does not exceed 10 kcal/mol and the entropic contribu-
tion further diminishes the positive Gibbs free energy of
dissociation. Therefore, the monomeric form was considered
in further calculations.

Using this introductory information, it is now imperative to
analyze the number of possible isomers (diastereomers and
enantiomers) of the catalytic species. This analysis can be
conveniently carried out using the scheme developed by Bailar,”®
which is claimed to be the most successful method of isomer
enumeration.® In this method, the ligands located trans to each
other are listed in pairs in a table containing all possible
diastereomers of the octahedral complex with six different
ligands, [Mabcdef]; see Table 1. For other complexes, suitable
changes are made to this table, e.g., multidentate ligands are
denoted with capital letters and certain diastereomers are
subsequently eliminated. For the full explanation of the proce-
dure, see the original references.

The active site discussed in this work, together with a
coordinated olefin molecule, can be approximated as an
octahedral titanium complex with multidentate ligands and
assigned with the [Ma(BD)(CE)f] formula; see Figure 2. In this
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Figure 2. Octahedral active site.

Table 2. Ten Possible Diastereomers for the [Ma(BD)(CE)f]
Octahedral Complex: Each of Them Has an Enantiomeric Form

L M N
aB - aB

1 CD - Ccf
Ef - DE
- aC aC

2 - BE Bf
- Df DE
aD aD —

3 BC BE -
Ef Ct -
aE - aE

4 BC - Bf
Df - CD
af - af

5 BC - BE
DE - CD

notation, M refers to the titanium atom, (CE) represents the
tetrahydrofurfuryloxide ligand with two oxygen atoms of a
different donor number (Ojgjkoxide a0d Oener, respectively), (BD)
corresponds to the surface of the support with two chlorine
atoms of different donor number (actually, one of the CI atoms,
marked as D, originates from the precursor, which does not
affect the reasoning below); finally a and f stand for two separate
monodentate ligands: the olefin and the growing polymer chain,
respectively. For the [Mabcdef] complex, there are 15 possible
diastereomers and each of these diastereomers has an enantio-
meric form, thus doubling the number of structures to be
considered. Such a conclusion might discourage from any
attempt of modeling olefin polymerization over the catalyst
derived from such a complex, as the number of possible active
sites, m-complexes, and transition states seems untreatable within
a reasonable amount of time, even employing state-of-the-art
computing facilities.

The existence of any multidentate ligand in an octahedral
complex simplifies this picture. For example, it is obvious that
a bidentate ligand cannot span trans positions; therefore, certain
configurations listed in Table 1 are not allowed. Following the
Bailar scheme for our case, the M1, N3, and M5 elements should
be eliminated, because the Ogger and the Oyjioxide atoms, denoted
as E and C, respectively, cannot occupy the trans positions;
therefore, they cannot appear next to each other in any cell of
the table. The elements L2 and M4 are also removed to prevent
the violation of the same rule by the support. This approach
reduces the number of isomers to 20—see Table 2.

Fortunately, this number is further minimized due to the
nature of the constituents of the catalytic system and the
chemistry of the polymerization process. It can be calculated
taking into account certain restrictions that fall beyond the
assumptions of the regular Bailar method, but are still well
treated by it. For example, the mechanism of coordinative olefin
polymerization®® assumes the existence of the transition state,
in which the olefin and the alkyl group attached to the titanium
atom form the four-membered ring; therefore the (a and f)
species are allowed to occupy only cis positions—this is
equivalent to the cis requirement for a bidentate ligand, described
above. Thus, the number of isomers drops to 16 by elimination
of the L5 and N5 elements. This result is consistent with the
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Figure 3. Two diastereomers, M2 and M3, of possible ethylene insertion transition states. For the sake of clarity, the support is omitted from this
figure, except for one magnesium (and one chlorine) atom located in the lower part of the picture.

calculation carried out by means of the FORTRAN code
published in ref 31. Furthermore, the flat surface of the (110)
lateral cut imposes even more constraints on the structure of
the model active site—it should be mentioned that the bulky
tetrahydrofurfuryloxide ring cannot be aligned parallely to the
support surface with both oxygen atoms bound to the titanium
atom, which means that C and E cannot occupy the equatorial
positions, while B stays at the axial position. This eliminates
five cells: L1, N1, N2, L3, and N4 (all the elements discarded
from Table 2 are printed in italics). Furthermore, the alkoxide
oxygen atom, together with the chlorine atom form the anchor
between the transition metal complex and the support. For steric
reasons discussed above, this role cannot be played by the ether
oxygen atom—there would be a strong repulsion between the
support surface and the heterocyclic ring. This condition requires
that B and E should occupy exclusively trans positions, which
is fulfilled only by M2 and M3 (printed in boldface in Table
2). Both of them have A and A enantiomers, which presumably
exhibit complementary preference toward re and si enantiofaces
of propylene.

To conclude this section, it should be stated that for ethylene,
there are only two diastereomers of transition states (Figure 3)
that have to be treated separately in the following DFT analysis.
They differ only in the arrangement of the alkyl group (which
is a model of the growing polymer chain and the olefin). The
M2 diastereomer has the olefin trans to the Ogkoxide atom,
whereas in M3, the methyl group occupies this position. Since
propylene is a prochiral monomer, calculations for this olefin
extend to four possible transition states within one diastereomer;
they correspond to two modes of insertion and two enantiofaces
of propylene.

3.2. Catalytic Activity in Ethylene and Propylene Polym-
erization. The first part of the computational assessment of the
catalytic active sites with the multidentate tetrahydrofurfury-
loxide ligand focuses on the activity toward ethylene and
propylene. For the purpose of comparison, the insertion barriers
for the catalyst with no Lewis base as well as the system
modified by tetrahydrofuran are recalculated using the method
described in the Computational Details section above, but not
all the barriers for the generic catalyst without Lewis base are
calculated. Although such systems, especially the generic one,
have been studied extensively over the decades, no reports on
using the TPSS functional on them have been published yet.

It should be noted that the processes of the olefin uptake
calculated within this work turned out to be exoenergetic in
many cases. To avoid reporting low or even negative barriers
(especially in the case of the active sites with no Lewis base),
the internal insertion barriers, calculated with respect to the
m-complex rather than the isolated active site and the olefin,

Table 3. Internal Barriers of Ethylene and Propylene Insertion
(kcal/mol)

no Lewis base THF THFFO (M2) THFFO (M3)

Initiation
AEf, ethylene 7.6 6.9 15.7 11.7
AE%, propylene max - 7.9 17.8 12.4
AE%, propylene min - 5.8 14.4 11.3
Propagation
AE%,, ethylene - 5.1 13.9 9.8
AE%,, propylene max - 7.6 15.3 9.1
AE#,, propylene min - 2.0 12.6 7.8

are given in Table 3. For propylene, there is a range of insertion
barriers due to the fact that the uptake energies depend on the
orientation of the olefin molecule. The maximum internal
insertion barrier was calculated as the energy difference between
the lowest-lying transition state and the s7-complex of the most
exoenergetic formation. On the contrary, the ;t-complex of the
least exoenergetic (or sometimes most endoenergetic) formation
was chosen for the calculation of the minimum internal insertion
barrier. The minimum propylene insertion barriers calculated
in this way are slightly lower than the corresponding ethylene
barriers, which would suggest unexpected results contradictory
to the experimental works. However, it should be stressed that
the entropic contribution (not calculated within this work) would
make all the Gibbs free energies of s-complex formation
positive; thus, the external insertion barrier (calculated with
respect to isolated active site and the olefin) becomes a better
determinant of the catalytic activity. Apart from that, the
m-complexes exist in equilibrium; they can decompose, form
again, or even isomerize by the rotation of the olefin in the
plane of the double bond with a low energetic barrier of the
process.””

The internal insertion barriers of the first and subsequent
olefin molecules into the Ti—C bond (initiation and propagation)
indicate that the introduction of a multidentate ligand impairs
the catalytic activity toward ethylene and propylene—see Table
3. For ethylene, there is no pronounced difference in activity
when tetrahydrofuran is introduced into the titanium coordina-
tion sphere, comparing with the catalyst with no Lewis base;
on the contrary, the presence of tetrahydrofurfuryloxide mark-
edly increases the barriers of insertion. The propagation barriers
are lower than those of initiation, independently of the kind of
olefin and the active site. Finally, the active site marked
THFFO(M?2) is significantly less active than its isomer for both
monomers.

3.3. Regio- and Stereoselectivity. To analyze the regio- and
stereoselectivity of the generation IV/V catalyst, the relative
barriers for the two modes of insertion (1,2- and 2,1-), as well
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Table 4. Relative Barriers of Propylene Insertion (in kcal/mol)

THF THFFO (M2) THFFO (M3)
Initiation
1,2 re 0.6 0.0 0.4
1,2 si 0.0 0.6 0.0
2,1 re 3.6 1.8 3.8
2,1 si 6.5 1.9 3.6
Propagation
1,2 re 32 0.0 0.0
1,2 si 0.0 4.3 23
2,1re 2.3 22 34
2,1 si 5.7 1.5 3.7

Table 5. Regio- and Stereoselectivity

THF THFFO (M2) THFFO (M3)
Initiation
AAEegio 3.6 1.8 3.8
AAEereo 0.6 0.6 0.4
Propagation
AAE egio 2.3 2.2 34
AAEgereo 32 4.3 2.3

as two enantiofaces of propylene (re and si), have been
compared against the catalyst with a monodentate Lewis base.
There are insertion barriers corresponding to both initiation
(where the growing polymer chain is represented by the methyl
group) and propagation (where previous 1,2-insertion resulted
in the isobutyl group attached to the titanium atom) listed in
Table 4. It is obvious that the choice of the barrier reported
(internal or external) has no effect on the conclusions related
to selectivities, since the relative rather than absolute heights
of the barriers are compared. Therefore, the following conven-
tion was applied in Table 4: for each model of the active site
and kind of the process (initiation and propagation), the lowest
propylene insertion barrier serves as a reference (the value of
0.0) and the other barriers are reported with respect to this value.

Using this data, it is possible to assess the preference for the
particular mode of insertion and propylene enantioface by
calculating AAE cgi, and AAEgr, according to the following
algorithm. First, the barriers are sorted in the ascending order.
For all the cases analyzed within this work, the lowest insertion
barrier corresponds always to 1,2-insertion (with either re or si
enenatioface of the olefin, depending on the configuration of
the site). Then, the difference between the two lowest barriers
is calculated and reported as AAEy, if the second barrier
corresponds to 2,1-insertion and AAEger, if the second barrier
is related to the other propylene enantioface within the 1,2- mode
of insertion. Finally, the difference between the first and the
third insertion barrier is calculated in the same way to find the
missing value of AAE i, or AAEiereo, respectively. The results
of this procedure, listed in Table 5, indicate that at the initiation
stage, all the active sites are regioselective, but not stereose-
lective, which is in line with both experimental®*** and
computational®*=® findings, reported in the literature for a
variety of heterogeneous and homogeneous systems. The
THFFO(M?2) site is less regioselective, comparing not only with
the THFFO(M3) species but also with the site modified by a
monodentate base. In the propagation step, a moderate drop in
regioselectivity (except for the THFFO(M?2) site) and a signifi-
cant boost in stereoselectivity occur simultaneously. Now all
the sites turn out to be both regioselective and stereoselective.
The catalyst with tetrahydrofurfuryloxide seems to outperform
the system with tetrahydrofuran in terms of selectivities.
However, it is not known (and difficult to decide) whether this
improvement compensates the significantly lower activity of the
catalyst modified by a bidentate base—see Table 3 and discus-
sion in the previous subsection.
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4. Concluding Remarks

Careful choice of a Lewis base (which, unlike widely used
phthalates and diesters, has limited commercial application)
made it possible to isolate the influence of a bidentate ligand
coordinated directly to the transition metal atom on the activity
and selectivity of the heterogeneous MgCl,-supported coordi-
native olefin polymerization catalyst. The increase in both regio-
and stereoselectivity, comparing with the systems of earlier
generations, can be attributed to two separate factors.

1. Elimination of one isomer of the potential active sites.
There are only two diastereomers possible, each with an
enantiomeric form. In the case of a monodentate base, one more
species of erratic catalytic properties may form (although with
a low probability; this was discussed in ref 7).

2. Adjusting the properties of the existing active sites by
controlling their electronic properties and steric hindrance around
the transition metal atom.

In this respect, the bidentate ligand coordinated to the
transition metal atom resembles diethers analyzed recently in
the Cavallo group,® where both factors were also present: the
ligands eliminated nonstereoselective cuts of the support and
existed in the vicinity of the active site, thus affecting its catalytic
properties.

Bearing in mind these similarities, it is reasonable to anticipate
that DFT calculations on a model catalyst with a multidentate
ligand coordinated both to the support and the transition metal
atom would produce promising results in terms of even higher
selectivities.
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