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The stereospecificity of Ziegler—Natta heterogeneous catalysts is analyzed in terms of non-
bonded interactions at the simplest model catalytic sites, which still retain the essential characteris-
tics of chirality. The energetic calculations described show that model catalytic sites, comprising
only three titanium atoms, may lead to a reasonable explanation of the stereospecificity in the
polymerization of propene. Active sites of this type could be present in all the layered modifications
of TiCl,. As well as in the more complex catalytic surfaces examined in previous papers, the main
factor in determining the stereospecific behavior of such sites is the fixed, chiral orientation into
which the growing polymeric chain appears to be forced. The possible factors favoring the primary

insertion of the olefin are also discussed.

INTRODUCTION

The stereospecificity of Ziegler—Natta
catalysts in the polymerization of olefins is
due, according to most authors, to interac-
tions between nonbonded atoms at the cata-
lytic site. These interactions have been ex-
amined in detail, but qualitatively, first by
Cossee (I ) and subsequently by Allegra
(35) for slightly different models of the cata-
lytic surface. In previous papers (6, 7) we
have reported extensive energy calcula-
tions. examining these models, together
with other suitable faces and edges of the
layered modifications of TiCl;. In the
present paper we shall discuss the essential
factors determining the stereospecificity
and regiospecificity which could emerge
from nonbonded interactions, by consider-
ing the simplest models of catalytic sites
which still retain the essential characteris-
tics of chirality.

1. BASIC ASSUMPTIONS ON THE
POLYMERIZATION MECHANISM

The essential features of the reaction
mechanism which provide a general frame-
work for our studies are as follows. (i) The
mechanism is monometallic (3, 4): a Ti
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atom at the surface (on a lateral cut of a
TiCl; layer, as shown in Fig. 1) becomes
‘‘active’’ when a nonbridged chlorine atom
is substituted by an alkyl group (Fig. 2). (ii)
The propagation reaction occurs through a
two-stage mechanism (4, §, 9): coordina-
tion of the olefin and its subsequent inser-
tion (through cis-opening) in the Ti-polymer
(Ti-p) bond. (iii) The situations suitable for
the insertion step are characterized by an
orientation of the double bond of the olefin
parallel or nearly parallel to the Ti-p-bond
(3, 4). (iv) The insertion step occurs ac-
cording to ‘‘the least nuclear motion’’ (/0)
as described by Cossee (4) and schemati-
cally shown in Fig. 3. This implies an orien-
tation of the first C—C bond of the growing
chain corresponding to §; = * 90° (Fig. 4).
Moreover, we assume that only in cases
such as a and d of Fig. 4 are the relative
orientations of the methyl group of the
monomer and the second carbon atom of
the polymeric chain (on opposite sides in
respect to the plane defined by CH,-Ti-
(center of the double bond)) suitable for the
successive insertion of the olefin. In cases b
and ¢ the short distance between the methyl
group of the monomer and the second car-
bon atom of the polymeric chain (protrud-
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FIG. 1. Perspective drawing of a lateral cut of TiCl,
layer. The chirality of the exposed Ti atoms is also
indicated.

ing on the same side of the plane defined
above) gives rise to relevant steric repul-
sions in an insertion step analogous to that
reported in Fig. 3.

2. ASPECTS OF CHIRALITY IN THE
ZIEGLER-NATTA POLYMERIZATION

It has been shown that, upon coordina-
tion, a prochiral olefin, such as propylene,
may obtain not superposable re—re or si-si
coordinations (//) (Fig. 4). The formation
of an isotactic polymer according to the
mechanism discussed in Section 1 necessar-
ily implies that, for a long series of addi-
tions, the olefin is coordinated always in the
same way.

A second element of chirality is related to
the local situation of the Ti atoms. Neigh-
boring Ti atoms (bridged by two Cl atoms)
have opposite A or A chirality (5, /2) (Fig.
I). A third element of chirality is given by
the growing chain, whose tertiary carbon
atoms are asymmetric. We point out that
whatever the chirality of the growing chain
is, almost identical minima are found,
though for different values of 8,, 6, as de-
fined in Fig. 2.

We assume that the stereospecificity of
the Ziegler—Natta polymerization is con-
nected with the energetic differences be-
tween the diastereoisomeric situations
which originate from the combination of
two or more of the above elements of
chirality.

3. METHOD OF COMPUTATION
The method of calculation and the param-

eters for the nonbonded potential functions
have been previously described (6, 7). Fig-
ure 2 illustrates the main structural parame-
ters assumed and the dihedral angles varied
in most of the reported calculations. The
slight modifications with respect to Ref. (6)
(larger HCH and HCH; angles of the ole-
fin) allow a better compromise between
bending deformations and nonbonded inter-
actions. As a consequence the nonbonded
energy maps reported here are not strictly
comparable to those presented in the earlier
studies (6, 7); however, the general conclu-
sions previously drawn still remain valid.
For purposes of illustration we shall com-
pare in all cases only some specific sections
E(8y, 6,) of the multidimensional energy
surface for values of 6, corresponding to
energetic minima (which generally occur at
8, = —70° or 6, = —160°). The conclusions
arise, however, from the complete set of
calculations.

In the conformational maps the regions
corresponding to orientations of the mono-

b
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F1G. 2. Model showing the coordination of the
monomer and the growing chain at the same Ti atom
and the dihedral angles which have been varied in our
computations. 8, defines the orientation of the olefin,
while 8,, 6,, 85, . . . define the orientation of the chain.
The most relevant bond lengths (in A) and valence
angles (in degrees) are also reported.
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Fi1G. 3. A possible reaction mechanism for the insertion of the monomer in the Ti-chain bond
according to the *‘least nuclear motion’’ principle. The initial stage (for an olefin coordinated si—si and
a conformation of the chain corresponding to #, = +90°) is shown in (a), while the final situation (with
the chain in an intermediate position between the two free octahedral positions at a Ti atom) is shown

in (b).

mer and the chain suitable for a primary
insertion (see Section 1) are indicated by
squares. On the bottom of the maps, we
report a schematic drawing of the corre-
sponding model of the catalytic site and the
relative positions of the monomer (m) and
the growing chain (p). Re-re coordination
of the monomer is denoted by mR and si-si
coordination by mS. The active titanium
atom has always A chirality.

4. INFLUENCE OF THE LOCAL
ENVIRONMENT ON THE CONFORMATIONAL
ENERGY OF DIASTEREOISOMERS AT THE
CATALYTIC SITE

Let us consider the simplified model of
catalytic site reported in Fig. 5. It involves
only three Ti atoms and all the atoms di-
rectly bonded to them. The terminal Ti at-
oms are bridge-bonded (through pairs of Cl
atoms) to the active Ti atom, to which both

the polymeric chain and the monomer are
coordinated. It is to be noted that this is the
simplest model of catalytic surface in which
the active Ti atom retains its A or A chiral-
ity.

In Fig. 5 we report only the chlorine at-
oms which show relevant steric interactions
with the chain and the olefin coordinated at
the positions i and 0. The resulting catalytic
model is characterized by a twofold sym-
metry axis relating, in particular, the i and 1
positions with the o0 and 2 positions, respec-
tively.

Three different situations are considered:
(a) both positions 1 and 2 are vacant; (b)
only one of the positions 1 and 2 is occupied
by a chlorine atom (irrespective of the spe-
cific position occupied because they are
symmetry related); (¢) both positions 1 and
2 are occupied by chlorine atoms. Our com-
putations for case (b) refer to a chlorine
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FIG. 4. The two possible coordinations of propene (re-re and si-si) suitable for a primary insertion
are shown in connection with the two conformations of the polymeric chain corresponding to |8,| =

90°.

atom in position 1. This atom destroys the
symmetry of the whole catalytic model and
hence, contrary to other cases, the two pos-
sible relative dispositions of the growing
chain and the monomer (chain coordinated
at the i or o position, respectively) give rise
to different conformational maps.

Typical energy maps relative to case (a)
are reported in Fig. 6. Similar energy min-
ima are found in the whole range of ¥, for
the re—re and si—si coordinations of the ole-
fin. However, it is interesting to note that,
in the region of J, = (°, energy minima are
found at 9, = 0° for the re-re coordination
of the olefin and at ¥, = 0° for the si—si
coordination. These slight adjustments al-

low one to minimize the steric interactions
between the methyl group of the olefin and
the growing polymeric chain. The growing
polymeric chain has a great conformational
freedom and for both re-re and si-si coor-
dinations the energies are similar inside the
squares corresponding to situations suitable
for primary insertion (possibly at different
values of 9,). As a consequence this model
does not show any evidence of stereospeci-
ficity.

Next we consider case (b). As previously
pointed out, in this case the energy maps
relative to /i and o coordinations of the
monomer are different. For an o coordina-
tion of the monomer (Figs. 7 and 8) the
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Fig. 5. Different local environments of an ‘‘ex-
posed”’ titanium atom (catalytic site) are obtained if
none, one, or both positions 1 and 2 are vacant.

presence of a chlorine atom in position 1
strongly limits the conformational freedom
of the growing chain, but for the allowed
values of ¥, the energy minima are not in-
creased with respect to case (a). In the re-
gion of 3, = 0° the orientation of the grow-
ing chain becomes chiral, as low energy
minima are found only in the region of ¥,
delimited by values of 90 and 150°. Re-re
and si—si coordinated olefins show a similar
energy behavior in the whole surface (&,
9,), but the orientation of the polymeric
chain is favorable only for the insertion of a
si-si coordinated olefin (cf. cases (a) and
(¢) of Fig. 4). As a consequence we con-
sider this model stereospecific as far as the
insertion step is concerned.

For an i coordination of the monomer
(Figs. 9 and 10) the presence of the chlorine
atom in position 1 does not sensibly restrict
the range of possible values of 6;, but
strongly increases the steric interactions
(for any orientation of the monomer) with
respect to case (a). In the region of 9, = 0°,
positive values of ¥, are unfavorable be-
cause of interactions between the chlorine
atom in position 1 and the CH, group of the

olefin. On the other hand, as previously dis-
cussed for case (a), negative values of 9,
cause higher interactions between the
methyl group of propene and the growing
chain, upon si-si coordination. As a conse-
quence, re—re coordination is strongly fa-
vored. Since the growing polymeric chain
can assume orientations suitable for the pri-
mary insertion of a re—re coordinated olefin
(6, = 90", also this model shows a stereo-
specific behavior.

Summarizing, our computations indicate
that on model (b) the two possible relative
positions of the monomer and the poly-
meric chain (o—i and /-0, respectively) lead
to different situations (preferential insertion
of the si—si coordinated olefin in the former
case and preferential coordination of the
re-re coordinated olefin in the latter).
Hence the formation of a highly isotactic
polymer demands a significant energy dif-
ference between the two situations. Ac-
cording to our results, the coordination of
the less bulky terminal CH; group of the
growing chain in the more hindered position
i is favored by 2.7 kcal mol~! in respect to
the i coordination of the monomer.

Typical energy maps relative to case (c)
are reported in Fig. 11. In this model, both
the growing chain and the olefin experience
repulsive interactions with the two chlorine
atoms added with respect to case (a). Thus
the steric interactions are strongly in-
creased for any orientation of the monomer
and, contemporary with this, the conforma-
tional freedom of the growing chain is se-
verely limited. In the region of 6, = 0°, the
lowest energy minimum (7.4 kcal mol™) is
found for a re—re coordination of the olefin,
but the orientation of the polymeric chain
(6, = 90°) is not favorable for the insertion
step. Other minima (in the region of 6,= 0°)
are above 10 kcal mol™?.

Next we analyze which sites belonging to
lateral surfaces experience a local environ-
ment similar to that of the previous simpli-
fied models.

The local environment corresponding to
model (a) is likely to occur in very specific
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FiG. 6. Sections E(8,,0;) of the multidimensional energy surface for a situation corresponding to the
model of Fig. 5 when both positions 1 and 2 are vacant. The values of 6, correspond to energy minima
and the isoenergetic curves correspond to 5, 7, 9, 11, 13, and 15 kcal mol ™.

situations only (corners of cuts parallel to
the a-b vector of the reference cell (/3) or
some sites on a zig-zag cut (5)). Since
model (a) does not show a stereospecific
behavior as regards both the coordination
and the insertion step, these situations
could give rise to the small amount of atac-
tic polymer which is always present even in
highly isotactic polymers.

With reference to the lateral surfaces of
TiCl; (figure 1) the positions: and o of figure
5 correspond to the non-equivalent ‘‘in-
ward”’ and ‘‘outward’’ positions previously
defined (6, 7). The models (b) and (c) can
then represent catalytic sites residing on
structural layers protruding above both the
neighbouring layers (e.g. reliefs) because,
in this case, the atoms not explicitly in-
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Fi1G. 7. Perspective drawing of the two possible enantiomeric coordinations of propene suitable for a
primary insertion in connection with an appropriate conformation of the polymeric chain. The catalytic
site corresponds to the model of Fig. 5 when only position 1 is occupied by a chlorine atom and the
polymeric chain is coordinated in the / position.

FiG. 8. Sections E(6,,8,) of the multidimensional energy surface for a situation corresponding to the
model of Fig. 5. The isoenergetic curves are the same as in Fig. 6.
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F1G. 9. Perspective drawing of the two possible enantiomeric coordinations of propene suitable for a
primary insertion in a situation corresponding to an o coordination of the polymeric chain for the model
of catalytic site of Fig. 5 when only position 1 is occupied by a chlorine atom.

cluded in the models do not show further diate position between the two free octahe-
appreciable interactions with the catalytic dral sites at their respective Ti atoms.

site. This demands only that the non- Model (b) deserves special consideration
bridged chlorine atoms occupy an interme- because it shows a stereospecific behavior

0,=-160°

F1G. 10. Sections E(6,,8,) of the multidimensional energy surface for a situation corresponding to the
model of Fig. 5. The isoenergetic curves correspond to 7, 9, 11, 13, and 15 kecal mol~".
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F16. 11. Sections E(8,,6,) of the multidimensional energy surface for a situation corresponding to the
model of Fig. 5 when both positions 1 and 2 are occupied by chlorine atoms. The isoenergetic curves

are the same as in Fig. 10.

coupled with low steric hindrances.

Model (c), although stereospecific, gives
rise to much higher steric hindrances. How-
ever, models similar to it need consider-
ation if the surface Ti atoms are hexacoor-
dinated (e.g., bridge-bonded to aluminum
atoms) even when not directly involved in
the polymerization.

Catalytic sites residing on structural lay-
ers protruding above only one of the neigh-
boring layers (e.g., steps or edges), or nor-
mally piled up, require the inclusion of
further atoms in the calculations.

In the former case, the energy difference
favoring the coordination of the polymeric
chain in the more hindered position be-
comes even higher. This, in turn, deter-
mines a fixed, chiral orientation of the
growing chain, which remains the main fac-
tor in determining the stereospecificity (7).
In the latter case, the catalytic sites (resid-
ing in the bulk of the lateral surfaces) turn
out to be too crowded, giving rise to very
high coordination energies (6); furthermore

their hypothetical catalytic behavior is not
independent, in disagreement with experi-
mental data (/4, 15), on the particular crys-
talline modification of TiCl;.

5. ORDER OF MAGNITUDE OF THE ENERGIES
IMPLIED IN DETERMINING THE
REGIOSPECIFICITY

In the models discussed in Section 4 and
in most of the ones treated in our previous
papers (6, 7) we did not find any evidence
of regiospecificity in the coordination step
(deep energy minima are found also for ¥,
= 180°). Since the regiospecificity of
Ziegler—Natta catalysts has a sound experi-
mental basis (/6 -19) we think it worthwhile
to discuss this problem in some detail. The
problem of regiospecificity can be treated
by formally considering the copolymeriza-
tion of a monomer CH, = CHR (entering
the chain through primary insertion Me-
CH,-CHR-P, index 1) with a monomer
CHR’ = CH, (entering the chain through
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secondary insertion Me-CHR'-~CH,-P, in-
dex 2). Of course, in the case of the poly-
merization of propene, R = R’ = CH;. Let
us call p;; the probability that a monomeric
unit having constitution j is inserted in a
chain bonded to the metal through a mono-
meric unit having constitution i and let us
call E; the corresponding molar activation
energy. Then:

AE, = E;, — Ey; = RT In 22
D12

and

AE, = Ey, — Ey = RT In 2.
P21
In the case of the homogeneous polymer-
ization of propylene with vanadium cata-
lysts, the different insertion probabilities p ;
have been obtained by Doi (20); from these
values it is possible to calculate:

AE (homo) = 0.45 kcal mol™!
AE(homo) = 1.39 kcal mol~.

In the case of the isospecific catalysis, how-
ever, the amount of secondary insertions is
so low (of the order of 1% or, even, 0.1%)
that it has not yet been possible to deter-
mine the different insertion probabilities.
Nevertheless, it is possible to evaluate their
order of magnitude assuming that, in the
case of the heterogeneous catalysis, an ex-
tra energy term exists, which disfavors the
secondary insertion. For the sake of sim-
plicity we assume that both terms E,, and
E,, are increased by the same amount a, so
that:

AE (hetero) = AE ,(homo) + «
AFE ,(hetero) = AE,(homo) — a.

From simple calculations it results that, at
room temperature, an energy term « of the
order of 2.5 kcal mol™! (or 4 kcal mol™),
respectively, would lead to a fraction of
secondary insertion lower than 1% (or
0.1%), respectively.

A significant steric contribution to « is

suggested by the following considerations.
Let us suppose that the catalytic sites re-
sponsible for the homogeneous polymeriza-
tion have a trigonal bipyramidal coordina-
tion (27). On the other hand, the catalytic
sites responsible for the heterogeneous
polymerization should have an octahedral
coordination. During the reaction path lead-
ing to a secondary insertion, the lateral
group (CHj; for propene) of the entering unit
must experience a distance from a chlorine
atom (also bonded to the metal), which is
significantly shorter than the van der Waals
contact distance for an octahedral catalytic
site, while this is not the case if the coordi-
nation at the catalytic site is the (looser)
trigonal bipyramidal one. Using the previ-
ously described geometrical parameters
and nonbonded energy functions (6, 22, 23)
we obtain a not negligible difference be-
tween primary and secondary insertion
even for the final state (i.e., CH,-
CH(CH;)-P vs CH(CH;)-CH,-P chains
coordinated in an intermediate position be-
tween the two free octahedral positions at a
Ti atom (see Fig. 3)). Assuming linear varia-
tions of internal coordinates between the
initial and final states of Fig. 3, an approxi-
mate transition state for secondary inser-
tion leads to a methyl-Cl distance of about
3 A, i.e., to an increase of the interaction
(repulsive) energy of about 2—3 kcal mol™
with respect to primary insertion.

All other possible effects (e.g., elec-
tronic) being equal, it follows that in the
heterogeneous polymerization both E;, and
E,, are increased by at least 2 kcal mol-!
with respect to their values in the homoge-
neous polymerization. From the above ar-
guments we suggest that the octahedral cat-
alytic sites involved in the heterogeneous
polymerization need not prohibit per se the
coordination of the olefin at 8, = 180° in
order to give rise to a regiospecific reaction;
it is actually sufficient that the activation
energy for the secondary insertion on these
sites be sensibly higher than on homoge-
neous sites. This effect could originate, in-
ter alia, from different steric interactions.
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CONCLUSIONS

The energy calculations described in this
paper show that model catalytic sites, com-
prising only three titanium atoms, may lead
to a reasonable explanation of the stereo-
specificity of Ziegler—Natta catalysts in the
polymerization of propene.

Sites of the described type are a reason-
able representation of the catalytic sites
which could be present on reliefs or edges
of lateral surfaces of the TiCl; lamellar crys-
tals; in respect to other catalytic sites,
which could be considered as well in a
monometallic mechanism, they show lower
steric hindrances in the coordination of the
olefin and of the growing chain, while still
retaining a high stereospecificity. The
model catalytic sites which we have de-
scribed do not prohibit per se a coordina-
tion of propene suitable for its secondary
insertion. The regiospecificity of the isospe-
cific polymerization could, however, be ex-
plained by considering that the activation
energy for the secondary insertion on solid
catalysts is considerably higher than on sol-
uble catalysts.

Of the three elements of chirality occur-
ring on the site, namely, A or A configura-
tion of the metal atom, re—-re or si—si coor-
dination of the olefin and R or S
configuration of the tertiary carbon atoms
of the growing chain, this last one does not
play an important role, while a A (A) config-
uration of the metal atom forces the grow-
ing chain to a chiral orientation (Fig. 6)
which favors the successive preferential in-
sertion (through cis-opening) of the olefin
with re—re (si—si) coordination. It is known
that all the layered modifications of TiCl,
and also the catalysts supported on MgCl,
show stereospecific behaviors which are
similar in the polymerization of propene.
Active sites of the simple type described
could be present on the lateral faces of the
crystals of all the above-mentioned cata-

lysts, giving rise to polymers with stereo-
regular structure.
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