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On the Mechanism of Stereospecific Polymerization—Development
of a Universal Model to Demonstrate the Relationship between
Metallocene Structure and Polymer Microstructure

Y. van der Leek, K. Angermund, M. Reffke, R. Kleinschmidt, R. Goretzki, and G. Fink*

Abstract: With the discovery of stereo-
rigid bridged metallocenes, soluble cata-
lysts became available for the stereo-
specific polymerization of «-olefins. A rel-
atively simple mechanism was used to ex-
plain the stercospecificity, primarily in
terms of the catalyst symmetry. In this pa-
per we demonstrate that the simple rule of
thumb that C,-symmetric catalysts pro-
duce isotactic and C-symmetric catalysts
syndiotactic polypropylene is too narrow.
The introduction of one methyl group at
the Cp ring in the [{/Pr(CpFlu);ZrCl,)/
MAO system (Flu = fluorenyl, MAO =
methylalumoxan) reduces the C, symme-

duccs hemiisotactic polypropylene. The
analogous catalyst with a bulkier zert-
butyl group at the Cp ring gives isotactic
polypropylene. When the C, symmetry of
[{Me,Si(Ind),}ZrCl,] (Ind = indenyl) is
reduced to C,, a metallocene can be ob-
tained that produces atactic polypropyl-
ene. We have broken away from the sym-
metry-based model and developed a uni-
versal model, which accurately describes
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the experimental microstructures of the
polymers by considering the four lowest-
energy conformers of the metallocene
species coordinating to prochiral propene
(R,.. S,., S,;, and R;) and the positional
changes that the polymer chain undergoes
during insertion. The relative energy lev-
els of the four diastercomers can be deter-
mined by molecular modeling calcula-
tions; these energy gradations, in particu-
lar the size of the energy gaps, are decisive
in determining the stereospecificity. Also,
the model permits the stereoerrors to be
classified and explained. Through this
model the stereosequence of a polymer

try to C;, and the resulting catalyst pro-

Introduction

Soluble stereospecific catalysts for the polymerization of a-
olefins became available for the first time as a result of work by
Brintzinger!"! and Ewen.!?) With these defined stereorigid metal-
locenes it was possible to study the mechanism of stereospecific
polymerization in more detail. An initial relatively simple mech-
anism explained the stereospecificity solely as a function of the
catalyst symmetry. The C,-symmetric [{Me,Si(Ind),}ZrCl,]
and the C-symmetric [{{Pr(CpFlu)}ZrCl,] catalysts each only
have one favorable and one unfavorable coordination of the
prochiral faces of the propene at the zirconium atom. Owing to
steric congestion, the methyl group of the propene is normally
directed away from the catalyst center, and a regioselective 1,2-
insertion is then observed. Occasionally, the propene is coordi-
nated the other way around causing 2,1-misinsertions (m-2,1 or
r-2,1). The steric demand of the ligand determines the preferred
orientation of the propene, which causes two diastereomeric
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chain can be calculated and predicted.

complexes to form with different energy content. In the case of
catalyst [{Me,Si(Ind),}ZrCl,], the same prochiral face of the
propene is always favored during the polymerization, whereas
the two prochiral faces of the propene are alternately favored in
the case of catalyst [{{Pr(CpFIlu)}ZrCl,]. Thus, repeated coordi-
nation and insertion of propene produce isotactic polypropyl-
ene in the case of the [{Me,Si(Ind), } ZrCl,] catalyst and syndio-
tactic polypropylene in the case of the [{/Pr(CpFlu)}ZrCl,] cat-
alyst (lines 1 and 2 in Figure 1).

A multitude of catalysts have now been developed for the
stereospecific production of a range of different polypropyl-
enes.® "°1 It is now clear that the simple rule of thumb that
C,-symmetric catalysts produce isotactic and C-symmetric cat-
alysts syndiotactic polypropylene is too narrow a definition of
the requirements necessary for the stereospecific generation of
polymers. Through the introduction of one methyl group at the
Cp ring in the [{/Pr(CpFlu)} ZrCl,}[yMAO system, the C, symme-
try is lost. Now, this catalyst no longer produces a syndiotactic,
but a hemiisotactic polypropylene, in which, alternately, the
methyl groups are 1sotactically and statistically arranged (line 3
in Figure 1). On introduction of the bulkier feri-butyl group at
the Cp ring (instead of the methyl group), the C, symmetry is,
of course, again destroyed. Perhaps surprising at first, an isotac-
tic polypropylene is now formed (line 4 in Figure 1). Through
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Figure 1. Structure and stereospecificity of metallocenes.

an appropriate symmetry reduction in C,-symmetric [{Me,Si-
(Ind),}ZrCl,] it is expected that a metallocene such as
[{{Pr(CpInd)} ZrCl,] (line 5 in Figure 1) should be produced that
would give hemtisotactic polypropylene. Again, the result is
surprising: hemiisotactic sequences are best formed at low tem-
peratures, whereas completely atactic polypropylene is formed
at room temperature and above.

Breaking away from the symmetry considerations, we have
developed a more universal model, which accurately describes
the experimental microstructures of the polymer by means of
four lowest-energy conformers of the metallocene species coor-
dinating prochiral propene (R,,, S,., S;. and R, and the posi-
tional changes that the polymer chain undergoes during inser-
tion. The relative energy levels of the four diastercomers can be
determined by molecular modeling calcuiations; these energy
differences are decisive in determining the microstructures of the
resulting polymers.

Our conformational calculations are based on primary work
by Guerra and Corradini.?®~ 121 Their calculations, for in-
stance, on [{iPr(CpFlu)}Zr(isobutyl)(propene)] species and
[{{Pr(3-Me-CpFlu)} Zr(isobutyl)(propene)] species, led to the
following results: 1) Contrary to prior qualitative proposals,
the ligand in the metallocene cation has no noteworthy interac-
tion with the n-coordinated propene. 2) There is a strong inter-
action between the ligand and the growing polymer chain, which

586 ——— «; VCH Verlagsgesellschaft mbH, D-69451 Weinheim, 1997

forces the latter to choose between two possible positions. In
each case, the lowest-energy position is determined by the chi-
rality of the catalyst. The interaction between the growing poly-
mer chain and the methyl group of the propene causes the ener-
gy difference between re and si coordination; the methyl group
of propene is always rans to the growing polymer chain. With
an isospecific C,-symmetric catalyst, the complexes have the
same chirality after each insertion, which means that the
propene is coordinated repeatedly in a re or si orientation. With
a C,-symmetric catalyst, it is important to note that the cata-
lyst’s two possible coordination positions are enantiomeric. The
chirality of the complex changes after each insertion. Therefore,
the propene is coordinated alternately in a re and si orientation.

Results and Discussion

Based on molecular modeling calculations by M. Nolte,!!3- 16!
results for the system [{/Pr(CplInd)} ZrCl,]"'*! (bottom line, Fig-
ure 1) have already been obtained which were in good agree-
ment with experimental data. Further detailed calculations have
now been performed to explain the mechanism of the
stercospecific polymerization with substituted [{{Pr(CpFlu)}-
ZrCl,] compounds.

A model to explain the tacticity change of the substituted
[{iPr(CpFlu)}ZrCl,] catalyst was developed with the aid of
force-field calculations using the program SYBYL! running
on Silicon Graphics workstations. The valence force field ap-
plied appears as an cxtended TAFF force field!*3! with special
parameters for the zirconium environment.!3- 11 These valence
force-field calculations relate to the geometric optimization of
potential intermediate stages of the polymerization of propene
with metallocenes. It is assumed that the polymerization takes
place via a four-membered transition state with a cation as
“active species”. The calculated complexes represent potential
intermediates, which can be thought of as lying shortly before
the transition state of the polymerization process. The confor-
mation of the intermediate state is decisive for the stereospecific
insertion of the propene molecule. The influence of MAO, sol-
vents, etc. on the stereospecificity is assumed to be constant for
all compounds in these calculations. In order to present a clear
account of the results to follow, we describe further details of the
calculations in the Appendix.

We first consider the methylated cationic species (R = Me)
coordinating a propene molecule. The molecular modeling cal-
culations include two insertion steps for each catalyst
(initially the alkyl chain is methyl, and then /Bu and (R)- or
(S)-2,4-dimethylpentyl after the first and second insertions, re-
spectively).

[t should be emphasized that the energy values, obtained for
each geometrically optimized catalyst, alone have no physical
meaning, since the observed catalysts differ from one an-
other in the number of atoms, bonds, and angles. Since the
coordinated alkyl chains have also been varied, the energy val-
ues can only be compared within a given system (i.e., one cata-
lyst with only one distinct alkyl chain).

According to Corradini,''!! 4 change in chirality takes place
at the Zr during an insertion step (transfer from (R) to (S) and
vice versa). An m diad is formed when propene is inserted twice
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in the re coordination mode. An r diad is formed through suc-
cessive re and si coordination.

[{iPr(CpFlu)} Zr(alkyl)(propene)|: During the polymerization of
propene, the [{{Pr(CpFlu)}ZrCl,] catalyst can react to form four
possible diastereomeric intermediates (two pairs of enan-
tiomers, Figures 2 and 3).

propene

. zirconium
Jan :

W ligand @
G isobutylchain

Figure 2. Minimum-encrgy diastereomers of [{{Pr(CpFlu)} Zr(propene)(isobutyl)]
(energies in kcalmol ™ !).

substituent in 3-position of the Cp-ring
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Figure 3. Energy differences between the diastereomers of [{{Pr{CpFlu)}Zr-
(propene)(alkyl)].

The difference in energy between re and si coordination of the
propenes is only 0.4 kcalmol ™! for R = Me (1st insertion step),
0.9 kcalmol™?! for R = i/Bu (2nd insertion step), and 1.1 or
1.3 kcalmol™! for R = (R)-dimethylpentyl and (S)-dimethyl-
pentyl, respectively (abbreviated as R-C7 and S-C7 in Figure 3).
Energy differences of at least 1 kcalmol™' are considered
to be significant, for which the error is estimated to be
+0.5 kealmol ~ 1.3 Therefore, only the second propene inser-
tion step is specific. With (R)-configurated Zr, the re coordina-
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tion of propene is preferred in each case; with (S)-configurated
Zr, si coordination is preferred. This trend continues for R = R-
C7 and S-C7. With isobutyl as the polymer chain, Figures 2
and 3 indicate that R,, and S; are lowest in energy
(— 3.0 kcalmol™"). Thus, the catalyst changes (during inser-
tion) back and forth between these chiralities (R,,<S,;). In other
words, the catalyst yields a syndiotactic polymer.

[{iPr(3-Me-CpFlu)} Zr(alkyl)(propene)]: The calculation of the
intermediate stages of the [{iPr(3-Me-CpFlu)}ZrCl,] catalyst,
yielded eight diastereomers (four pairs of enantiomers), because
of the additional chirality induced by the 3-Me-Cp ring. Fig-
ure 4 depicts the structures of the four energetically different
diastereomers with (R) configuration at the 3-Me-Cp ring. The
energy of the R,, conformer is remarkably low. Here, the
growing polymer chain possesses the highest degree of freedom.
The conformers S, S, and R, have similar energies
(Figures4 and 5). The energy difference AR,, — R, is
1.8 kcalmol™!; the energy difference AS,, — S, is only
0.2 kcalmol ~ 1.

Figure 4. Minimum-energy diastereomers of [{iPr(3-Me-CpFlu)}Zr(propene)-
(isobutyl)] (energies in kcalmol " !; for explanation of shadings, sec Figure 2).
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Figure 5. Energy differences between diastereomers of [{iPr(3-Me-CpFlu)}Zr-
(propene)(alkyl)].
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During polymerization, propene preferentially coordinates to
(R)-configurated Zr at the re face, whereas there is no preference
for the re or si face with (S)-configurated Zr. This mcans the
first, third, fifth etc. methy! groups of the growing polymer
chain are isotactic and the second, fourth, sixth etc. are statisti-
cally arranged. The resulting polypropylene is thus hemi-
1sotactic.

[{iPr(3-tBu-CpFlu)} Zr(alkyl)(propene)|: Figure 6 shows four of
the eight possible diastercomeric structures of [{iPr(3-/Bu-
CpFlu)} Zr(propene)(isobutyl)], in each case with (R) configura-

Figure 6. Minimum-cnergy diastcreomers of [{iPr(3-rBu-CpFlu)! Zr(propenc)-
(isobutyD)] (energies in kcalmol™': for explanation of shadings, see Figure 2).

tion at the 3-tBu-Cp ring. In this example the R,, conformation
is also lowest in encrgy. However. what is remarkable and new
is that, after the first inscrtion step, re coordination also occurs
preferentially at the (S)-configurat-

ed Zr. In addition to the interac- P
tions between the ligand and the (4
polymer chain, strong interactions RyCr. /N
seem to be taking place between the st
ert-butyl substituent at the Cp-
ring and the methyl group of the
propene. This explains the high en-
ergy of the R, conformer.

After the first insertion step, the
energy difference AR, — R,; is
2.8 kcalmol ™ !; the energy differ-
ence AS, — S, is 1.5kcalmol !
(Figure 7). The noticeable prefer-
ence towards re coordination of the
propene molecule, for both (R)-
and (S)-configurated zirconium
centers, leads to a sequence of m
diads, that is, to the formation of
isotactic polypropylene. In other
words, in contrast to the previous
methyl-substituted catalyst,
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Figure 7. Energy differcnces between diastercomers of [{/Pr(3-tBu-CpFlu)] Zr-
(propene)alkyl)].

now have a differentiation between re and s/ faces, that is, R,
and §,, lie much lower in energy than R; and S,;. The catalyst
species now changes back and forth between R, and S,, (Fig-
ure 6) during the course of insertion. In other words, the catalyst
now works isotactically. Figure 8 summarizes the relative ener-
gies of the four diastereomers of the different catalysts (with an
isobutyl group as the polymer chain).

Now it becomes clear that it is not the symmetry of the cata-
lysts that is decisive for the stereospecificity, but the energy
gradations, in particular the size of the energy gap between the
individual diastereomeric states. Thus, catalyst I operates syn-
diotactically because R, = S;<S,, = R, catalyst Il hemiiso-
tactically because R,,<S,,, S, R,;, catalyst Il isotactically be-

cause R,,, S, <S, R, and catalyst IV atactically because
R.,=S..S

oo R, The “‘symmetry rule” still applies, but is not the

only decisive tactor; it is only one aspect of our universal model.
A good model must enable us to predict results. We there-
fore synthesized catalyst V ([{{Pr(3-/Pr-CpFlu)} ZrCl,]), which
should fit in between catalysts 1T and 11 in Figure 8, based on

siv
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Figure 8. Comparison of the energy differences between the diastereomers for the catalysts 1-11 and IV (ref. {14]).
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g ' : ' [{Pr(CpFlu)} ZrCl,], [{iPr(3-Me-

« H . : PNy .

244 ; ; ; = CpFlu)}ZrCL]. and ({/Pr(3-(Bu-
i ! } 1 CpFlu)} ZrCl,], respectively, un-
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S 64 o4 Rq 62 | Rsi | case.
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D R ; : at 7,=10"C to 358.6% at
: T,=70°C'7 With incrcasing

re si

re si

-9.3 ©-6.2

Figure 10. Minimum-cnergy diastercomers of [{/Pr(3-/Pr-CpFlu)} Zr(propene)(2.4-
dimethylpenty))] {(energies in kcalmol ™' ; for explanation of shadings, see Figure 2).

its steric requirements. The molecular modeling calculations
(Figures 9 and 10) predict that catalyst V should produce hemi-
isotactic polypropylene, since the decisive energy gap now lies
between the conformational states R,, and S,,, S,;. This was
confirmed by experiment: catalyst V was indeed found to give
hemiisotactic polymer.

Our model has been shown to be capable of predicting
the microstructure of a polymer, based on the substitution
pattern in the ligand of the catalyst. The syntheses of further
catalysts, such as [{iPr(3-Et-CpFlu)}{ZrCl,] (VI, Figure 9) and
[{iPr(3-Pr-Cplnd)} ZrCl,], related to [V (Figure 8), are in pro-
gress.

Chem. Eur. J. 1997, 3, No. 4
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polymerization temperatures, an
increase of the pentads mmmm,
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Figure 11. "*C NMR specira of a) syndiotactic polypropylene, catalyst [{iPr-
(CpFlu)} ZrChL}/MAO. polymerization at P=2bar, T, =30"C, [Zr] = 9.72x
107 ¢molL™", [Al]:{Zr] = 1970:1 in toluene; b) hemiisotactic polypropylene, cata-
lyst [{{Pr(3-Me-CpFlu)}ZrCLYMAO, polymerization at P = 2bar, T, =30"C,
[Zr] =3.71x 1075 molL™ !, [Al]:[Zr] =1550:1 in toluene: ¢) isotactic polypropy-
lene. catalyst [{/Pr(3-1Bu-CpFlu)} ZrCL,JMAO, polymerization at P = 2 bar, T, =
35°C, [Zr] = 4.65x 107> mol L™ !, [Al]:[Zr] = 2094:1 in tolucne.
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mmmr, and mrrm is obtained in hemiisotactic polypropylene, isotactic
whereas the pentads rmmr, mmurr, rerr, and rrmm are reduced. L
Each of the ten possible pentads can be produced by passing
~ S , mmmm
through a sequence of conformers (Figure 12). mmmr
mmyg ¢
mrotm
T S Y I
T 1 ] I ]‘ i T syndiotactic
mmmmrrmrrrrmmr mmrmy
i 3 3 7 11
T e T S AT N E - S D B
Ty T
I rrooor Froror
rrrm rrrm
frmr rrmm
rmmi¢
mmmm Re > S > R > S = Re
mmms: Re > See &> Re > S — Ry .
hemiisotactic
T Re & S84 = Ry > 8§ -» Re
{allowed pentads)
M Re > S > Ree » 8 > Re
mrmm Re > S »> Ry = S84 - Ry _L { L }i *i%i#
mrr: Re > S & Ry = S > Ry
mrmr: Re > S = Ry = S -  Re m m mm mmmm
mmr r mmmry
T Re =+ Ss > Re = Si > Re rrrr mrrm
mrrr
rrom: Ree > Si — Re— S = Ry rmmr
mrrm: Re & S = R = S = R rror
(forbidden pentads)

Figure 12. Top: ten possible pentads of polypropylene [14.18]. Bottom: sequence of
configurations that are passed through to generate the pentads.

Basically, any pentad is allowed for any catalyst. The frequen-
cy of a pentad is determined by the probability that a specific
conformer is adopted during an insertion step; this probability
in turn depends on the energy content of the intermediate states
or the size of the energy gap between re and si conformers for
(R)- and (S)-configurated zirconium centers. In other words, by
means of the pentad distribution obtained experimentally, it is
possible to deduce which conformers have been passed through.
In syndiotactic polypropylenes, m diads and mm triads ap-
peared especially frequently as errors. Through stereoerrors in
isotactic polypropylene, rr triads are produced. In the case of
hemiisotactic polypropylenes, the mrmm, rmrr, and mrmr
pentads are forbidden. The mrmm and rmrr pentads only show
up at increased polymerization temperatures. The pentad mrmr
fails to appear altogether.(!7 !9}

The occurrence of the mrmm and rmrr pentads was explained
earlier (see Herfert and Fink!'®! as well as Farina?% 1)
through isomerizations of the growing polymer chain without
insertion of a propene molecule. The model described 1n this
publication does not necessarily require intermediate isomeriza-
tion to explain the formation of the forbidden pentads. When
the pentads mrmm, rmrr, and mrmr are compared (Figure 13),
it becomes obvious that, in the case of the pentads mrmm and
rmrr, only the C atoms C1 and C3 have been arranged in the
wrong way relative to each other. In the case of the pentad
mrmr, the C atoms C1 and C3 as well as C3 and C5 have been
wrongly arranged relative to each other. The probability of a
sequential double error is therefore considerably lower.

The model presented above requires no intermediate isomer-
izations without insertion to explain some of the observed pen-
tads, but does not rule out these isomerizations. Regarding the
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C1\C3 C1\C3 C1\C3 C3\Ch

Figure 13, Pentad crrors occurring in isotactic, syndiotactic, and hemiisotactic
polypropylene.

syndiotactically operating catalyst [{{Pr(CpFlu)}ZrCl,], there
are two possibilities to explain the pentad rmrr. In the case
without intermediate isomerization, after the m-diad the cata-
lyst changes between the two R;/S,, conformers, even though
these are of higher energy. In the second case, after the m diad
an intermediate isomerization without insertion of a propene
molecule takes place. The catalyst then changes between the
conformers S,;/R,,, which are of lower energy.

res

Conclusion

By means of the pentad distribution obtained by experiment, it
1s possible to reconstruct, with help of the model described
above, the identity and sequence of the conformers formed dur-
ing the growth of a polymer chain. The model can also be used
to predict the stereosequence of a polymer chain based on the
energy gaps between the different conformers. In this paper we
have shown that this energy gap already changes when the sub-
stituents at the ligand are modified. At the moment, we are
extending the model calculation to encompass a wider variety of
bridged metallocene catalysts. Furthermore, we are investigat-
ing the following questions:
1) How does the increasing length of the polymer chain affect
the reaction?
2) What is the influence of a more sterically demanding
monomer (e.g. an a-olefin with a longer side chamn)?
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3) How do different monomers influence the energy levels of
the conformers formed in the course of copolymerization?

Finally, it would be of particular interest to calculate the
probability for the formation of a given sequence of conformers
as a function of temperature and to attempt a quantitative pre-
diction of the stereoerrors as a function of temperature.

Appendix

Molecular modeling calculations were performed on the catalysts [{iPr-
(CpFlu)}ZrCl,], [{iPr(3-Me-CpFlu)}ZrCl,, [{iPr(3-iPr-CpFlu)} ZrCl,], and
{iPr(3-1Bu-CpFlu)} ZrCl,]. According to Corradini'*® ! '3l each calculated
complex contains a w-coordinated propene molecule, a o-coordinated alkyl
group (R = methyl, isobutyl, (R)-2.4-dimethylpentyl, (S)-2,4-dimethyl-
pentyl), representing the growing polymer chain, and a bis-n*-chelating lig-
and. In valence force-ficld terms Zr—»°-Cp bonds and Zr—=n bonds cannot
usually be calculated. A universal bonding mode! therefore had to be devel-
oped. In this publication we will only apply a qualitative description of basic
clements. A detailed explanation is given in ref. [16].

Zr—n5-Cp bond: Each cyclopentadienyl carbon atom is bonded to a centroid
atom in the Cp ring center (Mp, Figure 14). The metal- Cp interaction occurs
between the Mp and the formally tetravalent zirconium atom (Zr.t). The
centroid atom Mp has the properties of a pscudo-atom (e.g. atom radius 0 A)
and, for reasons of molecular dynamics, the average mass of the ring atoms.

= C.m
R TN

C.mp ‘]Sc.mp/

zr Zct

C.mp—R

a b

Figure 14. The “‘centroid” model for the #°-Cp—Zr bond: a) schematic drawings
of the “bonds™ used in b; b) labels used for the Zr—Cp 7 bond.

Zr—y? bond: The centroid model can easily be transferred to other types of
n bonds like the © bonding between a zirconium atom and a coordinated
propene molecule (Figure 15). A pseudo three-membered ring system is used

Zr/c| /C.3 /0,3

Zrit Zrt
\ C2m
/ MpEt
C.2m
c

a b

Figure 15. The “centroid™ model for the n2-alkene- Zr bond: a) typical descrip-
tion of the n2-coordination; b) labels in the Zr-alkene n bond; ¢) schematic repre-
sentation of the “bonds™ used in b.

with the centroid MpEt located in the middle of the alkene double bond. A
¢ bond connects the zirconium atom and MpEt. Calculations by M.
Nolte!!3: 18] show that the alkene © bonds of energy-minimized structures are
located in the plane formed by MpEt, Zr, and C, (Figure 16). Owing to the
defined torsion twisting potential, which describes the rotation around the
Zr—MpEt bond, the coordinated propene molecule is forced to remain in
plane, with only small deviations (about 10° [13}) being allowed. The force-
field calculations are based on crystal structure data of the catalyst

X -z

Figure 16. Arrangement of the Zr -alkene = bond in the
plane formed by MpEt, Zr, and C,.

%Zr
[{iPr(CpFlu)} ZrCl,]. By replacing both chlorine atoms with a o-coordinated
alkyl group and a n-coordinated propene molecule, respectively, the energics
of all possible diastereomers were calculated. For the bonds that arc able to
rotate freely (Figure 17), a number of energetically favorable conformations
were found. The lowest-energy conformation werc determined by optimizing
the molecule structure.

3
2 4 5

£
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Me,C
Figurc 17.  [{iPr(3-1Bu-CpFlu)} Zr(propene)-
(2.4-dimethylpentyl)]. Free rotation (360°) is
possible about bonds 1-5 and 120° rotation
about bond 6.
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