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Dipartimento di Chimica, Università di Napoli “Federico II”, Via Mezzocannone, 4-80134 Napoli, Italy

Anna Laura Segre† and Lucia Caporaso‡

Servizio NMR and Istituto di Chimica Nucleare del CNR, Area della Ricerca di Roma, C.P.10,
00016 Monterotondo Stazione, Italy

Received July 1, 1998; Revised Manuscript Received September 24, 1998

ABSTRACT: In this paper, we report the results of a 150 MHz 13C NMR characterization of ethene-1-
13C/propene copolymers at low (<5 mol %) ethene content prepared in the presence of the syndiotactic-
selective ansa-metallocene catalyst (Me)(Ph)C(cyclopentadienyl)(9-fluorenyl)ZrCl2 (cocatalyst, MAO). In
particular, from the fine structure of the resonances of the ethene-1-13C units we conclude that the
enantioselectivity of 1,2-propene insertion is substantially lower and the probability of chain back-skip
substantially higher after an ethene insertion than after a propene one. Moreover, we find that the
regioirregular 2,1-propene units (whose concentration is higher than claimed in the literature) are also
substantially stereoirregular.

Introduction

Highly syndiotactic polymers of 1-alkenes can be
obtained in the presence of catalyst systems based on
Cs-symmetric ansa-metallocenes of the fourth column
(such as (X)(Y)C(cyclopentadienyl)(9-fluorenyl)ZrCl2 with
X and Y ) methyl or phenyl (Chart 1A)) in combination
with methylaluminoxane (MAO).1,2

The stereoselectivity of such systems has been con-
vincingly explained by Ewen and co-workers in terms
of a chain migratory insertion mechanism,1a,b in which
the growing polymer chain and the incoming monomer
are assumed to exchange regularly their coordination
to the two enantiotopic sites available at the transition
metal.3

Consistent with the experimental finding, this mech-
anism predicts a fading of stereoselectivity with de-
creasing monomer concentration, resulting from an
increased probability for the growing chain to skip back
to its pristinous coordination site between two consecu-
tive monomer insertions, ending up with the formation
of an ...rrrrrmrrrrr... stereodefect (Chart 2).1b

Low amounts of ...rrrrrmmrrrrr... stereodefects (Chart
3), also observed in the polymers by 13C NMR,1 can be
ascribed instead (predominantly) to occasional monomer
insertions with the less reactive enantioface. The
concentration of such defects increases smoothly with
increasing temperature but is substantially independent
of monomer concentration;1b therefore, it appears that,
different from the case of the isotactic-selective C2-
symmetric metallocenes4 (Chart 1B), side reactions of
growing chain epimerization5 have very limited effects,
if any, on the performance of Cs-symmetric metal-
locenes.6 This is consistent with their remarkable
stereoselectivity (under conditions of negligible chain

back-skip),1 despite the relatively open steric environ-
ment of the active metal resulting from the short
interannular bridge and the absence of substituents on
the aromatic rings (Chart 1A).

Compared to the C2-symmetric catalysts, the Cs-
symmetric ones are also known to be more regioselec-
tive. In particular, isotactic polypropylene samples
made with the former catalysts typically contain 0.2-1
mol % of isolated 2,1- and/or 3,1- misinserted units,4
whereas no regioirregular enchainments are normally
detected by 13C NMR in highly syndiotactic polypropy-
lene samples.7,8

However, in a recent 13C NMR investigation9 of
ethene-1-13C/propene copolymers at low (<5 mol %)
ethene content prepared with a representative Cs-
symmetric metallocene catalyst (Chart 1A, with X )
methyl, Y ) phenyl2), we clearly observed ethene-1-13C
units adjacent to regioirregular 2,1-propene units. From
a quantitative evaluation of the spectra, we extrapo-
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lated9 a fraction of 2,1-misinsertions in the propene
homosequences (at 10 °C) as high as 0.08 mol %, that
is just below 13C NMR detectability in a homopolymer
sample at natural 13C abundance and at most 1 order
of magnitude lower than that in isotactic polypropylene
samples prepared with typical C2-symmetric metal-
locene catalysts at the same temperature.4

From the fine structure of the ethene-1-13C resonances
in the 150 MHz 13C NMR spectra of such copolymers,
we have also obtained a deeper insight into the stereo-
selectivity of this important class of metallocene cata-
lysts, as is discussed in the present paper.

Results and Discussion
Three ethene-1-13C/propene copolymer samples at low

ethene-1-13C content were synthesized in the presence
of the catalyst system (Me)(Ph)C(cyclopentadienyl)(9-
fluorenyl)ZrCl2 (I)/MAO in toluene at 10 °C (Table 1).
Samples A and B were prepared at the same total
monomer pressure of 1.0 bar but at different comonomer
feeding ratios, to result in ethene-1-13C incorporations
of 1.4 and 2.5 mol %, respectively; sample C, with an
ethene-1-13C content (1.4 mol %) coincident with that
of sample A, was obtained instead at a total monomer
pressure of 0.3 bar.

The three copolymers were characterized by 150 MHz
13C NMR (the spectrum of sample B is shown in Figure
1). The main results obtained are summarized in Table
2.

The resonances of the Pââ, Tââ, and SRR C’s10 of the
propene units in prevailingly syndiotactic homose-
quences are observed in the ranges of δ ) 19.6-21.4,
28.1-28.5, and 46.6-47.6 ppm (downfield of TMS),
respectively. Tacticity splittings are very evident; the
methyl resonance, in particular, is resolved at the

heptad level. From the normalized integrals of the well-
separated peaks corresponding to the rrmrrr (δ ) 20.87
ppm) and rmmrrr (δ ) 21.05 ppm) heptads,11 we
evaluated (Table 2, columns 2-5) the concentrations of
stereodefects associated with skipped insertions (Chart
2) or wrong enantioface selections (Chart 3). In line
with the expectation,1 the latter was found to occur in
equal amounts (1.4-1.5 mol %) in all three samples,
whereas the former turned out to be more abundant in
sample C (2.6 mol %), prepared at a lower monomer
concentration, than in samples A and B (1.0 and 1.2 mol
%, respectively).

The signals arising from the 13C-enriched ethene units
indicate that these are practically all isolated (which is
fairly obvious, due to their low concentration), and are
located in the two different constitutional environments
of Charts 4 and 5.12 It is important to note, for the
following discussion, that propene insertion is predomi-
nantly of the 1,2-type,1,13 which implies that the active
end of the growing chain is at the left-hand side of each
structure.

The structure of Chart 4 is fully regioregular; how-
ever, the spectra indicate deviations of the stereochem-
istry from that of the highly stereoregular propene
homosequences. Indeed, the resonances of the SRγ C-a
and Sââ C-b of the ethene-1-13C unit (in 1:1 integral ratio
since the 13C-enriched methylene occupies randomly the
two locations and the contribution of the unenriched SRγ
C-c belonging to the propene unit P2 is negligible) occur
as multiplets (Figure 1) due to the occurrence due to
the presence of different stereostructures.

In particular, the SRγ resonance (see expansions in
Figure 2 A-C) is split into two doublets, at δ ≈ 38.6
and 37.8 ppm, which can be assigned to sequences in
which the ethene-1-13C unit is followed by two propene
units (P3 and P4 in Chart 4) in racemic (r) or meso (m)
arrangement, respectively (Chart 4A and 4B).14 The
integral ratio I(r-SRγ)/I(m-SRγ) was found to be indepen-
dent of the monomer concentration and as low as 3.3-
3.4 (Table 2, column 7), whereas the average [r]/[m] ratio
measured in the propene homosequences is 26 for

Table 1. Preparation of Ethene-1-13C/Propene Copolymer
Samples A, B, and C (See Text)

sample p (bar)a
[E]/[P] × 103

(liquid phase)b QE (mol %)c

A 1.0 3.72 ( 0.04 1.36 ( 0.02
B 1.0 7.80 ( 0.04 2.46 ( 0.03
C 0.3 2.98 ( 0.04 1.36 ( 0.05

a Total monomer pressure. b E ) ethene, P ) propene; estimated
from the composition of the gas feed according to ref 22. c 13C NMR
mole fraction of ethene units in the copolymer. Other experimental
conditions: [Zr] ) 1 × 10-4 M; [Al]/[Zr] ) 1 × 103; Tp ) 10 °C.

Figure 1. 150 MHz 13C NMR spectrum of ethene-1-13C/
propene copolymer sample B. Relevant peak attributions are
explicitly indicated. In the Pââ region, peaks marked as 1 and
2 arise from rmmrrr and rrmrrr heptads, respectively.

Table 2. Main Results of the 150 MHz 13C NMR
Characterization of Ethene-1-13C/Propene Copolymer

Samples A, B, and C

sam-
ple

rmmrrr
(%)a

rrmrrr
(%)a Perr

b Psk
c

[r]/
[m]d

I(r-SRγ)/
I(m-SRγ)e

QsE
(mol %)f

A 2.4 1.8 0.014 0.010 26 3.45 ( 0.06 0.054 ( 0.005
B 2.4 2.1 0.014 0.012 25 3.31 ( 0.04 0.072 ( 0.005
C 2.5 4.2 0.015 0.026 18 3.37 ( 0.04 0.039 ( 0.005

a Fractional abundance in the propene homosequences. b Prob-
ability of monomer insertion with the less reactive enantioface at
each of the two enantiotopic active sites. c Probability of “skipped”
monomer insertion. d Ratio between r and m diads in the propene
homosequences. e Integral ratio of the r-SRγ and m-SRγ resonances.
f 13C NMR mole fraction of 2,1-propene units followed by ethene
units (referred to the total propene unit content).
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sample A, 25 for sample B, and 18 for sample C (Table
2, column 6).

The relative intensity of the two peaks within each
doublet turned out to change with the monomer con-
centration. For the m-SRγ resonance, the integral ratio
between the well-separated peaks at δ ) 37.78 and
37.85 ppm is 2.8 ( 0.2 in samples A and B, and 1.4 (
0.2 in sample C. The two components of the r-SRγ
resonance are largely overlapped even at 150 MHz (δ
) 38.60 and 38.62 ppm); however, it can be safely stated
that, in all three samples, their integral ratio is close
to that for the m-SRγ resonance (the downfield compo-
nent being the most intense one in the r-SRγ case).

Literature 13C NMR data on model alkanes15 suggest
that these features are related to the r or m placement
of the propene diad (P1-P2) preceding the ethene-1-
13C unit and/or of the two propene units (P2 and P3)
spanning the same ethene-1-13C unit in the structures
of Charts 4A and 4B. Moreover, they are consistent
with the fact that the resulting spread of the chemical
shifts is larger for the m-SRγ peak.

In our opinion, the above observations lead unam-
biguously to the following conclusions:

(i) The enantioselectivity of propene insertion at each
of the two enantiotopic active sites of catalyst I is weaker
after an ethene insertion than after a propene one.
Indeed, from the data in columns 7 and 4 of Table 2,
respectively, the enantiomeric excess can be evaluated
to be ≈54% and ≈97% in the two cases.

The above can be justified in terms of the so-called
“growing chain orientation mechanism of stereocontrol”,
according to which the enantioselectivity is primarily
due to nonbonded contacts between the incoming mono-
mer and the C(â) atom of the chirally oriented growing
chain with its substituents.3,16 Such contacts are ex-
pected to be less conditioning when they involve a
-CH2- group rather than a -CH(CH3)- one;13,17 how-
ever, the difference seems to be appreciable only for

catalysts with a relatively open environment of the
active metal, as is the one under investigation. As a
matter of fact, to our knowledge, no significant fading
of enantioselectivity following an ethene insertion has
been documented so far in isotactic propene polymeri-
zation promoted by Ziegler-Natta or by C2-symmetric
ansa-metallocene catalysts.

(ii) The probability of chain back-skip is higher when
the last-inserted unit is an ethene rather than a propene
one. Indeed, there is no reason for assuming that the
[r]/[m] ratio for the diad P1-P2, formed prior to ethene
insertion, is lower than the average one in the propene
homosequences of samples A-C. Therefore, the fine
structure of the r-SRγ and m-SRγ resonances must be
related to a low stereoregularity of the sequence P2-
E-P3.

We assign the major components of the r-SRγ and
m-SRγ doublets (at δ ) 38.62 and 37.78 ppm, respec-
tively) to the structures of Charts 4C and 4D, in which
the configuration of all propene units (including the
stereoirregular one P3 in Chart 4D) is consistent with
a regular chain migratory insertion mechanism. The
minor components (at δ ) 38.60 and 37.85 ppm), whose
intensity increases with decreasing monomer concentra-
tion, are assigned instead to the structures of Charts
4E and 4F, respectively, formed as a consequence of an
event of chain back-skip preceding the stereoregular
(Chart 4E) or stereoirregular (Chart 4F) insertion of the
propene unit P3.

On the basis of this assignment, from the ratio
between the two components of the m-SRγ doublet, one
can estimate a conditional probability of a skipped
insertion of propene after an ethene unit of the order of
0.27 in samples A and B, and of 0.42 in sample C. These
values have to be compared with corresponding ones
after a propene unit of 0.010 for sample A, 0.012 for
sample B, and 0.026 for sample C (see column 5 of Table
2).

Thus, a growing chain with a last-inserted ethene unit
flips between the two enantiotopic sites of the active
species of catalyst I faster than one with a last-inserted
propene unit, possibly due to a weaker â-agostic inter-
action with the transition metal.4a

Figure 2. Expansion of the 150 MHz 13C NMR spectra of
ethene-1-13C/propene copolymer samples A, B, and C in the
region of the SRγ resonance.
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Let us consider now the structure of Chart 5. This is
the result of ethene insertion after an occasional regio-
irregular 2,1 propene enchainment (unit P6), after
which the correct 1,2-propene enchainment is restored.
In fact, propene insertion in a Zr-CH(CH3)-CH2(Pn)
bond (Pn ) polymeryl) is exceedingly slow,18,19 so that,
even at the low ethene/propene feeding ratios used in
this investigation, a 2,1-last-inserted propene unit tends
to be followed by an ethene one.9

This structure is detectable by 13C NMR only because
of the 13C enrichment of the ethene unit: as a matter
of fact, only the signals of the SRâ C’s d and e of Chart
5 (in 1:1 integral ratio since the 13C-enriched methylene
of ethene-1-13C occupies randomly the two locations)
were observed. From such signals, we evaluated (last
column of Table 2) a fraction of regioirregular propene
units of 0.054 ( 0.05 mol % in sample A, 0.072 ( 0.05
mol % in sample B, and 0.039 ( 0.05 mol % in sample
C (i.e., in all cases lower than the “saturation” value of
0.08 mol %, which is reached at a higher ethene
content9).

Concerning the stereochemistry of this structure, we
note that the resonances of the SγRâδ+ C-d and SδRâδ C-e
appear as two doublets, at δ ) 35.50-35.55 and 34.59-
34.625 ppm respectively (see expansions in Figure 3A-
C), whose components are not far from a 1:1 integral
ratio, independent of the comonomer feeding ratio and
total monomer concentration.

The δ value of the 13C-enriched SγRâδ+ C-d proves that
the propene diad P7-P8 is (predominantly) in r arrange-
ment.14 However, on the basis of literature 13C NMR
data on ethene/propene copolymers14 and on model
alkanes,15 from the discussed fine structure of the SγRâδ+

and SδRâδ resonances it can be concluded that the
sequence P6-E-P7 is configurationally disordered, in
the sense that the cumulative fraction of the two
structures of Charts 5A and 5B is comparable with that
of the two structures of Charts 5C and 5D.

The above implies that, in syndiotactic polypropylene
samples prepared in the presence of the catalyst under
investigation, the regioirregularly inserted 2,1-propene
units are also substantially stereoirregular.

This is at variance with what is known to happen in
the presence of C2-symmetric metallocene catalysts, for
which both 1,2- and 2,1-propene insertions are highly
enantioselective, and occur with opposite enantiofac-
es.20,21 According to recent molecular mechanics calcu-
lations on models of metallocene catalysts,7 the origin
of this inverse correlation can be traced to the fact that

whenever a propene molecule approaches the transition
metal with the “wrong” enantioface for 1,2-insertion,
rotation around the coordination bond followed by 2,1-
insertion can represent a viable alternative to a stere-
oirregular 1,2-insertion (Scheme 1A).

This would not be the case at a Cs-symmetric active
species like that of Chart 1A, due to nonbonded contacts
between the methyl substituent of the monomer and one
of the C6 rings of the fluorenyl moiety (Scheme 1B).7

Our results indicate that this conclusion has some
validity, although it appears that the steric effects
presiding over the regioselectivity of Cs-symmetric met-
allocenes have been overestimated and/or that electronic
effects are able to balance in part such effects.

Conclusions

In this paper, we have reported the results of a 150
MHz 13C NMR characterization of ethene-1-13C/propene
copolymers at low (<5 mol %) ethene content prepared
in the presence of the syndiotactic-selective ansa-
metallocene catalyst (Me)(Ph)C(cyclopentadienyl)(9-
fluorenyl)ZrCl2 (cocatalyst, MAO).1,2

In particular, from the fine structure of the reso-
nances of the ethene-1-13C units we have pointed out
that the enantioselectivity of 1,2-propene insertion is
substantially lower and the probability of chain back-
skip is substantially higher after an ethene insertion
than after a propene one. These findings can be
rationalized in terms of a lower steric hindrance and of
a higher conformational mobility of the growing polymer
chain (respectively) in the former case.

Figure 3. Expansion of the 150 MHz 13C NMR spectra of
ethene-1-13C/propene copolymer samples A, B, and C in the
region of the SRâ resonance.
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We have also shown that the regioirregular 2,1-
propene units (whose concentration is higher than that
claimed in the literature7) are also substantially stereo-
irregular, at variance with what is known to happen
with typical isotactic-selective C2-symmetric ansa-met-
allocene catalysts.4,20,21

Experimental Section
Catalyst and Reagents. (Me)(Ph)C(cyclopentadienyl)(9-

fluorenyl)ZrCl2 (I) was prepared according to the literature.2
MAO (10 wt % solution in toluene) was provided by Witco
GmbH (Bergkamen, FRG). Ethene-1-13C (Isotec Inc., 99+%
isotopic purity) and propene (Società Ossigeno Napoli, polym-
erization grade) were used as received.

Copolymerization Procedure. All copolymerizations
were run at 10 °C, in a 100-mL Pyrex reactor containing a
toluene solution (20 mL) of catalyst I ([Zr] ) 1 × 10-4 M) and
MAO (Al/Zr mole ratio ) 1 × 103). Gas mixtures of ethene-
1-13C and propene (preparation of copolymer samples A and
B) or of ethene-1-13C, propene, and N2 (preparation of copoly-
mer sample C) at the appropriate composition (Table 1),
prepared with vacuum line techniques and analyzed by gas
chromatography, were bubbled through the liquid phase at
atmospheric pressure and a flow of 0.10 L/min for 30 min.
Under such conditions, total monomer conversions were lower
than 5%, this ensuring a nearly constant comonomer feeding
ratio. The copolymers were coagulated with excess methanol
acidified with HCl (aqueous, concentrated), filtered, washed
with more methanol, and vacuum-dried. Yields: 0.5 g for
samples A and B and 0.2 g for sample C.

13C NMR Characterizations of the Copolymers. The
spectra were recorded with a Bruker AMX 600 spectrometer
operating at 150 MHz, on 1% w/v copolymer solutions in
tetrachloroethane-1,2-d2 (also used as the internal standard)
at 70 °C. Conditions: 5-mm probe; 45° pulse; acquisition time,
2.3 s; relaxation delay, 2.0 s; 64 K points; 15 K transients.
Fourier transformation was performed either without any
correction or, for resonance assignment only, after the ap-
plication of a weak resolution-enhancing Gaussian function.
The assignment of the various constitutional and configura-
tional sequences in the samples and the measurement of their
fractional abundances were made according to the litera-
ture.11,14,15

Acknowledgment. We thank Witco GmbH (Bergka-
men, FRG) for providing free samples of the MAO
solution in toluene.
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