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ABSTRACT: Unbridged zirconocene catalysts, where a seven- or eight-membered ring fused to a
cyclopentadiene is associated with a phenyl substituent in position 2 (C7Ph-Zr and C8Ph-Zr), were tested,
under the same polymerization conditions, to produce polypropenes with microstructure, molecular
properties, and thermal behavior similar to those prepared with (IndPh)2ZrCl2 (w-Zr), the “classical”
Waymouth catalyst. Different results were obtained from the homologue titanium catalysts (C7Ph-Ti
and C8Ph-Ti) and from the titanium benzyl derivative (C7Bn-Ti), which produced quite heterogeneous
materials with broad molecular weight and that can be separated into fractions spanning from completely
atactic to fractions characterized by the presence of long isotactic blocks. A quite interesting behavior is
observed with the zirconium benzyl derivative C7Bn-Zr, which produces good yields of a polymer with
narrow polydispersity, which, despite its rather high isotacticity, shows a hardly detectable melting peak
and is completely ether soluble. Quite surprisingly, the same sample, after prolonged annealing, shows
a narrow melting peak at low temperature (55-65 °C). This result, together with the X-ray analysis, is
in favor of a quite homogeneous material, capable of giving crystallites of small size.

Introduction

In the last twenty-five years, metallocene-based cata-
lytic systems1 have started to find increasing industrial
applications, and they now play an important role as
highly active catalysts for the homo- and copolymeri-
zation of R-olefins. The scientific interest arises prima-
rily from their single center nature and from the
availability of a large variety of π-ligand structures that
allow the preparation of polymers with a wide range of
microstructures and properties. Metallocene-based single-
site catalysts have recently become of interest also in
the production of elastomeric polypropene (elPP). The
first report about this type of polymer dates from 1957,
when Natta2 described the production of a rubbery
polypropene and interpreted its properties in terms of
a stereoblock structure consisting of alternating isotactic
and atactic blocks. Later on, Collette and co-workers3

developed Ti and Zr alkyls supported on alumina that
provided significant amounts of elPP, allowing a more
detailed study of its properties. More recently, other
authors4 have synthesized stereorigid unsymmetrical
ansa-metallocenes that produced elPP of narrow mo-
lecular-weight distribution under a variety of conditions.
But the real breakthrough was the discovery by Way-
mouth and Coates5 that elPP can be produced using a
nonbridged metallocene, bis(2-phenylindenyl)zirconium
dichloride. Indeed, through a rational choice of the
polymerization conditions,6 this catalyst can produce

polymers containing, besides a variable amount of an
essentially atactic fraction, a minor fraction of prevail-
ingly isotactic polypropene. In this fraction, a melting
transition was detected, and so demonstrating that the
isotactic sequences were long enough to be capable of
crystallizing. To account for these data, the authors
introduced the concept of “fluxional” catalysts that
describes the behavior of unbridged metallocenes able
to interconvert between chiral and achiral rotational
isomers on the time scale of the polymerization reac-
tions. This intuition led to an extensive exploration
about the sterical requirements and the reaction condi-
tions able to control/improve the performance of the
reference catalyst. As long as the number of catalytic
systems studied increased, their behavior appeared to
be more complicated than it seemed at the beginning.
The early mechanism was later questioned by several
authors7 and reformulated by Waymouth himself.8
Indeed, a 2-substituted meso-bis(indenyl)ZrX2 metal-
locene rotamer, considered responsible for the atactic
segment, has never been detected in solution and its
equilibration with the rac-conformer has never been
experimentally demonstrated, as pointed out in the
thorough work by Erker.9 Despite the number of papers
appearing in the last few years, a complete understand-
ing of the behavior of this type of catalyst is still
controversial7-10 and prevents a precise prediction of the
catalyst stereoselectivity for a given ligand environment.
What seems quite established is that there are sub-
stantially two kinds of factors that can increase the life
of catalytic species capable of producing long isotactic
blocks: the steric hindrance of the ligands (bulky
substituents in fixed positions can give a quite high
isotactity) and the type of cocatalyst11 (e.g., compared
to MAO, some perfluoroarylborate anions can produce
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an increase of tacticity even of the 20%). The most
effective structural variations have been proposed mainly
by Waymouth and co-workers.6 Although there are some
exceptions, the replacement of the basic indenyl ligand
by a saturated system or by a bulkier aromatic ligand
usually produces a significant loss of capacity of the
catalyst to give isotactic blocks. The presence and the
substitution pattern of an aryl substituent in position
2 seems also to play an essential role in the polymeri-
zation outcome. There is one only case in which a
substitution in this position significantly improves the
catalyst performance, i.e., when the substituent is a
benzyl.12

A few years ago, we decided to enter such a fascinat-
ing field by investigating a new family of unbridged
catalysts based on a bicyclic ligand with a saturated ring
of different sizes (six, seven, and eight carbon atoms)
fused to a cyclopentadiene and bearing different sub-
stituents in position 2. Our aim was to investigate the
possibility to observe a “fluxional behavior” and to
obtain elPP, even in the absence of the aromatic ring,
by introducing the conformational flexibility of the
saturated ring as a new parameter. We studied several
sets of complexes, concentrating our attention not only
on the substituents on the indenyl ligand, but also on
the role played by the saturated ring condensed to the
cyclopentadienyl moiety.13 Up to then, the lack of a
synthetic strategy able to allow systematic variations
with respect to the basic catalyst structure, had pre-
vented investigations of this kind.

After a systematic investigation on several 2-substi-
tuted bicyclic zirconocenes, we have successively inves-
tigated the effect of the change from zirconium to titan-
ium on the most promising structures.14 Because the
titanium center allows a closer interaction between the
two bent cyclopentadienyl moieties, the effect of the sub-
stituents should have exerted a stronger influence on
the interconversion speed between aspecific and isospe-
cific isomers, thus favoring the formation of longer iso-
tactic blocks. The well-known easy decomposition4d-e,10b,15

of indenyl titanium complexes during polymerization
had so far prevented their study in this field. The
saturated ring showed an inference of a higher stability
to these complexes, thus allowing, for the first time, a
full characterization of a polypropene sample obtained
through titanium-based catalysts. In the present paper,
we report a complete picture of the most promising
results obtained, both with the zirconium and the
titanium catalysts synthesized, under more proper
polymerization conditions (higher propene pressure).
The replacement of the phenyl group in position 2 for a
benzyl, with the target of improving the catalysts’
stereocontrol and productivity, was also investigated.

Results and Discussion

Metallocene Synthesis and Characterization.
The phenyl-substituted complexes (C7Ph-Zr, C8Ph-Zr,
C7Ph-Ti, C8Ph-Ti, w-Zr, and w-Ti) (Scheme 1) were
synthesized as described previously.13,15,16

The benzyl complexes (C7Bn-Zr and C7Bn-Ti) were
prepared according to Scheme 2, starting from the enone
(1), the same intermediate used for the synthesis of the
phenyl derivatives.17 Reaction of the enone (1) with
benzylmagnesium chloride, followed by quenching with
diluted HCl, gave the diene (2), which was treated with
a slight excess of n-butyllithium to give the correspond-
ing lithium salt (3).

The zirconium derivative (C7Bn-Zr) was prepared by
direct reaction with ZrCl4‚2THF, while we found that,
as in the case of the corresponding phenyl derivatives,
the synthesis by direct reaction of the lithium salt (3)
with TiCl4 in THF (or with TiCl3 followed by oxidation
with PbCl2) gave poor yields of an extremely difficult-
to-purify complex. This problem seems to be due to the
easy reduction/decomposition of the Ti complexes either
by visible light in solution (in particular in THF) or by
residual traces of alkyllithiums from the previous
deprotonation step. This problem was overcome by
converting the lithium salt (3) into its corresponding air-
stable trimethylsilyl derivative (4) and by carrying the
metalation reaction in CH2Cl2, taking care of shading
the reaction vessel from light. The complex was easily
collected by elimination under vacuum of the solvent
and of the ClSiMe3 produced in the reaction, followed
by washing with petroleum ether.

In the case of C7Bn-Zr, proper crystals for X-ray
diffraction were collected (ORTEP18 view of the com-
pound is shown in Figure 1).

The complex displays a distorted tetrahedral geom-
etry, with the tetrahedron defined by the two chlorine
atoms and the centroids of two η5-cyclopentadienyl rings
of 2-benzyl-4,5,6,7,8-hexahydroazulenyl ligands. The
complex lies on a crystallographic 2-fold axis passing
through the Zr1 atom; the cyclopentadienyl rings are
eclipsed. The seven-membered rings of the hexahydro-
azulenyl ligands lie on opposite sides, as well as the

Scheme 1

Scheme 2
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benzyl groups. The distances and angles around the Zr1
atom (Table 1) are similar to those found in other
(RCp)2ZrCl2 unbridged metallocenes with bulky R
groups19 and in unbridged (Ind)2ZrCl2 indenyl deriva-
tives,5,20 but both the Cl-Zr-Cl and Cp-Zr-Cp angles
are a bit larger than those reported for other “fluxional
catalysts”, suggesting the presence of a more “open”
catalytic center.

Zirconium Phenyl Catalysts. In a previous work,13

we carried out a preliminary screening of three series
of complexes with a six-, seven- or eight-membered
saturated ring, respectively, and differently substituted
(-H, -CH3, -Ph) in position 2, at three temperatures
(30, 0, and -20 °C), at 1 atm propene pressure.

In the present paper, the two most promising cata-
lysts, where a seven- or an eight-membered ring is

associated with a phenyl substituent in position 2
(C7Ph-Zr and C8Ph-Zr), were tested in propene poly-
merization at two different temperatures (0 and -15
°C) and at a propene pressure of 2.4 atm. Table 2 shows
the polymerization data of the samples, along with the
microstructural, molecular, and thermal properties.
Because the oscillating behavior is extremely sensitive
to the polymerization conditions, we have taken as
reference the “classical” Waymouth catalyst (w-Zr),
synthesized in our labs, and compared step-by-step the
results obtained with the new catalysts with those given
by w-Zr under the same polymerization conditions.

The patterns of the 13C NMR spectra of the samples
produced with the new catalysts and of those obtained
with w-Zr are quite similar. It is worth noticing that
decreasing temperature from 0 to -15 °C is not benefi-
cial for w-Zr. In principle, a decrease in temperature
should slow both the propagation speed and the rate of
interconversion of isospecific and aspecific states. It is
likely that the equilibrium between the two effects in
w-Zr at -15 °C is shifted in favor of the first one, with
a consequent lowering of the length of the isotactic
blocks. In particular, the spectrum of the polymer
prepared with C7Ph-Zr at -15 °C is almost identical
to that obtained with w-Zr at 0 °C (Figure 2). This is a
further evidence of the fact that very subtle structural
differences are crucial for the oscillating behavior of the
catalyst.

The activities, the isotactic pentads content, the
thermal behavior, and the average length of isotactic
sequences Niso (Niso ) 4 + 2 [mmmm]/[mmmr])21 are
comparable.

The appearance of broad melting transitions spanning
from 90 to 150 °C in the moderately isotactic samples
from C7Ph-Zr and C8Ph-Zr, the same phenomenon
observed in the sample prepared with w-Zr, allows us
to hypothesize that C7Ph-Zr and C8Ph-Zr can also
produce isotactic blocks. The molecular weights of
polypropenes obtained with the zirconium catalysts
C7Ph-Zr and C8Ph-Zr are of the same order of mag-
nitude as those obtained with w-Zr, but the polydis-
persity is about 2 (typical of single-site catalysts), while
it is higher (3-4) for the reference catalyst.

A fractionation with boiling diethyl ether was carried
on all the samples. All the samples, including those from
w-Zr, were almost completely soluble or separable into
a boiling diethyl ether soluble and an insoluble fraction
of almost identical tacticity (in these cases, the molec-
ular weight plays certainly a significant role in the
sample solubility). This behavior, that differs from most
literature data,22 is supposed to be due to the fact that,
under our polymerization conditions, it is not possible
to obtain isotactic segments long enough to give ether
insoluble fractions.

Figure 1. ORTEP view of C7Bn-Zr displaying the thermal
ellipsoids at 30% probability.

Table 1. Selected Bond Distances (Å) and Angles (deg)
for C7Bn-Zr

Zr1-Cl1 2.446(2) Zr1-Cp1 2.228(6)
Zr1-C1 2.529(6) C1-C2 1.410(10)
Zr1-C2 2.480(7) C1-C5 1.400(8)
Zr1-C3 2.496(7) C2-C3 1.418(9)
Zr1-C4 2.554(6) C3-C4 1.411(8)
Zr1-C5 2.593(6) C4-C5 1.412(10)

Cl1-Zr1-Cl1′ 98.8(1) Cp-Zr1-Cp′ 133.2(2)
Cl1-Zr1-Cpa 105.6(2) C1-C5∧C1′-C5′b 50.9(2)

a Cp ) Centroid of the cyclopentadienyl ring: C1-C5. b Dihe-
dral angle between the cyclopentadienyl rings.

Table 2. Results of Propene Polymerization with Zr Catalysts at 2.4 Atma

entry catalyst
Tpol
(°C)

activity
(KgPP/molZr*h) [mmmm]b Niso

c
Tm ranged

(°C)
∆Hm

d

(J/g) MW*10-3 e PDIe

1 w-Zr 0 469.9 15.9 6.2 120-150 0.3 297 4.1
2 w-Zr -15 193.9 11.9 5.6 90-105 <0.1 144 3.2
3 C7Ph-Zr 0 96.2 14.0 5.6 90-110 <0.1 265 2.1
4 C7Ph-Zr -15 346.6 17.4 5.9 125-150 0.4 224 2.1
5 C8Ph-Zr 0 372.7 13.6 5.5 100-140 0.2 125 1.8
6 C8Ph-Zr -15 251.9 16.3 5.7 110-150 0.3 157 2.5

a Reaction conditions. Toluene: 100 mL, [Mt] ) 10 × 10-5 mol/L, [MAO]/[Mt] ) 1000, trxn ) 1 h. b Isotactic pentad contents by 13C
NMR. c Average length of isotactic blocks estimated by 13C NMR. d Determined by differential scanning calorimetry (DSC) on second
heating scan. e Molecular weight and polydispersity determined by SEC.
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Titanium Phenyl Catalysts. In Table 3 are reported
the polymerization, microstructural, and molecular
data, together with the thermal behavior of the samples
obtained with the homologous titanium metallocenes
(C7Ph-Ti, C8Ph-Ti, and w-Ti). Polymerizations were
carried out at the constant propene pressure of 2.4 atm
at 0 and -15 °C.

As to the activities (Table 3), the acceptable polymer
yields (although lower than from their zirconium ho-
mologues) obtained with C7Ph-Ti and with C8Ph-Ti at
0 °C, despite the well-known low stability of titanium-

based metallocenes, are a quite remarkable result. On
the contrary, w-Ti, likely due to the unsaturated ring,
is a less-effective catalyst.

Only in entry 6 of Table 3 (sample from C8Ph-Ti at
low temperature) can we appreciate the expected in-
crease in isotacticity (from 16.3% with C8Ph-Zr to 21.9%
with C8Ph-Ti). With the other catalysts, in particular,
for the more productive experiments, the isotacticity is
lower than that obtained with the corresponding zir-
conocenes. Surprisingly enough, even when the isotactic
pentad content is lower (see entry 1 and 3, Table 3),
the average length of the isotactic blocks (Niso) is almost
equal or even slightly higher than that obtained with
the zirconium homologues. In fact, in the methyl region
of the spectra of Figure 3, it is possible to detect in all
samples the presence of the narrow signal of the
[mmmmmm] heptad at 19.67 ppm.

Independently of the isotactic pentad content [mmmm],
in accordance with the Niso values, the melting peaks
observed in the DSC spectra of polypropenes generated
with titanium catalysts are more evident than with the
zirconium homologues. The enthalpies of fusion are
sensibly increased, and the melting peaks are shifted
toward higher temperatures (115-155 °C). It is worth
observing that, despite the remarkable amount of the
syndiotactic [rr] centered pentads from 17.8 to 18.2 ppm
(Figure 3), only isotactic crystallinity is observed. The
molecular weights are in general similar to those of the
polymers obtained with the zirconium homologues,
while the molecular-weight distributions are quite a bit
wider, indicating a more heterogeneous material. Such
heterogeneity is also evidenced by the fact that, unlike
their zirconium homologues, all samples from titanium
could be separated into an ether-soluble (ES) fraction
with low tacticity and an ether-insoluble (EI) fraction
with higher tacticity, where the calculated average
length of isotactic sequences spans from 8.1 to 11.7 ppm
(Table 4). The regioirregularities detected in the frac-
tions are directly proportional to the percents of stereo-
irregular sequences. This means that they belong to
irregular segments, indicating that the regioirregular
insertions mainly occur in the absence of any steric
control of the active center. In Figure 4, the spectra of
the ether-soluble (ES) and ether-insoluble (EI) fractions
of the sample prepared with C8Ph-Ti are compared with
that of the raw polymer. The two fractions show
different thermal behavior (Figure 5): the ES fraction
does not exhibit any thermal transition under these
experimental conditions, while the EI fraction shows a
melting transition centered at 148 °C, with an enthalpy
of fusion of 9.3 J/g.

Ti and Zr Benzyl Derivatives. Because the substi-
tution of the phenyl in position 2 for a benzyl group was
reported to sensibly enhance the isotacticity of w-Zr,12

we have also studied the zirconium and titanium benzyl

Figure 2. 13C NMR spectra of polypropenes prepared with
w-Zr (a) (Table 2, entry 1), C7Ph-Zr (b) (Table 2, entry 4),
and C8Ph-Zr (c) (Table 2, entry 6).

Table 3. Results of Propene Polymerization with Ti Catalysts at 2.4 Atma

entry catalyst
Tpol
(°C)

activity
(KgPP/molTi*h) [mmmm]b Niso

c
Tm ranged

(°C)
∆Hm

d

(J/g) MW*10-3 e PDIe

1 w-Ti 0 44.4 6.7 6.1 125-155 0.3 87 4.4
2 w-Ti -15 20.1 14.2 6.7 120-155 1.0 150 4.0
3 C7Ph-Ti 0 141.5 5.5 5.8 120-155 0.5 290 5.8
4 C7Ph-Ti -15 145.5 7.9 6.2 120-155 1.2 234 6.5
5 C8Ph-Ti 0 82.4 9.9 6.5 115-155 0.9 276 4.8
6 C8Ph-Ti -15 36.5 21.9 8.3 115-155 3.6 215 3.8

a Reaction conditions. Toluene: 100 mL, [Mt] ) 10 × 10-5 mol/L, [MAO]/[Mt] ) 1000, trxn) 1 h. b Isotactic pentad contents by 13C
NMR. c Average length of isotactic blocks estimated by 13C NMR. d Determined by differential scanning calorimetry (DSC) on second
heating scan. e Molecular weight and polydispersity determined by SEC.
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derivatives (C7Bn-Zr and C7Bn-Ti) of the seven-
membered complexes. In Table 5 are reported the
polymerization data and the microstructural, molecular,
and thermal properties of the polypropenes obtained.
Also, in this case, the activity of the zirconium catalyst
is significantly higher than that of its titanium homo-
logue. As expected, the NMR analysis (Figure 6) shows,

in both cases, a remarkable increase of isotacticity
compared to that of the corresponding phenyl deriva-
tives.

The polymers produced from C7Bn-Ti are quite
similar to those obtained from C7Ph-Ti. They also have
a broad molecular-weight distribution and show an
evident melting peak centered at about 140 °C. Their
heterogeneous nature is demonstrated by the fact that
they can be separated into fractions of increasing
isotacticity. Figure 7 shows the methyl region of the

Figure 3. 13C NMR spectra of polypropenes prepared with
w-Ti (a) (Table 3, entry 2), C7Ph-Ti (b) (Table 3, entry 4), and
C8Ph-Ti (c) (Table 3, entry 6).

Table 4. Polymer Fractionation Data

entry catalyst wt % [mmmm]a Niso
b

regioirregularityc

(%)
Tm ranged

(°C)
∆Hm

d

(J/g) MW*10-3 e PDIe

2 w-Ti 100 14.2 6.7 6.6 120-155 1.0 150 4.0
ES 73 3.7 5.1 9.4 amorphous 114 2.8
EI 27 44.8 10.0 4.9 125-155 3.2 198 3.2
4 C7 Ph-Ti 100 7.9 6.2 6.6 120-155 1.2 234 6.5
ES 48 3.4 5.0 7.4 amorphous 130 2.4
EI 52 18.4 8.1 5.5 120-155 2.1 293 3.3
6 C8 Ph-Ti 100 21.9 8.3 7.4 115-155 3.6 215 3.8
ES 60 14.5 6.3 9.8 amorphous 178 2.5
EI 40 54.8 11.7 3.3 115-155 9.3 260 3.1
a Isotactic pentad content determined by 13C NMR. b Average length of isotactic blocks estimated by 13C NMR. c Percent of regioirregular

insertions from 13C NMR (spectral region from 12.5 to 15.5 ppm). d Determined by differential scanning calorimetry (DSC) on second
endotherm scan. e Molecular weight and polydispersity determined by SEC

Figure 4. Expansion of the 13C NMR methyl region of raw
polymer (a), ether-soluble (b), and ether-insoluble (c) fractions
of the sample prepared with C8Ph-Ti (Table 3, entry 6).
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spectra of the ether-soluble (65 wt %, [mmmm] ) 11.6,
Niso ) 5.9), hexane-soluble (25 wt %, [mmmm] ) 16.1,
Niso ) 6.8), and hexane-insoluble (10 wt %, [mmmm] )

56.1, Niso ) 11.5) fractions of the sample prepared at 0
°C, while in Figure 8 are shown the thermal behavior
of the raw polymer and of its fractions.

The ether-soluble fraction, though not completely
atactic, behaves like a completely amorphous polypro-
pene in this experimental conditions. In the other
fractions, the melting temperature and the enthalpy of
fusion increase with the degree of isotacticity. The
hexane-soluble fraction exhibits a small melting transi-
tion ranging from 80 to 100 °C, with an enthalpy of
fusion of 0.4 J/g. A more evident endothermic event
spanning from 80 to 150 °C (∆Hm) 15.8 J/g) character-
izes the DSC scan of the hexane-insoluble fraction. The
degree of crystallinity, obtained by dividing the experi-
mental heat of fusion by the enthalpy of fusion of 100%
crystalline polypropene (209 J/g), is found to be ap-
proximately 8%. The wide-angle X-ray diffraction
(WAXD) spectrum of the hexane-insoluble fraction
(Figure 9) shows the peaks at 2θ ) 14.1°, 16.8°, 18.6°,
21.2°, and 21.7°, typical of the R modification of isotactic
polypropene. A crystallinity value of 12%, calculated by
WAXD, is in good agreement with the value estimated
by DSC analysis.

Table 5. Results of Propene Polymerization with Benzyl Derivatives at 2.4 Atma

entry catalyst
Tpol
(°C)

activity
(KgPP/molMt*h) [mmmm]b Niso

c
Tm ranged

(°C)
∆Hm

d

(J/g) MW*10-3 e PDIe

1 C7Bn-Zr 0 188.2 24.2 6.6 105-140 0.1 35 1.9
2 C7Bn-Zr -15 339.2 35.0 7.8 90-125 0.2 108 2.1
3 C7Bn-Ti 0 30.0 20.5 7.8 80-155 1.8 191 7.1
4 C7Bn-Ti -15 4.6 25.8 7.5 115-155 1.2 ndf ndf

a Reaction conditions. Toluene: 100 mL, [Mt] ) 10 × 10-5 mol/L, [MAO]/[Mt] ) 1000, trxn) 1 h. b Isotactic pentad contents by 13C
NMR. c Average length of isotactic blocks estimated by 13C NMR. d Determined by differential scanning calorimetry (DSC) on second
heating scan. e Molecular weight and polydispersity determined by SEC. f Not detected.

Figure 5. DSC curves of raw polymer (a), ether-soluble (b),
and ether-insoluble (c) fractions of sample prepared with
C8Ph-Ti (Table 3, entry 6).

Figure 6. 13C NMR spectra of polypropenes prepared with
C7Bn-Zr (Table 5, entry 2) and C7Bn-Ti (Table 5, entry 4).

Figure 7. Expansion of the 13C NMR methyl region of ether-
soluble (a), hexane-soluble (b), and hexane-insoluble (c) frac-
tions of sample prepared with C7Bn-Ti (Table 5, entry 3).
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Despite the high isotacticity, the samples obtained
with C7Bn-Zr, are rather surprisingly completely ether
soluble. Moreover, they show a hardly detectable endo-
thermic event in the DSC thermal analysis (Table 5).
However, a different thermal behavior is observed by
annealing the samples at 20 °C for prolonged periods
(5-30 days). Indeed, the annealing process leads to
relevant and rather narrow melting peaks at 55-65 °C.
Figure 10 compares the DSC thermal profiles of entry
2 (from C7Bn-Zr at -15 °C) and annealed entry 2; the
annealed polymer shows an endothermic event centered
at 58 °C with an enthalpy of fusion of 7.9 J/g.

The transition is probably due to the melting of
crystalline entities of small sizes and low degree of
perfection. Such a hypothesis is supported by the WAXD
profile (Figure 11) that confirms the presence of small
crystallinity in the annealed sample.

On the contrary, the same annealing treatment does
not affect the thermal behavior of the samples obtained
with all the other zirconium catalysts studied. The above
results indicate that the polypropene produced with
C7Bn-Zr is significantly different from that obtained
with all the other zirconium catalysts, including w-Zr.
In fact, samples obtained with w-Zr with similar
isotacticity (about 30%) are reported22 to be separable
into different fractions spanning from atactic to highly
isotactic. This is an indication of a wide distribution of
isotactic sequences lengths. On the contrary, the com-
plete ether solubility, the lower melting point, the
narrow melting peak, and the polydispersity value
(about 2), typical of a single-site catalyst, of the polypro-
penes from C7Bn-Zr suggest the presence of shorter and
more homogeneous isotactic block lengths, in accordance
with its more “open” catalytic center.

Conclusion
Unbridged zirconocene catalysts, where a seven- or

eight-membered ring fused to a cyclopentadiene is
associated with a phenyl substituent in position 2
(C7Ph-Zr and C8Ph-Zr), were tested, under the poly-
merization conditions used, to produce polypropenes
with microstructure, molecular properties, and thermal
behavior similar to those prepared with (IndPh)2ZrCl2
(w-Zr), the “classical” Waymouth catalyst.

The results obtained show that it is possible, in
principle, to observe a “fluxional behavior”, and to obtain
stereoblock PP, even by replacing the basic indenyl
structure with a slightly flexible saturated ring. This
structural feature sensibly increases the stability of the
complexes, thus making possible investigation of the
effect on the oscillating catalyst behavior of switching
from zirconium to titanium as the metal center. The
polymers obtained from the titanium catalysts (C7Ph-
Ti and C8Ph-Ti) were rather different from those
obtained from their zirconium homologues (C7Ph-Zr
and C8Ph-Zr). Indeed, independently of the percent of
total isotacticity (lower in several cases), longer isotactic
blocks are undoubtedly formed with titanium catalysts,
as clearly shown by more evident melting peaks. The
fractionation data, along with the broad molecular-
weight distribution, are in favor of quite heterogeneous
materials.

Figure 8. DSC curves of raw polymer (a), ether-soluble (b),
hexane-soluble (c), and hexane-insoluble (d) fractions of sample
prepared with C7Bn-Ti (Table 5, entry 3).

Figure 9. X-ray diffraction spectrum of hexane-insoluble
fraction of sample prepared with C7Bn-Ti (Table 5, entry 3).

Figure 10. DSC endotherm scans of sample prepared with
C7Bn-Zr (a) (Table 5, entry 2) and annealed entry 2 (b).

Figure 11. X-ray diffraction spectrum of annealed sample
prepared with C7Bn-Zr (Table 5, entry 2).
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Polypropenes obtained with the titanium benzyl
derivative (C7Bn-Ti) show almost the same character-
istics of all the other samples of the series obtained with
titanium catalysts. On the contrary, a quite different
behavior is observed with the zirconium benzyl deriva-
tive C7Bn-Zr. It produces indeed good yields of a
polymer which, despite the rather high isotacticity, is
completely ether soluble, has a narrow polydispersity,
and, after prolonged annealing, shows a narrow melting
peak at low temperature (55-65 °C). All these charac-
teristics are in favor of a quite homogeneous material,
with a relatively narrow distribution of isotactic se-
quence lengths, capable of giving crystallites of small
sizes, which deserve a more targeted study.

Experimental Section
General Remarks. Manipulations of air- and/or moisture-

sensitive materials were carried out under inert atmosphere
using a dual vacuum/argon line and standard Schlenk tech-
niques. Solvents for synthesis and NMR characterization were
thoroughly dehydrated and deoxygenated under nitrogen by
refluxing over a suitable drying agent (pentane, petroleum
ether, diethyl ether, toluene, and THF over K; C6D5N over
KOH; CH2Cl2 and CDCl3 over CaH2), followed by distillation
and storage under argon in Young’s ampules. Solvents and
solutions were transferred, using a positive pressure of argon,
through stainless steel cannulae (diameter 0.5-2.0 mm), and
mixtures were filtered in a similar way using modified
cannulae that could be fitted with glass-fiber filter disks
(Whatman GFC).

Unless otherwise specified, all reagents were purchased
from commercial suppliers (Aldrich and Fluka) and used
without further purification. Zirconium(IV) chloride-tetrahy-
drofuran complex was prepared from ZrCl4 (Strem) according
to literature procedure.23 4,5,6,7,8,8a-Hexahydroazulen-2(1H)-
one (1) was synthesized from cycloheptanone, as previously
reported.17

Reaction courses and product mixtures were routinely
monitored by thin-layer chromatography (TLC) on silica gel
precoated F254 plates.

1H (200.13 MHz) and 13C (50.32 MHz) NMR spectra were
recorded at room temperature with a Bruker AC200 spectrom-
eter. Spectra were referenced internally using the residual
protio solvent resonance relative to tetramethylsilane (δ ) 0).
Elemental analyses were performed using a Carlo Erba 1106
elemental analysis apparatus.

2-Benzyl-4,5,6,7,8-hexahydroazulene (2). 10 mmol of the
enone (1) were dissolved in anhyd diethyl ether (20 mL) and
cooled to 0 °C under argon. Benzylmagnesium chloride (1.2
equiv) was added dropwise, and the resulting cloudy yellow
mixture was stirred at 0 °C until the TLC (diethyl ether/
petroleum ether 1:1) showed traces of the starting material
(about 1 h). The reaction mixture was then quenched with cold
diluted HCl solution, and the separated aqueous phase was
washed several times with diethyl ether. The collected organic
fractions were dried over anhyd MgSO4. After filtration, the
solvent was removed under reduced pressure to leave a yellow
oil. A passage through a short column (h ) 5 cm; Ø ) 3 cm) of
silica gel 60 (230-400 mesh ASTM) of a petroleum ether
solution of the diene (2), a mixture of three isomers, was
enough for a quick purification. The resulting yellow oil (solid
at -15 °C) was obtained in a 56% yield over two steps (average
yield per step 75%).

Lithium 2-benzyl-4,5,6,7,8-hexahydroazulenyl (4). The
diene (2) (8.80 mmol) was transferred into a Schlenk flask,
degassed, dissolved in anhyd petroleum ether (20 mL), and
cooled to 0 °C. n-Butyllithium (2.5 M solution in hexanes, 12.5
mmol) was added dropwise, the solution was stirred at 0 °C
for 30 min, then allowed to reach room temperature and stirred
overnight. The lithium salt (3) separated from the solution as
a dusty solid, which was filtered via a cannula and washed
twice with petroleum ether. The residual solvent was pumped
off, leaving the lithium salt (3) as a pale-yellow pyrophoric

powder. Yield from (1): 30% over three steps (average yield
per step: 66%). 1H NMR (C6D5N): δ 1.83 (br s, 6H, C-CH2-
CH2-), 2.86 (br s, 4H, -C-CH2-CH2-), 4.10 (s, 2H, Cp-CH2-
Ar), 5.84 (s, 2H, CpH), 7.05-7.40 (m, 4H, -ArH), 7.40-7.50
(m, 4H, -ArH). 13C NMR (C6D5N): δ 32.2 [-CH2-], 33.0
[-CH2-], 34.8 [-CH2-], 38.1 [C-CH2-Ar], 105.0 [-CH Cp],
113.2 [Cq, -CH2-C-Cp], 119.2 [Cq, C-CH2-Ar], 125.3 [-pCH-
Ar], 128.5 [-mCH-Ar], 129.8 [-oCH-Ar], 147.4 [Cq, -CH2-C-
Ar].

Bis[η5-(2-benzyl-4,5,6,7,8-hexahydroazulenyl)]zirconi-
um Dichloride (C7Bn-Zr). A solution of ZrCl4‚2THF (4.5
mmol) in THF (15 mL) was added dropwise to 9.6 mmol of
the lithium salt (3) dissolved in anhyd THF (20 mL). The
reaction mixture was stirred overnight. The solvent was
removed under vacuum, and the residue was extracted with
toluene, filtered, concentrated, and layered with pentane. A
dusty white-yellow solid precipitated and was isolated by
filtration, washing with pentane, and evaporation of the
residual solvent under high vacuum. Crystals suitable for
X-ray diffraction were obtained by dissolving the solid in CH2-
Cl2, and by alternating cycles of slow evaporation of the solvent
and freezing at -15 °C. Yield 70%. 1H NMR (CDCl3): δ 1.05-
2.1 (m, 12H, C-CH2-CH2-), 2.2-2.9 (m, 8H, -C-CH2-CH2-),
3.75 (s, 4H, Cp-CH2-Ar), 6.15 (s, 4H, CpH), 6.80-7.60 (m, 10H,
-ArH). 13C NMR (CDCl3): δ 27.1 [-CH2-], 28.7 [-CH2-], 32.1
[-CH2-], 36.5 [C-CH2-Ar], 116.9 [-CH Cp], 126.3 [Cq], 126.5
[Cq], 128.3 [CH Ar], 128.4 [CH Ar], 128.5 [CH Ar], 133.8 [Cq].
Anal. calcd for C34H38Cl2Zr (608.80): C, 67.1; H, 6.3; Cl, 11.6.
Found: C, 67.4; H, 6.1; Cl, 11.2.

Bis[η5-(2-benzyl-4,5,6,7,8-hexahydroazulenyl)]titani-
um Dichloride (C7Bn-Ti). A solution of chlorotrimethylsilane
(30 mmol) in THF (10 mL) was added dropwise to the lithium
salt (3) (10 mmol), dissolved in anhyd THF (30 mL). The
resulting solution was stirred 6 h at room temperature, then
cooled to 0 °C, and a saturated aqueous solution of NH4Cl was
slowly added until there was separation of two phases. After
separation, the aqueous solution was washed three times with
diethyl ether. The collected organic fractions were dried over
anhyd MgSO4, filtered, and then the solvent was removed at
the rotary evaporator. The trimethylsilyl derivative (4) was
transferred into a Schlenk flask, degassed, protected from
light, and then dissolved in CH2Cl2 (about 30 mL). A solution
of TiCl4 (4.8 mmol) in CH2Cl2 (5 mL) was added dropwise, and
the reaction mixture was stirred overnight. The solvent was
removed under vacuum, and the residue was washed with
petroleum ether, filtered, and dried under reduced pressure
to give a red-brown microcrystalline solid. Yield 75%. 1H NMR
(CDCl3): δ 1.05-2.2 (m, 20H, -CH2-), 2.80 (s, 4H, Cp-CH2-
Ar), 6.60-7.60 (m, 24H). Anal. calcd for C34H38Cl2Ti (565.43):
C, 72.2; H, 6.8; Cl, 12.5. Found: C, 72.0; H, 6.3; Cl, 12.1.

Crystal Structure Determination of C7Bn-Zr. The
crystal data of C7Bn-Zr were collected using a Nonius Kappa
CCD diffractometer with graphite-monochromated Mo KR
radiation. Before analysis, the crystals were protected by
moisture and air with Nujol previously dehydrated with K and
degassed. The data sets were integrated with the Denzo-SMN
package24 and corrected for Lorentz, polarization, and absorp-
tion (SORTAV25) effects. The structure was solved by direct
methods (SIR97)26 and refined using full-matrix least-squares
with all nonhydrogen atoms anisotropic and hydrogens in-
cluded on calculated positions, riding on their carrier atoms.
All calculations were performed using SHELXL-9727 and
PARST28 implemented in the WINGX29 system of programs.
Crystal Data: C34H38Cl2Zr; monoclinic, space group C2/c, a )
18.901(2), b ) 6.512(1), c ) 23.870(3) Å, â ) 94.540(4)°, V )
2909.0(7) Å3, Z ) 4, Dc ) 1.380 g cm-3. Intensity data collected
with θ e 24°; 2303 independent reflections measured, 1021
reflections observed [I > 2σ(I)]. Final R ) 0.036 (observed
reflections), and Rw ) 0.096 (all reflections). Selected inter-
atomic distances and angles are given in Table 1.

Propene Polymerizations. Manipulations of air- and/or
moisture-sensitive materials were carried out under inert
atmosphere using a dual vacuum/nitrogen line and standard
Schlenk techniques, or in a drybox under nitrogen atmosphere
(<10 ppm oxygen, <20 ppm water). To prevent possible
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photodecomposition, Ti complexes solutions were carefully
protected from light during the preparative steps of the
polymerization experiments. Toluene was dried by distillation
from sodium under nitrogen atmosphere. Methylaluminoxane
(MAO) (Witco, 10 wt. % solution in toluene) was used after
drying in a vacuum to remove the solvent and unreacted
trimethylaluminum (TMA), and then was stored under nitro-
gen. Nitrogen and propene were purified by passage through
columns of BASF RS-11 (Fluka) and Linde 4 Å molecular
sieves.

In a typical polymerization reaction, a 250-mL Büchi
autoclave equipped with a mechanical stirrer was charged
under nitrogen with a solution of 7.5 mmol of dry methylalu-
minoxane (MAO) in 100 mL of anhyd toluene. A 25-mL injector
was charged with 10 mL of a solution of 10 µmol of catalyst
and 2.5 mmol of MAO in toluene (total MAO/Mt ratio ) 1000).
After thermal equilibration of the reactor system at the proper
temperature, propene was continuously added until saturation.
The injector with the metallocene solution was pressurized to
3 atm with nitrogen, and the solution was injected into the
reactor. The solution was stirred for 30 min. The reaction was
terminated by addition of a small amount of ethanol, and the
polymer was precipitated upon pouring the whole reaction
mixture into ethanol (600 mL) to which concentrated hydro-
chloric acid (5 mL) had been added. The polymer was collected
by filtration and dried under vacuum at 70 °C.

Nuclear Magnetic Resonance (NMR). 13C NMR spectra
of the polymers were recorded in C2D2Cl4 at 103 °C on a Bruker
AM-400 spectrometer operating at 100.58 MHz (internal
chemical shift reference: 1% hexamethyldisiloxane). Condi-
tions: 10 mm probe; 90° pulse angle; 64 K data points;
acquisition time 5.56 s; relaxation delay 20 s; 3-4 K transients.
Proton broad-band decoupling was achieved with a 1D se-
quence using bi_waltz16_32 power-gated decoupling.

Size Exclusion Chromatography (SEC). Molecular mass
distributions were determined by using a GPCV2000 size-
exclusion chromatography (SEC) system from Waters, equipped
with a differential refractometer. The column set was com-
posed of three mixed TSK-Gel GMHXL-XT columns from
Tosohaas (mobile phase ) o-dichlorobenzene; temperature )
145 °C; flow rate ) 0.8 mL/min; injection volume ) 300 mL).

Thermal Analysis. Differential scanning calorimetry (DSC)
scans were carried out on a Perkin-Elmer Pyris 1 instrument
equipped with a liquid subambient device under nitrogen
atmosphere. Typically, ca 5 mg of polymer were heated to 200
°C and held at this temperature for 3 min to cancel previous
thermal history. Then, the samples were cooled to 20 °C at 10
°C/min rate and held at room temperature for 5 min. The aged
samples were prepared by cooling the polymers from 200 to
20 °C under controlled conditions (10 °C/min) and annealing
them for long times (5-30 days) at room temperature. Finally,
the samples were heated with a scan rate of 20 °C/min to 200
°C, determining the melting transition and the enthalpy of
fusion.

X-ray Analysis. The wide-angle X-ray diffraction (WAXD)
data were obtained at 20 °C using a Siemens D-500 diffrac-
tometer equipped with a Siemens FK 60-10 2000 W tube (Cu
KR radiation, λ ) 0.154 nm); operating voltage ) 40 kV;
current ) 40 mA. The data were collected from 5 to 30 2θ° at
0.02 2θ° intervals.
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Knüppel, S.; Fauré, J. L.; Erker, G.; Kehr, G.; Nissinen, M.;
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