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Abstract

The ansa-bis(cyclopentadiene) compounds, Me2Si(C5HPh4)(C5H4R) (R = H (2); But (3)), have been prepared by the reaction
of C5HPh4(SiMe2Cl) (1) with Na(C5H5) or Li(C5H4But), respectively, and transformed to the di-lithium derivatives, Li2{Me2-
Si(C5Ph4)(C5H3R)} (R = H (4); But (5)), by the action of n-butyllithium. The ansa-zirconocene complexes, [Zr{Me2Si(g5-C5Ph4)(g5-
C5H3R)}Cl2] (R = H (6); But (7)), were synthesized from the reaction of ZrCl4 with 4 or 5, respectively. Compounds 6 and 7 have been
tested in the polymerization of ethylene and compared with their methyl-substituted analogues, [Zr{Me2Si(g5-C5Me4)(g5-C5H3R)}Cl2]
(R = H (8); But (9)). Whilst 8 and 9 are catalytically active, the tetraphenyl-substituted complexes 6 and 7 proved to be inactive in the
polymerization of ethylene. This phenomenon has been explained by DFT calculations based on the reaction intermediates in the poly-
merization processes involving 6 and 7, which showed that the extraction of a methyl group from the zirconocene complex to form the
cationic active specie is endothermic and therefore unfavourable.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Taking into account that metallocene complexes are
amongst those most studied in the field of organometallic
chemistry [1], it is therefore surprising that only a handful
of compounds containing tetraphenylcyclopentadienyl or
pentaphenylcyclopentadienyl ligands have been reported
[2]. These reports have shown that the presence of these
bulky cyclopentadienyl ligands greatly reduce the reactivity
of their complexes, when compared with the unsubstituted
0022-328X/$ - see front matter � 2007 Elsevier B.V. All rights reserved.
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metallocene analogues [2]. Solid-state and solution studies
have allowed a greater understanding of the influence of
the phenyl groups and of the interaction between and
within the cyclopentadienyl rings of the metallocene
complex [2,3]. Further work dealing with the stability and
conformation of bis(tetraphenylcyclopentadienyl) metal
complexes, such as [M(g5-C5HPh4)2] (M = V, Cr, Co,
and Ni), has also been carried out although the bent metal-
locene conformation was never observed [2]. Nevertheless,
in the case of the group four metals, the bent metallocene
conformation was easily accessible although the reactivity
of these complexes was limited [2,4]. In particular, for zir-
conium, only a few metallocene complexes incorporating
the tetraphenylcyclopentadienyl have been described [4,5].
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Considering that the catalytic activity and selectivity in
olefin polymerization is directly influenced by the structure
of the metallocene complex [6] and as a continuation of our
work in the molecular architecture of metallocene com-
plexes and their application as catalysts in the polymeriza-
tion of olefins [7], we present here the synthesis and
structural characterization of ansa-zirconocene complexes
with tetraphenylcyclopentadienyl rings. We also report
our findings on the lack of catalytic activity of 6 and 7 in
the polymerization of ethylene which we explain on the
basis of DFT calculations of the possible catalytically
active species.

2. Results and discussion

The reaction of Li(C5HPh4) with an excess (1:3) of
Cl2SiMe2 led to the formation of C5HPh4(SiMe2Cl) (1)
(Scheme 1) which was characterized by 1H NMR spectros-
copy and mass spectrometry. The preparation of the
asymmetrically substituted ansa ligand precursors, Me2Si-
(C5HPh4)(C5H4R) (R = H (2); R = But (3)), was achieved
by the reaction of 1 with Na(C5H5) or Li(C5H4-But),
respectively, following previously reported synthetic proto-
cols (Scheme 1) [7a,7b]. Compounds 2 and 3 were isolated
as mixtures of their double bond position isomers, with one
isomer being predominant as confirmed by 1H NMR
spectroscopy. In addition, 2 and 3 were characterized by
electron impact mass spectrometry (see Section 4). The
ansa-bis(cyclopentadiene) compounds, 2 and 3, were
lithiated in the traditional manner with n-butyllithium to
give the di-lithium derivatives Li2{Me2Si(C5Ph4)(C5H3R)}
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Scheme
(R = H (4); But (5)). The ansa-metallocene complexes
[Zr{Me2Si(g5-C5Ph4)(g5-C5H3R)}Cl2] (R = H (6); But

(7)) were prepared by the reaction of one molar equi-
valent of 4 or 5 with ZrCl4 in refluxing THF during 16 h
(Scheme 1).

Compounds 6 and 7 were isolated as crystalline solids
and characterized spectroscopically. The 1H NMR spec-
trum for 6 showed the expected signals for the Cs symmet-
ric complex. Thus, for the cyclopentadienyl ring protons
two multiplets corresponding to the AA0BB0 system were
observed at 5.02 and 5.48 ppm. The methyl groups of the
ansa bridging unit are equivalent and gave a unique signal
at 0.16 ppm. The introduction of a tert-butyl substituent
changes the molecule symmetry from Cs in 6 to C1 in 7
and this is reflected in the 1H NMR spectrum which
showed three multiplets, at 5.80, 5.93 and 6.96 ppm for
the protons of the alkyl-substituted C5 ring and two sing-
lets, at 0.14 and 0.62 ppm, corresponding to the now
inequivalent methyl groups of the SiMe2 moiety. In the
spectra of both 6 and 7, a set of multiplets corresponding
to the protons of the phenyl groups were observed between
7.0 and 7.2 ppm. 13C{1H} NMR spectra of 6 and 7 exhib-
ited the expected signals (see Section 4).

The molecular structure of 6 and 7 were established by
single-crystal X-ray diffraction studies. Complex 6 crystal-
lizes in the triclinic P�1 space group with two molecules in
the unit cell whilst 7 crystallizes in the monoclinic P21/n
space group with four molecules located in the unit cell.
The molecular structure and atomic numbering scheme of
6 and 7 are shown in Figs. 1 and 2, respectively. Selected
bond lengths and angles for 6 and 7 are given in Table 1.
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Fig. 1. Molecular structure and atom-labeling scheme for [Zr{Me2Si(g5-
C5Ph4)(g5-C5H4)}Cl2] (6), with thermal ellipsoids at 50% probability.

Fig. 2. Molecular structure and atom-labeling scheme for [Zr{Me2Si(g5-
C5Ph4)(g5-C5H3But)}Cl2] (7), with thermal ellipsoids at 50% probability.

Table 1
Selected bond lengths (pm) and angles (�) for 6 and 7

6 7

Zr–Cent(1) 226.7(4) 226.6(4)
Zr–Cent(2) 220.6(4) 222.4(4)
av Zr–C(C(1)–C(5))a 257.3(3) 257.0(3)
av Zr–C(C(6)–C(10)))a 251.2(3) 252.9(3)
Zr–C(1) 250.7(3) 250.6(3)
Zr–C(2) 253.0(2) 254.0(3)
Zr–C(3) 264.6(2) 263.6(3)
Zr–C(4) 264.0(2) 264.1(3)
Zr–C(5) 254.3(2) 253.3(3)
Zr–C(6) 247.8(2) 245.7(3)
Zr–C(7) 248.6(3) 250.4(3)
Zr–C(8) 256.3(3) 265.7(3)
Zr–C(9) 256.2(2) 257.5(3)
Zr–C(10) 246.9(2) 245.4(3)
Zr–Cl(1) 242.6(1) 241.9(2)
Zr–Cl(2) 242.8(2) 243.4(2)

Cent(1)–Zr–Cent(2) 125.8(2) 126.4(2)
Si(1)–C(1)–Cent(1) 163.2(2) 162.0(2)
Si(1)–C(6)–Cent(2) 163.4(2) 165.1(2)
C(1)–Si(1)–C(11) 113.5(1) 115.7(2)
C(1)–Si(1)–C(6) 93.6(2) 94.4(2)
C(1)–Si(1)–C(12) 118.0(2) 115.7(2)
C(6)–Si(1)–C(11) 114.0(2) 109.5(2)
C(6)–Si(1)–C(12) 107.3(1) 111.4(2)
Cl(1)–Zr–Cent(1) 110.0(2) 107.3(2)
Cl(1)–Zr–Cent(2) 104.8(2) 109.5(2)
Cl(2)–Zr–Cent(1) 108.8(2) 109.3(2)
Cl(2)–Zr–Cent(2) 107.9(2) 105.8(2)
Cl(1)–Zr–Cl(2) 95.40(4) 93.65(4)

Cent(1) and Cent(2) are the centroids of C(1)–C(5) and C(6)–C(10),
respectively.

a Refers to the average bond distance between Zr(1) and the carbon
atoms of the C5 ring of the corresponding cyclopentadienyl moiety.
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In addition, Table 2 contains a comparison of selected
bond lengths and angles of some related zirconocene
complexes.

The molecular structures of 6 and 7 reveal that the
zirconium atom has a distorted tetrahedral geometry with
both C5 rings bound to the metal atom in an g5 mode.
The average Zr–C distance to the tetraphenylcyclopenta-
dienyl ring (257.3(3) pm for 6 and 257.0(3) pm for 7) is
slightly longer than that to the other cyclopentadienyl ring
(251.2(3) pm in 6 and 252.9(3) pm in 7. This difference is
more pronounced in the unbridged metallocene complex,
[Zr(g5-C5H5)(g5-C5Ph5)Cl2] (Zr–C[C5Ph5] 260.4 and
Zr–C[C5H5] 251.2 pm) [5f]. This contrasts with the fact that
essentially no difference in the average Zr–C distances
between the two cyclopentadienyl rings was reported for
the tetramethyl-substituted ansa-complexes, [Zr{Me2-
Si(g5-C5Me4)(g5-C5H3R)}Cl2] (Table 2).

For 7, the distance from the metal to the tert-butyl-
substituted carbon atom of the cyclopentadienyl ring,
Zr(1)–C(8), is 265.7(3) pm. This bond length is significantly
longer than those observed between the zirconium atom
and the other carbon atoms of the cyclopentadienyl ring
positioned b to the carbon atom linked to the ansa bridging
unit [Zr(1)–C(9) 257.5(3) pm for 7 and Zr(1)–C(8) 256.3(3)
and Zr(1)–C(9) 256.2(2) pm for 6]. In the previously
described ansa-complex, [Zr{Me2Si(g5-C5Me4)(g

5-C5H3Pri)}-
Cl2], the two b-carbon atoms, both substituted and unsub-
stituted, are located at virtually the same distance to the
metal centre [7b].

The zirconium centroid distance for the tetraphenylcy-
clopentadienyl ring (Zr–Cent(1) 226.7(4) pm for 6 and
226.6(4) pm for 7) is only ca. 5 pm longer than the distance
between the zirconium and the centroid of the other
cyclopentadienyl ring (Zr–Cent(2) 220.6(4) pm for 6 and
222.4(4) pm for 7). For the tetramethyl-substituted ansa-
complexes similar zirconium–centroid distances to the



Table 2
Selected structural data of some zirconocene complexes

Complex Zr–Cp (pm)a Zr–Cl (pm) Cp–Zr–Cp (�) Cl–Zr–Cl (�) C(cp)–Si–C(cp) (�) Reference

[Zr{Me2Si(g5-C5Ph4)(g5-C5H4)}Cl2] (6) 220.6 Cp 242.6(1) 125.8 95.40(4) 93.6(2) This work
226.7 Cp* 242.8(1)

[Zr{Me2Si(g5-C5Me4)(g5-C5H4)}Cl2] 220.2 Cp 2.451(1) 128.1 104.60(7) 95.2(2) [7a]
219.8 Cp*

[Zr{Me2Si(g5-C5Ph4)(g5-C5H3But)}Cl2] (7) 222.4 CpR 241.9(2) 126.4 93.65(4) 94.4(2) This work
226.6 Cp* 243.4(2)

[Zr{Me2Si(g5-C5Me4)(g5-C5H3Me)}Cl2] 219.4 CpR 2.414(4) 126.25 101.1(2) 92.4(8) [7a]
218.4 Cp*

[Zr{Me2Si(g5-C5Me4)(g5-C5H3Et)}Cl2] 221.4 CpR 2.429(4) 126.5 100.4(2) 93.3(7) [7b]
220.7 Cp*

[Zr{Me2Si(g5-C5Me4)(g5-C5H3Pri)}Cl2] 222.3 CpR 2.429(4) 126.9 98.2(1) 94.2(2) [7b]
223.0 Cp*

R-[Zr{Me2Si(g5-C5Me4)(g5-C5H3(menthyl))}Cl2] 2.419(3) 126.6 98.6(2) 93.6(4) [8]
R,S0-[Zr{Me2Si(g5-C5Me4)(g5-C5H3(CHButMe))}Cl2] 222.7 CpR 2.4301 126.8 96.03(2) 94.25(8) [7f]

222.0 Cp*

R,R0-[Zr{Me2Si(g5-C5Me4)(g5-C5H3(CHButPh))}Cl2] 223.2 CpR 2.4321 127.6 102.37(3) 94.11(13) [7f]
221.5 Cp*

[Zr{Me2Si(g5-C5Me4)2}Cl2] 232.9 Cp* 2.4334(7) 128.6 99.28(3) 95.7(1) [9]
[Zr{CHPhCH2(g5-C5Ph4)(g5-C5H4)}Cl2] 221.4 Cp 2.429 124.6 95.2(2) [5c]

227.4 Cp* 2.429
[Zr(g5-C5H5)(g5-C5Ph5)Cl2] 221.1 Cp 2.420 132.9 96.9(2) [5f]

230.2 Cp*

a Cp* refers to the C5Me4, C5Ph4 or C5Ph5 moiety; CpR refers to the C5H3R moiety; Cp refers to the C5H4 or C5H5 moiety.

Table 3
Angles between the phenyl and cyclopentadienyl planes and selected
torsion angles in 6 and 7

6 7

Ph(1) 79.69 57.60
Ph(2) 41.24 64.83
Ph(3) 44.67 48.22
Ph(4) 59.40 65.76

C(1)–C(2)–C(21)–C(22) 70.0(3) 52.0(4)
C(1)–C(2)–C(21)–C(26) �108.2(3) �130.8(4)
C(2)–C(3)–C(31)–C(32) 132.6(3) 56.2(4)
C(2)–C(3)–C(31)–C(36) �42.2(4) �122.3(4)
C(3)–C(4)–C(41)–C(42) 128.6(3) �50.2(4)
C(3)–C(4)–C(41)–C(46) �45.3(4) 125.5(3)
C(4)–C(5)–C(51)–C(52) �65.9(3) �71.5(4)
C(4)–C(5)–C(51)–C(56) 116.1(3) 109.6(4)

Ph(1) refers to phenyl group formed by C(11)–C(16), Ph(2) to C(21)–
C(26), Ph(3) to C(31)–C(36) and Ph(4) to C(41)–C(46).
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two distinct cyclopentadienyl units were observed (Table
2). The difference in zirconium–centroid distances is great-
est for the unbridged metallocene complex, [Zr(g5-C5H5)-
(g5-C5Ph5)Cl2] (Zr–Cent[C5H5] 221.1 and Zr–Cent[C5Ph5]
230.2 pm) [5f]. This fact suggests that, in the case of the
rigid geometry of ansa-metallocene complexes, the influ-
ence of the tetraphenylcyclopentadienyl ring on the struc-
tural disposition of the molecule is less than that in the
case of the unbridged metallocene complex.

The Cent(1)–Zr(1)–Cent(2) angles of 125.8� and 126.4�
for 6 and 7, respectively, are similar to those reported for
other ansa-zirconocene complexes (Table 2). On direct
comparison of 6 with [Zr{Me2Si(g5-C5Me4)(g5-C5H4)}-
Cl2] (Cent–Zr–Cent 128.10� [7a]) one can envisage a slight
closing of the Cent–Zr–Cent angle on changing the
substituent from methyl to phenyl. However, comparing
7 with [Zr{Me2Si(g5-C5Me4)(g5-C5H3Pri)}Cl2] (Cent–Zr–
Cent 126.9� [7b]) one can equally propose that the substitu-
ent has little effect on this angle. The Cl(1)–Zr(1)–Cl(2)
angle (95.40(4)� and 93.65(4)� for 6 and 7, respectively) is
somewhat smaller than those recorded for the tetra-
methyl-substituted ansa-zirconocene complexes (Table 2).

As expected, the proximity of the phenyl groups in this
system causes them to bend out of the C5 plane away from
the zirconium centre. The complete list of angles between
the mean planes of the C5 and C6 units is given in Table 3.

2.1. Polymerization studies

Compounds 6 and 7 have been tested as catalysts in
the polymerization of ethylene and compared with their
tetramethyl-substituted analogues [Zr{Me2Si(g5-C5Me4)
(g5-C5H3R)}Cl2] (R = H (8); But (9)) and the reference
catalyst [Zr(g5-C5H5)2Cl2]. The polymerization experi-
ments were carried out during 15 min with a MAO cocat-
alyst–metal catalyst ratio of 1000:1 at 20 �C and at olefin
pressure of 2 bar. Under these conditions 6 and 7 were
catalytically inactive, whilst the tetramethyl-substituted
complexes 8 and 9 showed moderate activities compared
with the reference catalyst (Table 4). The polymerization
experiments were repeated varying the MAO cocatalyst–
metal catalyst ratio (3000:1) and temperature (0 and
60 �C) and again 6 and 7 proved to be inactive.

Variable temperature NMR experiments, performed on
7, have demonstrated that the phenyl substituents rotate



Table 4
Ethylene polymerization results for 6–9 and [Zr(g5-C5H5)2Cl2]a

Catalyst Activityb

[Zr(g5-C5H5)2Cl2] 11360
[Zr{Me2Si(g5-C5Ph4)(g5-C5H4)}Cl2] (6) 0
[Zr{Me2Si(g5-C5Ph4)(g5-C5H3But)}Cl2] (7) 0
[Zr{Me2Si(g5-C5Me4)(g5-C5H4)}Cl2] (8) 2185
[Zr{Me2Si(g5-C5Me4)(g5-C5H3But)}Cl2] (9) 1490

a At 20 �C, 2 bar ethylene pressure, 200 mL toluene, [Al] = 3 � 10�2

mol L�1, [Zr] = 3 � 10�5 mol L�1, tPol = 15 min.
b In kg Pol (mol Zr h bar)�1.
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almost unhindered above 0 �C, probably blocking the
Cl–Zr–Cl plane, as has previously been proposed for the
ansa-zirconocene complex [Zr{(CH2CHPh)(g5-C5Ph4)-
(g5-C5H4)}Cl2] [5c]. Nevertheless, this complex showed a
slight activity at 80 �C. Thus, a final polymerization exper-
iment was performed at this temperature with 6 or 7 and
yet again the complexes were not active.

Polymerization of ethylene was not observed when using
the co-catalyst B(C6F5)3 with the dimethyl derivatives of 6

and 7.

2.2. Computational analysis of the catalytic behaviour of

tetraphenyl-substituted ansa-zirconocene complexes

In order to explain the inactivity of the catalysts 6 and
7 in the polymerization of ethylene, a density functional
theory (DFT) study has been carried out (see Section 4
for calculation details). Throughout this analysis, it is
assumed that the active species for olefin polymerization
are ‘‘naked” cationic or ionic-pair catalyst/co-catalyst
species in which both chloride atoms have been substi-
tuted by methyl groups, one of which is subsequently
extracted by a co-catalyst reagent creating a vacant site
where monomer coordination takes place [10]. We have
Fig. 3. Conformations for the cationic species of catalyst 7. Structure 7b show
are given in picometres. Numbering of atoms is the same as in Fig. 2.
explored two different mechanisms which may explain
the lack of activity of the catalysts 6 and 7. Firstly, an
interaction between phenyl ligands linked to the cyclopen-
tadienyl moiety and the metal centre in the polymeriza-
tion active species. Some similar interactions calculated
by DFT methods between ancillary ligands and metal site
have been previously shown to influence polymerization
mechanisms [11]. Secondly, the influence of the bulky
ancillary ligands on the formation of ion-pair active spe-
cies by two different co-catalyst models; a six-member
cage of MAO and B(C5F6)3.

Two distinct structures were found by DFT geometrical
optimization for the ‘‘naked” cationic active species of cat-
alyst 7 (Fig. 3). Distances and angles for both geometries
are given in the Supporting Information. Root mean
square deviations (rmsd) of selected distances and angles
between the experimental (7) and the optimized structures
(7a) show a very good agreement (rmsd of 4 pm for
distances and 1.6� for angles). A structure in which a g2

interaction between a phenyl group and the zirconium
atom of the active catalytic species has been found (7b,
Fig. 3). One of the phenyl substituents is close to the metal
atom (distances Zr(1)–C(51) = 288.4 pm and Zr(1)–
C(52) = 287.6 pm) hindering the coordination of the
monomer to the vacant site. Further evidence for the exis-
tence of an g2 interaction is a slight stretching of the C(51)–
C(52) bond distance (141.9 pm) with respect to the other
C–C bonds in the same ring (139.5–140.5 pm) and equiva-
lent bonds in the other phenyl ligands (140.9–140.5 pm)
(for further distances see Supporting Information). How-
ever, this conformation is only 0.4 kcal/mol more stable
than the structure found with no g2 interaction between
phenyl and metal centre (7a, Fig. 3). Thus, we can assume
that both conformers are likely to be present during the
polymerization reaction. In light of these results, it seems
that further studies of monomer complexation and subse-
quent insertion in 7a and 7b are probably not relevant. It
s an g2 interaction. For clarity, hydrogen atoms are not shown. Distances
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is therefore apparent that this argument is not able to give
an adequate reason for the lack of catalytic activity of the
tetraphenyl-substituted complexes.

We have explored another possible mechanism which
could explain the experimental results, namely the influence
of the ancillary phenyl groups in the methyl extraction pro-
cess from the dimethyl catalyst precursor by action of the
co-catalyst. This step corresponds to formation of ion-pair
active species on which would take place the chain growth.
Fig. 4. Relative stability of reaction intermediates corresponding to methyl ext
[Zr{Me2Si(g5-C5Ph4)(g5-C5H3But)}Me2] (7). Phenyl and tert-butyl groups are d

Fig. 5. Relative stability of reaction intermediates corresponding to methyl ext
[Zr{Me2Si(g5-C5H4)2}Me2] (10). Hydrogen atoms are not shown for the sake
We have adopted two distinct models, a six-membered
AlMeO cage activated by the presence of AlMe3 and
B(C6F5)3 as cocatalysts [10]. In the same way, two catalysts
were chosen, one substituted and inactive ([Zr{Me2Si(g5-
C5Ph4)(g5-C5H3But)}Me2] (7)) and the other unsubstituted
and catalytically active in ethylene polymerization
([Zr{Me2Si(g5-C5H4)2}Me2] (10) [12]). The optimized
structures of the substituted (7) and the unsubstituted cat-
alysts (10) involved in the formation of the ion-pair active
raction by six-cage MAO model and B(C6F5)3 cocatalysts from precatalyst
isplayed as lines and hydrogen atoms are not shown for the sake of clarity.

raction by six-cage MAO model and B(C6F5)3 cocatalysts from precatalyst
of clarity.



Fig. 6. Van der Waals molecular model for ion-pair 7e and 10e precursors (defined in Figs. 4 and 5). The black ball represents the methyl group to be
extracted by the co-catalyst. Hydrogen atoms are not shown for the sake of clarity.

Table 5
Crystal data and structure refinement for 6 and 7

6 7

Formula C36H30Cl2SiZr C40H38Cl2SiZr
Fw 652.81 708.91
T (K) 130(2) 130(2)
Crystal system Triclinic Monoclinic
Space group P�1 P2(1)/n
a (pm) 975.3(5) 990.89(2)
b (pm) 1018.9(5) 2645.98(4)
c (pm) 1736.6(5) 1303.95(2)
a (�) 96.364(5) 90
b (�) 100.519(5) 105.337(2)
c (�) 117.718(5) 90
V (nm3) 1.4635(11) 3.29704(10)
Z 2 4
Dc (Mg m�3) 1.481 1.428
l (mm�1) 0.624 0.560
F(000) 668 1464
Crystal dimensions (mm) 0.3 � 0.1 � 0.05 0.5 � 0.2 � 0.2
h Range (�) 2.63–26.02 2.63–28.28
hkl ranges �11 P h P 12,

�12 6 k 6 12,
�21 6 l 6 21

�13 6 h 6 13,
�35 6 k 6 35,
�17 6 l 6 17

Data/parameters 5734/363 8188/402
Goodness-of-fit on F2 0.853 1.034
Final R indices [I > 2r(I)] 0.0304 0.0579
R indices (all data) 0.0578 0.0687
Largest difference in peak

and hole (e Å�3)
0.528 and �0.309 4.872 and

�1.973

R1 =
P
kFoj � jFck/

P
jFoj; wR2 = [

P
[w(F2

o � F2
c)2]/

P
[w(F2

o)2]]0.5.
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species for both co-catalysts are shown in Figs. 4 and 5,
respectively. It was observed that the extraction of a methyl
group to form the cationic active species are endothermic
for both 7/MAO and 7/B(C6F5)3 systems (8.5 and
12.7 kcal/mol, respectively, see Fig. 4), whilst for the
unsubstituted analogue systems the formation of the cation
are exothermic (8.9 and 5.7 kcal/mol, see Fig. 5). Thus, for-
mation of the ionic-pair active species is not favourable in
the case of the bulky catalyst 7. Endothermic process for
the ion-pair formation of these catalysts may be explained
using steric arguments. The steric effect can be visualized
using Van der Waals radii for the ion-pair 7e and 10e pre-
cursors as shown in Fig. 6. As can be seen, the methyl
groups in catalyst 7 are sterically hindered by the phenyl
and tert-butyl groups linked to the cyclopentadienyl moie-
ties, therefore the approach of an incoming co-catalyst
molecule to extract a methyl group and to create a vacant
site is restricted. Thus, the formation of the catalytically
active species is unlikely. However, the steric pressure is
alleviated in the unsubstituted catalyst 10 and consequently
the formation of the required ion-pair for the polymeriza-
tion reaction is favourable.

3. Conclusions

We have synthesized and structurally characterized the
ansa-zirconocene complexes [Zr{Me2Si(g5-C5Ph4)(g5-
C5H3R)}Cl2] (R = H, But). We have demonstrated that
these complexes are inactive as catalysts in ethylene poly-
merization. DFT calculations showed that the interaction
of the ancillary ligands with the metal centre cannot
explain the lack of activity of the phenyl-substituted cata-
lysts. We have found that steric hindrance, caused by the
tetraphenyl moiety, in the co-catalyst induced methyl
extraction step is responsible for the unfavourable forma-
tion of the suitable ion-pair active species.

4. Experimental

4.1. Materials and procedures

All reactions were performed using standard Schlenk
tube techniques in an atmosphere of dry nitrogen. Solvents
were distilled from the appropriate drying agents and
degassed before use. SiMe2Cl2, C5H2Ph4, Li(C5H4But),
MAO (10% wt in toluene), ZrCl4 and [Zr(g5-C5H5)2Cl2]
were purchased from Aldrich and used without further
purification. Na(C5H5) [13], Li(C5HPh4) [14] and [Zr{Me2-

Si(g5-C5Me4)(g5-C5H3R)}Cl2] (R = H [7a], But [7b]) were
prepared as previously reported. 1H and 13C{1H} spectra
were recorded on a Varian Mercury FT-400 spectrometer
or on a Bruker AVANCE-400 and referenced to the resid-
ual deuterated solvent. Microanalyses were carried out
with a Perkin–Elmer 2400 microanalyzer. Mass spectro-
scopic analyses were preformed on a Hewlett–Packard
5988A (m/z 50–1000) instrument.
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4.2. Data collection and structural refinement of 6 and 7

The data of 6 and 7 were collected with a CCD Oxford
Xcalibur S (k(Mo Ka) = 0.71073 Å) using x and u scans
mode. Semi-empirical from equivalents absorption correc-
tions were carried out with SCALE3 ABSPACK [15]. All the
structures were solved by direct methods [16]. Structure
refinement was carried out with SHELXL-97 [17]. All
non-hydrogen atoms were refined anisotropically, and
hydrogen atoms were located by difference maps and
refined isotropically. Table 5 lists crystallographic details.

4.3. Synthesis of C5HPh4(SiMe2Cl) (1)

SiMe2Cl2 (1.44 g, 11.16 mmol) in THF (50 mL) was
added to a solution of Li(C5HPh4) (1.40 g, 3.72 mmol) in
THF (50 mL) at �78 �C. The reaction mixture was allowed
to warm to room temperature and stirred for 15 h. Solvent
was removed under vacuum and toluene (100 mL) was
added to the resulting dark yellow oil. The mixture was fil-
tered and solvent removed, from the filtrate, under reduced
pressure to yield the title compound as a dark yellow solid.
Yield 1.58 g, 92%. 1H NMR (400 MHz, CDCl3; for the pre-
dominant isomer): d �0.15 (s, 6H, SiMe2), 4.16 (br, 1H,
C5H), 6.88–7.21 (m, 20H, Ph). MS electron impact (m/e
(% relative intensity)): 463 (14) [M+], 427 (40) [M+�Cl],
369 (98) [M+�ClSiMe2]. Anal. Calc. for C31H27ClSi: C,
80.40; H, 5.88. Found: C, 80.59; H, 5.84%.

4.4. Synthesis of Me2Si(C5HPh4)(C5H5) (2)

C5HPh4(SiMe2Cl) (1) (1.50 g, 3.24 mmol) in THF
(50 mL) was added to a solution of Na(C5H5) (0.28 g,
3.24 mmol) in THF (50 mL) at �78 �C. The reaction mix-
ture was allowed to warm to room temperature and stirred
for 15 h. Solvent was removed in vacuo and toluene
(120 mL) was added to the resulting dark orange oil. The
mixture was filtered and solvent removed, from the filtrate,
under reduced pressure to yield the title compound as an
orange oil (1.38 g, 86%). 1H NMR (400 MHz, CDCl3; for
the predominant isomer): d �0.10 (s, 6H, SiMe2), 3.20
(1H), 4.12 (1H) (m, HC5), 5.02 (2H), 5.35 (2H) (m,
C5H4), 6.91–7.17 (m, 20H, Ph). MS electron impact (m/e
(relative intensity)): 492 (21) [M+], 427 (23) [M+�C5H4],
370 (72) [M+�C5H5SiMe2], 123 (100) [M+�C5HPh4].
Anal. Calc. for C36H32Si: C, 87.75; H, 6.55. Found: C,
87.51; H, 6.48%.

4.5. Synthesis of Me2Si(C5HPh4)(C5H4But)(3)

The synthesis of 3 was carried out in an identical manner
to 2. C5HPh4(SiMe2Cl) (1) (1.50 g, 3.24 mmol) in THF
(50 mL) and Li(C5H4But) (0.40 g, 3.24 mmol). Yield:
0.75 g, 84%. 1H NMR (400 MHz, CDCl3; for the predom-
inant isomer): d 0.28 (s, 6H, SiMe2), 0.99 (s, 9H, But), 3.12
(1H), 3.62 (1H) (m, HC5), 6.01 (1H), 6.18 (1H), 6.38 (1H)
(m, C5H3), 6.95–7.14 (m, 20H, Ph). MS electron impact
(m/e (relative intensity)): 548 (29) [M+], 462 (71)
[M+�But�2�Me], 399 (51) [M+�But�Me�Ph], 179 (33)
[M+�C5Ph4]. Anal. Calc. for C40H40Si: C, 87.54; H, 7.35.
Found: C, 87.21; H, 7.23%.

4.6. Synthesis of Li{Me2Si(C5Ph4)(C5H4)} (4)

LiBun (1.6 M in hexane) (1.65 mL, 2.64 mmol) was
added dropwise to a solution of Me2Si(C5Ph4)(C5H5) (2)
(0.65 g, 1.32 mmol) in Et2O (100 mL) at �78 �C. The mix-
ture was allowed to warm to room temperature and stirred
for 15 h. Solvent was removed in vacuo to give a white
solid which was washed with hexane (2 � 50 mL) and dried
under vacuum. Yield: 0.61 g, 91%. Anal. Calc. for
C36H30Li2Si: C, 86.59; H, 5.99. Found: C, 86.25; H, 5.78%.

4.7. Synthesis of Li{Me2Si(C5Ph4)(C5H3But)} (5)

The synthesis of 5 was carried out in an identical manner
to 4. LiBun (1.6 M in hexane) (1.60 mL, 2.56 mmol) and
Me2Si(C5HPh4)(C5H4But) (3) (0.70 g, 1.28 mmol). Yield:
0.65 g, 91%. Anal. Calc. for C40H38Li2Si: C, 85.68; H,
6.83. Found: C, 85.31; H, 6.72%.

4.8. Synthesis of [Zr{Me2Si(g5-C5Ph4)(g5-C5H4)}Cl2]

(6)

Li2{Me2Si(C5Ph4)(C5H4)} (4) (0.55 g, 1.10 mmol) in
THF (50 mL) was added dropwise during 15 min to a solu-
tion of ZrCl4 (0.13 g, 0.55 mmol) in THF (50 mL) at 0 �C.
The reaction mixture was allowed to warm to room tem-
perature and stirred under reflux for 18 h. Solvent was
removed in vacuo and toluene (120 mL) added to the
resulting solid. The mixture was filtered and the filtrate
concentrated (20 mL) and cooled to �30 �C to give crystals
of the title complex. Yield: 0.26 g, 44%. 1H NMR
(400 MHz, CDCl3): d 0.16 (s, 6H, SiMe2), 5.02 (2H), 5.48
(2H) (m, C5H4), 6.90–7.19 (m, 20H, Ph). 13C{1H} NMR
(100 MHz, CDCl3): d 2.8 (SiMe2), 100.3, 101.2 (C1-Cp),
109.2, 114.3 (C5H4), 123.1, 125.7 (C5Ph4), 127.3, 128.4,
129.7, 130.5, 131.2, 133.9, 141.1, 143.2 (Ph). MS electron
impact (m/e (relative intensity)): 652 (90) [M+], 617 (33)
[M+�Cl], 582 (100) [M+�2�Cl]. Anal. Calc. for
C36H30Cl2SiZr: C, 66.23; H, 4.63. Found: C, 66.08; H,
4.54%.

4.9. Synthesis of [Zr{Me2Si(g5-C5Ph4)(g5-C5H3But)}Cl2]

(7)

The synthesis of 7 was carried out in an identical manner
to 6. Li2{Me2Si(C5Ph4)(C5H3But)} (5) (0.60 g, 1.07 mmol)
and ZrCl4 (0.25 g, 1.07 mmol). Yield: 0.36 g, 48%. 1H
NMR (400 MHz, CDCl3): d 0.14 (3H), 0.62 (3H) (s,
SiMe2), 1.01 (s, 9H, But), 5.80 (1H), 5.93 (1H), 6.96 (1H)
(m, C5H3), 6.98–7.19 (m, 20H, Ph). 13C{1H} NMR
(100 MHz, CDCl3): d 3.7, 4.6 (SiMe2), 27.2, 38.4 (But),
92.8, 100.1 (C1-Cp), 109.1, 111.4, 116.3, 120.6 (C5H3),
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123.2, 131.0, 133.1, 136.7 (C5Ph4), 126.5, 127.4, 128.6,
130.8, 133.5, 143.0, 145.2, 145.5 (Ph). MS electron impact
(m/e (relative intensity)): 709 (67) [M+], 673 (8) [M+�Cl],
617 (49) [M+�Cl�But], 587 (55) [M+�Cl�But�2�Me].
Anal. Calc. for C40H38Cl2SiZr: C, 67.77; H, 5.40. Found:
C, 67.30; H, 5.31%.

4.10. Polymerization of ethylene

The zirconocene catalyst (6 lmol), MAO (10% in tolu-
ene) (6000 lmol) and toluene (200 mL) were mixed
together for 15 min in a 1 l glass autoclave. The N2 pressure
inside the autoclave was reduced by applying vacuum. Eth-
ylene pressure of 2 bar was then applied and maintained to
the autoclave and stirring of the mixture commenced
(1000 rpm). After exactly 15 min, stirring was halted and
the ethylene pressure released. Excess MAO was then
destroyed by adding cautiously a mixture of methanol/
HCl (90:10). The polymer was isolated by filtration and
washed with ethanol and dried under vacuum at 90 �C
for 16 h.

4.11. Theoretical calculations

The Becke 1988 [18] for exchange and Perdew 1986 [19]
for correlation gradient corrected functional were used for
all the geometry optimization calculations. We selected a
double zeta quality numerical basis set which included
polarization (DZP) for all atoms including hydrogen atoms
[20]. For the Zr metal atom a pseudopotential [21] was
used. All the calculations were carried out with the DMOL

[20,22] package included in the MATERIALSSTUDIO [23]
software.
Acknowledgements

We gratefully acknowledge financial support from the
Ministerio de Educación y Ciencia, Spain (Grants numbers
CTQ2005-07918-C02-02/BQU and MAT2006-400), the
Comunidad de Madrid (S-0505/PPQ-0328), the Universi-
dad Rey Juan Carlos (graduate fellowship for D.
Polo-Cerón) and the Alexander von Humboldt-Stiftung
(Humboldt-Fellowship for S. Gómez-Ruiz). J. Ramos
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Appendix A. Supplementary material

CCDC 658048 and 658049 contain the supplementary
crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_re-
quest/cif. PDB files of the calculated structures are
provided as supplementary material. Supplementary data
associated with this article can be found, in the online ver-
sion, at doi:10.1016/j.jorganchem.2007.11.054.
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Antiñolo, A. Otero, Eur. J. Inorg. Chem. 2007 (2007) 4445.

[8] (a) M.A. Giardello, M.S. Eisen, C.L. Stern, T.J. Marks, J. Am.
Chem. Soc. 115 (1993) 3326;
(b) M.A. Giardello, M.S. Eisen, C.L. Stern, T.J. Marks, J. Am.
Chem. Soc. 117 (1995) 12114.

[9] T. Koch, S. Blaurock, F.B. Somoza, A. Voigt, R. Kirmse, E. Hey-
Hawkins, Organometallics 19 (2000) 2556.

[10] (a) E. Zurek, T. Ziegler, Prog. Polym. Sci. 29 (2004) 101;
(b) E. Zurek, T. Ziegler, Organometallics 21 (2002) 83;
(c) S. Martinez, J. Ramos, V.L. Cruz, J. Martinez-Salazar, Polymer
47 (2006) 883.
[11] V.L. Cruz, S. Martinez, J. Martinez-Salazar, J. Sancho, Macromol-
ecules 40 (2007) 7413.
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