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Abstract

A range of (CpRXCpR')TiCl, complexes (R = R' = H, Me, Et, iPr, 'Bu, SiMe,, CMe,Ph, CO,Me and R=H, R' =

Me, 'Bu,

SiMe;, CMe, Ph, CO,Me) have been synthesized. Ethylene polymerization studies (50°C, 10 bar) in the presence of Et;Al,Cl,
as co-catalyst revealed catalyst activity of > 20 g polyethylene (mol Ti h)~! when the combined Tolman cone angle for the two
cyclopentadienyl rings was less than 260° and very low activity when the combined cone angle was larger. An analysis of available
crystallographic data for (CpR),TiCl, complexes revealed that the Cl-Ti~Cl angle decreases as the size of R increases. It thus
appears that the steric influence of R may affect polymerization activity both by restricting access of reactants to the metal as

well as by modifying metal-reactant (or polymer) interactions.
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1. Introduction

Since its discovery in the late 1950s, the Cp,TiCl,/
aluminium alkyl catalyst system has been the subject of
much study. However, very little information has been
published on the effect of cyclopentadienyl ring sub-
stituents on ethylene polymerization behaviour. In-
deed, to our knowledge, no comparative polymeriza-
tion activity studies involving complexes containing
monosubstituted cyclopentadienyl rings have appeared
in the open literature. One pertinent study, that of
(CpR)(CpR’)TlCl2 complexes (CpR = CpR’ = CpH,
CpMe4 Pr; CpR = CpH, CpR = CpMe4 Pr) did show
that increasing substitution of the cyclopentadienyl
rings led to a decrease in ethylene polymerisation
activity [1]. The only other related study, on R,TiMe*
cationic complexes, revealed an activity order for R of
CpSiMe; > CpH [2], i.e. in this case monosubstitution
of the cyclopentadienyl ring increased the catalytic
activity. Finally, a report of catalytic studies in which
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the role of substituerits on a cyclopentadienyl ring
attached to a transition metal was examined is to be
noted [3], as is a review on the importance of sterically
demanding ring substituents in ‘CpM’ systems [4].

The (CpRXCpR)TICl,/aluminium alkyl catalyst
system is an excellent system for the study of sub-
stituent effects, particularly steric effects, on polymer-
ization activity. Since in our earlier work [5], we had
observed that the ethylene polymerization behaviour of
(CpR),ZrCl, complexes was influenced to a small de-
gree of steric effects associated with R, we had ex-
pected that steric effects would be more dominant in
the related Ti complexes. Ti is much smaller than Zr or
Hf; the atomic radius of Ti is 1.47 A compared with
1.60 A for Zr and 1.59 A for Hf. Also, the synthesis of
a range of ‘mixed ring’ titanocenes, with one substi-
tuted and one unsubstituted cyclopentadienyl ring, has
been reported [6]. Hence, a large range of compounds
with different steric and electronic parameters was
available for testing.

Here, the synthesis and characterization of a range
of substituted titanocene compounds, (CpR),TiCl, and
(CpXCpR)TICl,, are described. Ethylene polymeriza-
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tion using these complexes have been studied, and the
relationship between the structural and spectroscopic
parameters and steric and electronic effects associated
with these complexes examined. The recent Tolman
steric parameters associated with cyclopentadienyl ring
substituents have been used to evaluate steric effects

[71.

2. Results and discussion

2.1. Synthesis of (CpR),TiCl, and (CpR)CpTiCl, com-
plexes

The strategy governing the approach to the synthesis
of monosubstituted cyclopentadienyl organometallic
complexes, and also the reasons for the choice of
particular substituents, have been outlined previously
[7]. The same considerations apply here to the synthe-
sis of symmetrical and ‘mixed ring’ (one substituted
and one unsubstituted cyclopentadienyl ring) titan-
ocene dichloride complexes.

Two main routes were used for the synthesis of
symmetrically substituted metallocenes, viz. metallation
of a substituted cyclopentadiene by "BuLi or the re-
duction or alkylation of a fulvene, both followed by
reaction with TiCl,. The preparation of the ‘mixed
ring’ titanocene dichlorides was achieved by reaction of
CpTiCl; with one equivalent of the substituted cy-
clopentadienyl salt. (Other related methods for making
such ‘mixed ring’ compounds have been described [8-
11] but were not used in the present work.)

Published procedures for most of these compounds
were available and were followed, in some cases with
minor modifications, as outlined in the Experimental
section. The synthesis of the symmetrical (CpR),TiCl,
compounds was straightforward. However, (CpMe),-
TiCl,, even after recrystallization, was contaminated
with 5.0 mol% of Cp,TiCl,, as a consequence of the
presence of a considerable amount of cyclopentadiene
in commercial methylcyclopentadiene. The other com-
pounds were obtained in high purity (as indicated by
NMR spectroscopy), except for (CpCO,-Me),TiCl,,
which contained unidentified contaminants. An at-
tempted synthesis of (CpEt),TiCl,, carried out by anal-
ogy to a published procedure for (CpMe),TiCl,, [6a]
was unsuccessful.

The ‘mixed ring’ titanocene dichlorides were some-
what more difficult to obtain, since in some of the
preparations, not only was the required mixed-ring
compound observed, but also Cp,TiCl,, and often
(CpR),TiCl,. This type of complication has been noted
previously [6a] and is due to ring exchange between
CpTiCl, and Li[CpR], which occurs at, or even below,
room temperature [6b]. In the case of (CpMe)CpTiCl,,
the product was contaminated with 10 mol% of

Cp,TiCl, and traces of (CpMe),TiCl,. The attempted
synthesis of (CpEt)CpTiCl, resulted in the formation
of (CpEt),TiCl, containing 14 mol% of Cp,TiCl,. It
was initially suspected that this ring exchange contin-
ued after the products had been redissolved in toluene
and used in polymerization reactions at elevated tem-
perature but the 'H NMR spectra of the three contam-
inated titanocenes recorded (in C¢Dy) before and after
heating at 50° for 1 h (conditions similar to those used
in the polymerization studies) revealed that the con-
centrations of the contaminants were unaffected by
this treatment. In all three cases the mixtures were
used as polymerization catalysts and the activities ob-
tained were corrected for the presence of Cp,TiCl,.
The (CpCO,Me)CpTiCl, product contained unidenti-
fied impurities as indicated by NMR spectroscopy.

2.2, Ethylene polymerization studies

Choice of reaction conditions

Cp,TiCl, was found to polymerize ethylene with a
high activity at room temperature and 1 bar ethylene
pressure in the presence of Et,AlCl - Cl,AlEt as co-
catalyst. However, initial experiments showed that the
substituted complexes were much less active than ti-
tanocene dichloride. Thus, elevated temperatures
(50°C) and pressures (10 bar) were required to obtain a
comparable activity for the substituted complexes. Un-
der these conditions, polymer characterization and
comparisons of the various catalysts were possible.

As shown in Fig. 1, the polymerization activity in-
creases with the Ti concentration above a certain mini-
mum level (~1.5% 107 mol 17 Ti). This minimum
concentration is presumably required to remove trace
impurities of water, air, etc. from the reactor, as has
been observed for related zirconocene /alumoxane cat-
alysts [12]. Thus, in all reactions, a Ti concentration of
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Fig. 1. The effect of Ti concentration on catalytic activity for ethy-
lene polymerization with (CpMe),TiCl, /Et;Al,Cl;.
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Table 1
Results of ethylene polymerization reactions carried out with
(CpR),TiCl, and (CpR)CpTiCl, catalysts *

(CpR'XCpR"TICl,  Activity x10° T,(°C) DSC

R R (g PE (mol Ti h)™") half band
width CC)

H H 190 1368 83

Me H 170 1358 6.3

Me Me 133 1342 6.2

Et Et 7.09 1339 52

ipr ipr 5.08 1319 52

‘Bu H 112 1317 53

‘Bu *Bu 0.28 1293 4.6

SiMe, H 409 1325 5.1

SiMe, SiMe, 7.09 1348 54

CMe,Ph H 341 1329 48

CMe,Ph  CMe,Ph  0.20 1326 4.1

® Experimental conditions: T, = 50°C, Pg = 10 bar, ¢ = 45 min, [Ti]
=6.25%10"% M, [Al]=121X107% M.

6.25 X 1073 mol 17! Ti was used to ensure effective
polymerization.

Ethylene polymerization with the full set of titanocene
complexes

The experimental conditions and the results of this
series of experiments are given in Table 1. The activi-
ties shown for the catalysts which contained Cp,TiCl,
have been corrected by taking account of the contribu-
tion to the catalyst activity by the contaminant. Both
CO,Me-substituted catalysts were inactive in the poly-
merization, as might be expected for catalysts contain-
ing electron withdrawing substituents.

The activities of the series of catalysts span a far
larger range than was found for a similar series of Zr
complexes [5]. However, only the unsubstituted catalyst
and the complexes with one small substituent show
good polymerization activities, with Cp,TiCl, showing
the greatest activity.

A plot of the polymerization activities as a function
of the cone angle parameter (see Fig. 2a)) is shown in
Fig. 3. In order to differentiate between the complexes
with one and those with two substituted rings, the cone

(a) (b)

Fig. 2. Measurement of the cyclopentadienyl ring cone angle (a) with
metal as apex (8,), where 8, = 2(4/5)a +(1/5)8] and (b) with Cp
ring centroid as apex (9,).
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Fig. 3. The relationship between cone angle and ethylene polymer-
ization activity for the titanocene catalysts.

angles were calculated as follows. Symmetrically substi-
tuted complexes were assigned a cone angle twice that
of the normal cone angle (8,) for that substituent, and
‘mixed ring’ titanocenes were given a cone angle value
equal to the sum of the cone angle of one substituted
and one unsubstituted cyclopentadienyl ring. It is clear
from the plot that there is a steric threshold (at 6, =
260°) beyond which the catalysts exhibit very poor
polymerization activity. The concept of a steric thresh-
old has been discussed previously [13a-i], and appears
to be a general phenomenon in organometallic chem-
istry. The only substituted catalysts which have poly-
merization activity, albeit lower than that of Cp,TiCl,,
are the ‘mixed ring’ complexes with sterically less de-
manding substituents.

The catalysts exhibit a ‘pure’ steric effect in their
polymerization behaviour. There is no correlation be-
tween activity and the Swain-Lupton field effect pa-
rameter, F [13j], and no multiple regression analysis of
the relationship between activity data and steric and
electronic parameters was found to be significant.
These findings are in marked contrast to those re-
ported for the Zr and Hf-based catalysts [5,14]. In the
latter case, both steric and electronic effects played a
role in determining catalytic activity, and electronic
effects were more important than steric effects. In-
crease in the bulk of the catalyst served to increase
catalytic activity slightly, whereas in the Ti study, the
steric effect predominates and causes only catalyst
deactivation. This set of results represents the first
quantification of the effect of ligand size on soluble Ti
Ziegler—Natta catalysts.

The polymer melting points cover a fairly large
range (129-137°C). The values do not correlate with
polymerization activity, nor with any steric or elec-
tronic parameters. No polymer molecular weights were
determined.
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2.3. The relationship between structural and spectro-
scopic parameters and steric and electronic effects associ-
ated with the titanocene complexes

The 'H and “C NMR spectral data for the ti-
tanocene complexes are listed in Tables 2 and 3, re-

spectively. Selected crystal structural data are given in
Table 4.

Spectroscopic parameters

The 'H ring resonances for most of the symmetri-
cally substituted (CpR),TiCl, complexes are shifted
upfield relative to that for unsubstituted Cp,TiCl,, but
those of the SiMe;- and CO,Me-substituted complexes
are shifted downfield. The *°C ring resonances are also
shifted relative to those for the unsubstituted ti-
tanocene. The C; resonances of all the rings with
electron-donating groups attached to them are shifted
to lower field since C, is deshielded by the substituent.
The C,, resonances, including those of (CpSiMe,)-
TiCl,, are more shielded than those of the unsubsti-
tuted complex. Both the C; and C, 5 resonances of the
SiMe -substituted complex are deshielded owing to the
interaction of the Si d-orbitals with the cyclopentadi-

enyl m-system [11]. All three C ring resonances are
shifted downfield in the case of (CpCO,-Me),TiCl,, as
the electron-withdrawing group deshields all the cy-
clopentadienyl ring electrons.

The ‘mixed ring’ titanocenes exhibit similar trends
in their NMR spectra, but, the upfield shifts in the 'H
NMR spectra are less marked, and the downfield shifts
of the SiMe,- and CO,Me-substituted compounds are
larger. Similarly, the upfield shifts for the C,; reso-
nances are less marked, whereas those of the C;,
resonances are very similar to those in the symmetrical
compounds. The BBC resonance of the unsubstituted
ring in each case is very close to that for the unsubsti-
tuted titanocene. However, in the '"H NMR spectra,
the resonance for the unsubstituted ring there is an
upfield shift for the CMe,Ph-substituted complex,
while the CO,Me-group causes a downfield shift.

Structural parameters

No crystal structural data for ‘mixed ring’ titanocene
complexes are available, and the data in Table 3 are
thus based on information on the symmetrically
substituted complexes. No correlation between the
CPeentroia—Ti—CPcentroia @and Cl-Ti—Cl angles of these

Table 2
'H NMR spectral data for (CpR),TiCl, and (CpR)CpTiCl, compounds *
R 73-CHs n3-CsH,R n3-CsH,R
(CpR),TiCl,
H 6.60 (s, 10H)
Me 6.40 (t, 2H, 2.6Hz) 2.33(s,3H, -CH3)

6.30 (1, 2H, 2.5Hz)

Et 6.42 (t, 2H, 2.6Hz)
A 6.33 (t, 2H, 2.6Hz)
pr 6.42 (t, 2H, 2.6Hz)
6.34 (t, 2H, 2.6Hz)
'Bu 6.54 (t, 2H, 2.7Hz)
6.45 (t, 2H, 2.8Hz)
SiMe, 6.79 (t, 2H, 2.4Hz)
6.57 (t, 2H, 2.4Hz)
CMe,Ph 6.48 (m, 2H)
6.09 (m, 2H)
CO,Me 7.18 (t, 2H, 2.8Hz)
6.56 (t, 2H, 2.8 Hz)
(CpR)CpTiCl,
H 6.60 (s, 10H)
Me 6.60 (s, 5SH) 6.45 (t, 2H, 2.6Hz)
6.33 (1, 2H, 2.6Hz)
ipr® 6.55 (s, SH) 6.46 (m, 4H)
'Bu 6.56 (s, SH) 6.63 (t, 2H, 2.6Hz)
6.49 (t, 2H, 2.6Hz)
SiMe, 6.56 (s, SH) 6.88 (t, 2H, 2.4Hz)
6.63 (t, 2h, 2.5Hz)
CMe,Ph 6.32 (s, SH) 6.65 (t, 2H, 2.71Hz)
6.49 (t, 2H, 2.7Hz)
CO,Me® 6.65 (s, 5SH) 7.14 (¢, 2H)
6.65 (t, 2H)

2.74 (q, 2H, 7.5Hz, ~-CH,CH.,)
1.18 (t, 3H, 7.5Hz, -CH,CH,)
3.22 (m, 1H, -CH(CH,),)
1.21(d, 6H, ~-CH(CH,),)

1.31 (s, 9H, -C(CH,);)

0.28 s, 9H, Si(CH,),)
7.24 (m, SH, —C4 Hy)

1.77 (s, 6H, -CH};)
3.90 s, 3H, ~CH_)

233 (s, 3H, -CH>)

3.23 (m, 1H, —-CH(CH,),)
1.21 (d, 6H, -CH(C Hy),)
1.30 (s, 9H, ~C(CH,),)

0.29 (s, 9H, -Si(CH,)50
7.29 (m, SH, —~C¢ Hs)

1.76 (s, 6H, ~CH 5)
3.91 (s, 3H, -CH,)

# Solvent: CDClj; 8(ppm) relative to Me,Si. b Ref. [20]. ¢ Ref. [21].
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Table 3
13C NMR spectral data for (CpR),TiCl, and (CpR)CpTiCl, compounds *
R n°-CsH; n°-CsH, R n°-CsH,R
&1 Cis Cia
(CpR),TiCl,
H 120.2
Me 133.8 123.2 115.4 16.4 (-CH3)
Et 140.4 121.1 115.7 23.9 (-CH,CH>)
' 14.0 (-CH,CH)
'Pr 146.1 1193 115.7 29.3 (-CH(CH5)3)
22.7 (-CH(CH,),)
‘Bu 149.2 119.6 1172 34.4 (-C(CH),)
31.0 (~<CH(CH3)3)
SiMe, ° 132.7 129.7 119.6 0.00 (-Si(CH),)
CMe,Ph 149.2 1212 118.1 1146.6, 128.2,
126.3, 126.2(-C4Hs)
41.1 (~C(CH5),Ph)
29.0 (-C(CH),Ph)
CO,Me 139.8 1244 121.6 162.7 (CO,Me)
52.6 (~CH,)
(CpR)CPTiCl,
H 1202
Me 1196 134.6 1238 115.7 16.4 (~CH,)
‘Bu 120.1 149.5 119.0 118.6 34.3 (-C(CH;),)
31.0 (-CH(CH,),)
SiMe, 120.1 132.4 129.0 121.1 0.00 (-Si(CH );)
CMe,Ph 120.4 148.6 120.0 119.7 146.2, 128.2 and
126.4 (-C4H5)
40.9 (~C(CH ,),Ph)
29.2 (-(CH,),Ph)
2 Solvent; CDCl5, & (ppm) relative to Me,Si. ® Ref. [15].
complexes was observed. The complexes with smaller
substituents (R = Me, Et, 'Pr) have their substituents R R
arranged in the syn-conformation, whereas for R ='Bu,
SiMe, the substituents adopt the anti-conformation X X X X
(Fig. 4). Similar results have been noted for the Zr
complexes [14]. The torsion angle for the C,- R

CPcentroid—CPentroia—CT system for each complex (Fig.
S) was calculated from the crystal structure data. For
the compounds with substituents in the syn-conforma-
tion, the torsion angle decreases as the size of the
substituent increases, i.e. the vertical separation of the

(a) (b)

Fig. 4. Arrangement of cyclopentadienyl ring substituents in
(CpR),TiCl, complexes: (a) syn- and (b) anti-conformations.

Table 4

Selected crystal structural data for (CpR),TiCl, complexes

R Cp.~M-Cp, * C-M-CI M-Cp, (A) M-Cl (A) Ring
conformation ®

H 131.6 95.1 2.058 2.364 Staggered

Me 130.2 93.2(8) 2.067 2.361 syn

Et 132.0 93.3 2.067 - syn

Pr 132.9(3) 92.5(1) 2.068(4) 2.372(1) syn

1'Bu 1315 92.5(5) 2.093 2.370(2) anti

SiMe, 131.02 91.63 - - anti

? Cp, is the centroid (the centre of gravity of each C,-ring ligand). b See text for definitions.
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Fig. 5. The C;=CPientroiq=CPrentroia—CT torsion angle for
(CpR),MCl, complexes.

substituents is increased. Presumably when the steric
strain becomes too large the torsion angle widens to
almost 180°, and the substituents thus adopt an anti-
conformation. It should be noted that in solution there
is free rotation about the Cp .n..iq—7T1 axis, and so
these different conformations may not affect the poly-
merization resulits.

There is a clear correlation between the Cl-Ti—Cl
angle and the cone angle (8,) of the substituted cy-
clopentadienyl system (Fig. 6). We have observed a
similar related trend for known (CpR),ZrCl, com-
plexes [14]. There is however no linear correlation
between either of these angles and 'H or ®C NMR
resonance data. The C; resonance of the cyclopentadi-
enyl ring varies more with the crystal structural param-
eters than the other cyclopentadienyl carbon reso-
nances, but no trend is apparent. This suggests that the
steric effect of ring substituents may not only influence
the space available to the reactants and the polymer
chain but also affect the orbital interaction between
the metal and these species. The 'H ring resonances
for the substituted complexes do not change apprecia-
bly with increasing cone angle (8,), except in the case
of the SiMe,-substituted compound; this applies to
both the symmetrically substituted complexes and the
‘mixed ring’ titanocenes.

Attempts were made to quantify the relationships
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Fig. 6. CI-Ti-Cl angle versus cone angle, 8, for (CpR),MCl,
complexes.

between the NMR data and steric and electronic ef-
fects associated with the ring substituent. In the inves-
tigation, the CO,Me-substituted complexes were ex-
cluded because the electron withdrawing nature of the
substituent(s) causes large changes in the spectroscopic
data which are not reflected in structural changes.
Multiple linear regression analysis of all combinations
of the *C C, resonance and the average of the two 'H
ring resonances versus a steric parameter (8, or 6,)
(Fig. 2) and an electronic parameter (Hammett sub-
stituent constants) was performed, but no statistically
significant correlations were found.

3. Conclusion

Ethylene polymerization studies were carried out
with a range of titanocene complexes which were syn-
thesized. The steric effect dominated the order of
activities; only the unsubstituted catalyst and those
with one small substituent exhibited high activity. Com-
parison of polymerization activity with cone angle
demonstrated the presence of a steric threshold, be-
yond which catalytic activity was very low. This marked
difference in polymerization behaviour between these
catalysts and their Zr analogues is ascribed to the
smaller size of Ti, which results in an increases in the
steric crowding of the ligands around the Ti active
centre, thus limiting access of monomer to the active
site and influencing the interaction of the metal with
reactant and polymer.

The attempts to correlate ground state structural
phenomena associated with the substituents, R, on the
cyclopentadienyl ring with the electronic and steric
properties of R have revealed only minimal relation-
ships. The finding that the CI-Ti—-Cl angle decreased
as the cone angle (6,) increased is, however, signifi-
cant, and the values of the angles correlate with the
polymerization activities observed for the various com-
plexes. Indeed, the correlation suggests that the size of
the ring substituent influences both the space available
for reaction to occur on the Ti atom as well as the
potential overlap of the Ti orbitals with those of the
reactants and products.

4, Experimental details

4.1. Synthesis of (CpR),TiCl, and (CpR)CpTiCl, com-
plexes

Cyclopentadiene dimer (1:1 mixture with decalin)
was cracked to provide crude CpH which was then
distilled through a 40 cm Vigreux column (b.p. 42°C)
and collected in a flask kept at 0°C. Methylcyclopenta-
diene dimer was cracked under N, to provide crude
MeCpH, which was then distilled through a 20 cm
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Vigreux column (b.p. 74-75°C) and collected in a flask
kept at —78°C. Other substituted cyclopentadienes,
RCpH (R = Et, ‘Bu, SiMe,) were prepared by pub-
lished procedures [15-17], as were 6,6-dimethylfulvene
[18] and sodium carbomethoxycyclopentadienide, Na-
[CpCO,Me] [19].

Cp,TiCl, and CpTiCl, were purchased from Merck
and Strem Chemicals, respectively, and used without
purification. (CpMe),TiCl, was made by a published
procedure [4] and found, after recrystallization, to con-
tain 5.0 mol% of Cp,TiCl,. (CpMe)CpTiCl, was also
made by a published procedure and found, after re-
crystallization, to be contaminated with 10.0 mol% of
Cp,TiCl, and a small amount of (CpMe),TiCl,.
(CpR),TiCl, and (CpR)CpTiCl, (R ='Bu, SiMe ;) were
made by the type of procedure used for similar com-
pounds [4] (see method for R ='Bu below). (CpCMe,-
Ph),TiCl, and (CpCMe,Ph)CpTiCl, were made by
published procedures [20], but were recrystallized from
toluene. (CpCO,Me),TiCl, and (CpCO,Me)CpTiCl,
were also made by published methods [21], but both
products were found to be impure by NMR spec-
troscopy. Other complexes were made by modifications
of literature procedures as detailed below. The 'H and
BC NMR spectral data are collected in Tables 2 and 3,
respectively. ’

4.2. Attempted synthesis of (CpEt)CpTiCl,

A solution of "BulLi in hexane (6.3 ml, 10.0 mmol) was
added dropwise to one of freshly cracked EtCpH (0.85
g, 9.09 mmol) in hexane (20 ml) at room temperature.
The solution became viscous and a white precipitate of
Li[CpEt] separated. The suspension was stirred at room
temperature for 1 h to ensure completion of the reac-
tion, the solvent was then removed in vacuo, and the
white residue was suspended in diethyl ether (20 ml).
The suspension was added via a cannula to a solution
of CpTiCl, (1.80 g, 8.26 mmol) in diethyl ether (30 ml).
The red solution was stirred at room temperature for
18 h. The solvent volume was reduced by half in vacuo,
and 6 M aqueous HCI (20 ml) was added. The precipi-
tate was filtered off and washed with 6 M aqueous HCl
until the washings were colourless. The solids were
then washed with cold diethyl ether (2 X5 ml) and
dried in vacuo. Recrystallization of the red solid from
hot toluene yielded dark red, needle-like crystals (0.103
g), which were shown by NMR spectroscopy to the
(CpEt),TiCl, contaminated with 14 mol% of Cp,TiCl,
and a small amount of (CpEt)CpTiCl,.

4.3. Synthesis of (Cp'Bu),TiCl,

A solution of "BuLi in hexane (14.4 ml, 24.1 mmol)
was added dropwise to a solution of freshly cracked
'BuCpH (2.66 g, 21.9 mmol) in hexane (25 ml) at room
temperature. The solution became viscous and a white

precipitate of Li{Cp'Bu] separated. The mixture was
stirred at room temperature for 30 min to ensure
completion of the reaction, the solvent was then re-
moved in vacuo, and the white residue was suspended
in diethyl ether (20 ml). The suspension was cooled to
0°C and added via a cannula to a solution of TiCl,
(2.00 g, 10.5 mmol) in diethyl ether (30 ml) at 0°C. The
red mixture was stirred at room temperature for 18 h
and the solvent then removed in vacuo to leave a red
solid, which was collected on a frit and washed with 1
M aqueous HCI (40 mi) containing NaCl (1.56 g) and
then 6 M aqueous HCI until the washings were colour-
less. The red solid was then washed with dry ethanol
(2 x5 ml) and diethyl ether (2 X 5 mi) and dried in
vacuo. It was then recrystallized from CH,Cl,/hexane
at —20°C to give crystals of the desired compound in
16% vyield.

4.4. Synthesis of (Cp'Bu)CpTiCl,

A solution of "BuLi in hexane (5.7 ml, 9.13 mmol)
was added dropwise to a solution of freshly cracked
'‘BuCpH (0.99 g, 8.23 mmol) in hexane (20 ml) at room
temperature. The solution became viscous and a white
precipitate of Li[Cp'Bu] separated. The mixture was
stirred at room temperature for 1 h to ensure comple-
tion of the reaction, the solvent then removed in vacuo
and the white residue suspended in diethyl ether (20
ml). The suspension was cooled to 0°C and added via a
cannula to a solution of CpTiCl, (1.80 g, 8.23 mmol) in
diethyl ether (30 ml) at 0°C. The red mixture was
stirred at room temperature for 18 h and the solvent
volume then reduced by half in vacuo, and 9 M aque-
ous HCl (20 ml) was added. The solids were filtered off
and washed with 9 M aqueous HCI until the washings
were colourless. The red solid was then washed with
cold diethyl ether (3 X 5 ml) and dried in vacuo. Re-
crystallization from hot toluene gave red crystals of the
desired product in 24% vyield.

4.5. Ethylene polymerization reactions

The procedure outlined in [3] was used, with the
following modifications Ethyl aluminium sesquichlo-
ride (Et,AlCl- EtAICI,) was used as co-catalyst in
place of aluminoxane and was injected into the auto-
clave immediately after the introduction of catalyst
solution into the reactor. Typical reaction conditions
were: T, = 50°C, pg =10 bar, [Ti]=625%x10"° M,
[Al] =121 X107% M, Al/Ti =194, 1, = 45 min.
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