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Abstract

The syntheses of ketimide titanium complexes of the type Ti(N=C'Bu,);X (X = Cl, Cp, Ind), Ti(N=C'Bu,)4 and the zirconium
complex CpZr(N=C'Bu,),Cl are described. When activated by MAO, all compounds are ethylene polymerisation catalysts. In the
conditions studied, the most active catalyst is CpZr(N=C'Bu,),Cl, with an activity of 2.7 x 10> kg/(molZr [E] h). Titanium com-
plexes are less active by about two orders of magnitude. The polyethylene produced is linear, as determined by NMR spectroscopy.
Molecular structures of Ti(N=C'Bu,);X (X = Cl, Cp, Ind) and Ti(N=C'Bu,), were determined by X-ray single crystal diffraction.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The search for non-metallocene olefin polymerisation
catalyst has dominated the chemistry of Group 4 metal
complexes over the past decades. Carbon-, nitrogen- and
oxygen-based ligands have been replacing one or both
Cp ligands of metallocenes, giving rise to new classes
of compounds that have a wide range of activities to-
wards the polymerisation of olefins [1]. Nitrogen-based
ligands have, in particular, been given much attention
over the past decade and, as a result, new support moi-
eties for Group 4 complexes, many of which are active
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catalysts in olefin polymerisation, have been reported
[2-12].

Although known for several decades, ketimide lig-
ands never played an important role in early transition
metal chemistry. Recently, however, compounds
Cp'Ti(N=CR,)X, were patented by Nova Chemicals
[13,14]. These are highly active olefin polymerisation
catalysts, with reported activities of 10% g/(molTi [E] h)
and 107 g/(molTi [E] h) for ethylene and propylene
homopolymerisation, respectively [15]. Cp,Zr(N=CRj)
Cl was also reported recently [16,17] and tested as an
olefin polymerisation catalyst, showing a slightly lower
activity than Cp,ZrCl,. Ketimide ligands are thus
emerging as potential ancillary ligands in Group 4
chemistry.

In this paper, we report the syntheses of a new half-
sandwich ketimide Zr(IV) complex and its behaviour
in ethylene polymerisation catalysis. We also report
the synthesis of new Ti(IV) complexes containing three
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and four ketimide ligands and their ethylene polymerisa-
tion activity.

2. Results and discussion
2.1. Synthesis and characterization

Treatment of TiCl; with two equivalents of
LiN=C'Bu, in toluene affords Ti(N=C'Bu,);Cl, 1
(Scheme 1). This non-stoichiometric product is obtained
pure as a bright-red microcrystalline solid in the condi-
tions described, in various reaction scales (see Section 3
for details). Changing reaction conditions such as the
TiCl,:LiN=C'Bu, ratio or using TiCl4(THF), in THF
with 1:2 or 1:3 ratios affords 1, in similar yields, as the
major component of a mixture of compounds that we
were unable to identify.

Proton and carbon NMR data for 1 are comparable
to other Ti-ketimide complexes found in the literature
[15,18,19] Experimental values for elemental analysis
are slightly lower than the theoretical ones, probably
due to the compound’s high sensitivity to air and mois-
ture and so, its formulation was confirmed by high-res-
olution electron ionisation mass spectrometry (EI/FT
ICR-MS). The spectrum shows a signal at m/z =
503.33779 corresponding to [C,7HssN;CI**Ti]” with
the correct isotopic pattern.

Suitable crystals for X-ray single crystal analysis were
grown overnight from a concentrated hexane solution at
4 °C. The molecular structure of 1 is shown in Fig. 1. Se-
lected bond lengths and angles are presented in Table 1.
The titanium coordination is best described as distorted
tetrahedral, with angles ranging from 105.8(3)° to
113.6(3)°. The ketimide ligands are arranged around

Fig. 1. Molecular structure of 1 showing atom-labeling scheme.
Hydrogen atoms are omitted for clarity (thermal ellipsoids at 40%
probability level).

the Ti—Cl axis in a propeller-like fashion, with angles be-
tween the Ti—Cl axis and the axis defined by the quater-
nary carbons of the ketimide ligands between 36.06(30)°
and 46.02(38)°. The Ti-N=C angles are nearly linear,
varying from 170.8(7)° to 175.6(7)°. This is a common
feature of Group 4 ketimide complexes [15,16,19] and
implies that the N atom has an sp hybridization. The
Ti—N bond has therefore some n character, as reflected
by the Ti-N distances. The values encountered for this
complex (between 1.817(12) and 1.836(8) A) are typical
of titanium—ketimide complexes [15,19] and lay between
Ti=NR distances (average of 1.722 A [20]) and Ti-NR,

CpTi(N=C'Bu,);

i)

i)

TiCl, + 2LIN=C'Bu, —————— Ti(N=C'Bup);Cl —————— IndTi(N=C'Buy),

TiCly + 4LIN=C'Bu,

3

Ti(N=C'Buy)4

Scheme 1. (i) Toluene, —80 °C to R.T., (ii) NaCp, THF, R.T., (iii) NaInd, THF, R.T., (iv) LIN=C'Bus,, toluene, —50 °C to R.T; (i) Toluene, —80 °C

to R.T.
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Table 1

Selected bond lengths (A) and angles (°) for compound 1

Bond lengths (A) Angles (°)

Til-N1 1.817(12) NI1-Til-N2 109.3(4)

Til-N2 1.834(9) NI1-Til-N3 107.1(3)

Til-N3 1.836(8) N2-Til-N3 105.8(3)

Til-Cll 2.268(4) NI1-Til-Cll 109.7(3)

N1-C10 1.273(12) N2-Til-Cll 111.0(3)

N2-C20 1.250(11) N3-Til-Cl1 113.6(3)

N3-C30 1.261(11) CI10-N1-Til 173.5(7)
C20-N2-Til 170.8(7)
C30-N3-Til 175.6(7)
C11-C10-C12 123.4(9)
C21-C20-C22 123.8(8)
C31-C30-C32 123.8(9)
(Til-Cl1)—~(C11-C12) 36.06(30)
(Til-Cl1)—~(C21-C22) 46.02(38)
(Til-Cl1)—~(C31-C32) 40.81(45)

bond lengths (mean value of 1.939 A [21]). The N=C
bond lengths are similar to those found in reported tita-
nium-ketimide complexes [15,19] and the Ti—Cl distance
is also typical of a terminal titanium—chloride bond [21].

Compound 1 reacts with NaCp and Nalnd in THF
to afford dark orange CpTi(N=C'Bu,)s;, 2, and dark
red IndTi(N=C'Bu,);, 3, in essentially quantitative
yields (Scheme 1). The NMR spectra of 2 and 3 show
‘Bu, Cp and Ind at the usual chemical shifts, both in
the 'H and the ’C spectra. However, the '*C reso-
nance for the N=C carbon in both compounds is
shifted upfield when compared with 1 (180.8 ppm
for 2 and 182.2 ppm for 3 vs 197.3 for 1) or with
any other Ti-ketimide complexes found in the litera-
ture [15,18,19]. This is consistent with a richer metal
centre and thus the imine carbon resonance can be
used as a probe for the acidity of titanium-ketimide
complexes.

Suitable crystals for X-ray diffraction of complex 2
were obtained in a few hours from a concentrated hex-
ane solution at 4 °C. Compound 3, which is more solu-

Fig. 3. Molecular structure of 3 showing atom-labeling scheme.
Hydrogen atoms are omitted for clarity (thermal ellipsoids at 40%
probability level).

ble, afforded good quality crystals from a
hexamethyldisilane concentrated solution, also at 4 °C.
Figs. 2 and 3 depict the molecular structures of com-
plexes 2 and 3, respectively. Selected bonds lengths
and angles are presented in Table 2. Complex 3 has
two different molecules in the asymmetric unit, with sim-
ilar structural parameters. Only one is shown. The mol-
ecule not shown had disorder in one of the ‘Bu groups,
which was modelled satisfactorily.

Both complexes adopt distorted three-legged piano-
stool coordination geometry. The angles of the planes
defined by the Cp rings and the planes defined by the
three nitrogen atoms are 11.13(0.08) and 9.00(2.50) for
complexes 2 and 3, respectively. The Cp ring in complex
2 is planar (maximum deviation from plane of 0.033(13)
A for C5), with a typical Ti-Cpcen distance of 2.0739(4)
A (Cpeent 1s the centroid of the Cs ring) [21]. Likewise,
the indenyl ligand is also planar (maximum deviation

Fig. 2. Molecular structure of 2 showing atom-labeling scheme. Hydrogen atoms are omitted for clarity (thermal ellipsoids at 50% probability level).
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Table 2

Selected bond lengths (A), angles (°) and angles between planes (°) for compounds 2 and 3

Bond Lengths (10\) 2 3 Angles (°) 2 3
Til1-Cpeent 2.0739(4) 2.1342(4) Cpeen—Til-N1 110.64(6) 108.97(7)
Til-N1 1.9082(16) 1.9119(19) Cpeent—T11-N2 128.62(6) 127.28(7)
Til-N2 1.8987(15) 1.8865(18) Cpeen—Til-N3 109.50(6) 111.03(7)
Til-N3 1.9068(16) 1.9008(18) NI1-Til-N2 94.96(7) 95.40(8)
Til-C1 2.363(2) 2.396(2) NI1-Til-N3 116.31(7) 118.06(8)
Til-C2 2.412(2) 2.338(2) N2-Til-N3 96.45(6) 96.06(8)
Til-C3 2.431(2) 2.390(2) Til-N1-C10 179.17(15) 172.68(16)
Til-C4 2.393(2) 2.564(2) Til-N2-C20 179.15(14) 176.32(16)
Til-C5¥/Ti1-C9® 2.356(2) 2.559(2) Til-N3-C30 178.98(15) 176.96(17)
N1-C10 1.259(2) 1.262(3) C11-C10-C12 122.11(16) 121.93(19)
N2-C20 1.260(2) 1.263(3) C21-C20-C22 123.83(15) 123.20(18)
N3-C30 1.262(2) 1.260(3) C31-C30-C32 122.90(16) 122.81(18)
Angles between planes and angles between axis (°)

CPeen—(N1-N2-N3) 11.13(8) 9.00 (2.50)
(Cpeent)—(C10-C11-C12) 25.70(14) 10.11(32)
(Cpeent)—(C20-C21-C22) 89.34(13) 83.96(13)
(CPpeent)—(C30-C31-C32) 25.22(22) 34.70(19)
(Cpeent—T1)—~(C11-C12) 81.89(7) 89.46(3.19)
(Cpeent—T1)—(C21-C22) 38.06(6) 41.25(3.35)
(Cpeent—T1)—~C31-C32) 89.56(7) 81.17(2.75)

CpPeent 1s the centroid of the aromatic ring (Cp for 2 and Ind for 3).
% For complex 2.
® For complex 3.

from plane of 0.0612(373) A for C2 for all nine atoms).
The angle between the planes defined by the five- and the
six-carbon rings is only 3.58(15)°. The Cpcen—Ti dis-
tance is 2.1343(4) A.

The distortion in the three-legged piano-stool coordi-
nation geometry is best illustrated by the angles around
the titanium atom. The Cpc.,—Ti—N angles vary from
109.50(6)° to 128.62(6)° for 2, and from 108.97(7)° to
127.28(7)° for 3, whereas the N-Ti-N angles vary from
94.96(7)° to 116.31(7)° for 2 and from 95.40(8)° to
118.06(8)° for 3. This is a direct consequence of the
bulkiness of the ketimide ligands. In both complexes,
the Cpeenc—Ti-N(2) (128.62(6)° for 2 and 127.28(7)° for
3) and the N(1)-Ti-N@3) (116.31(7)° for 2 and
118.06(8)° for 3) angles are significantly larger than the
other angles around the titanium atoms because there
are two ligands positioned roughly parallel to the Cs
plane (angles of 25.70(14)° and 25.22(22)° for 2 and
10.11(32)° and 34.70(19)° for 3), whereas the third is
placed almost vertically (89.34(13)° for 2 and
83.96(13)° for 3). The propeller-like arrangement of
the ketimide ligands found in 1 is thus lost. The angles
between the Ti—Cpeen; axis and the axis defined by the
two ‘Bu quaternary carbons of each ketimide ligand
vary from 38.06(6)° to 89.56(7)° for 2 and from
41.25(3.35)° to 89.46(3.19)° for 3 (see Table 2). Interest-
ingly, there is only one signal for the ‘Bu groups in the
"H NMR spectrum even at —80 °C, implying a fast ex-
change in the NMR time-scale between the horizontal
and the vertical arrangements. The Ti—N bond distances
are slightly longer than the analogous bonds in 1. The

values are similar in magnitude to the Ti—-NR, bonds
[22] and reflect the richer metal centres of 2 and 3, as
previously suggested from the NMR data. All other
features concerning the ketimide ligands are comparable
to 1.

From the molecular structures above, it is clear that
ligands in 2 and 3 offer important steric coverage to
the metal centres. This, together with less acidic metal
centres, confer unusual robustness to these complexes
when compared to other half-sandwich Ti(IV) com-
pounds. Complex 2 survives in contact with air for sev-
eral days in the solid state and several hours in solution,
whereas 3 can survive for a few hours under the same
conditions.

Complexes 2 and 3 exhibit v(N=C) IR frequencies of
1631 and 1626 cm ™', respectively, which are consistent
with 5'-ketimide moieties [16].

Ti(N=C'Bu,)4, 4, was obtained in good yield as a
dark red solid both by reaction of 1 with one equivalente
of LIN=C'Bu, and directly by treatment of TiCl, with
four equivalents of LIN=C'Bu, (Scheme 1). The '*C
NMR spectrum of this compound shows the N=C res-
onance at 188.7 ppm that, compared to 1, appears
up-filed shifted (188.7 vs. 197.3 ppm) as expected for a
richer metal centre. This value is, however, down-field
shifted relativelly to the correspondent values found in
2 and 3 (188.7 ppm vs. 180.8 ppm for 2 and 182.2
ppm for 3), consistently with the greater donor ability
of the cyclopentadienyl and indenyl rings. This may ex-
plain why, unlike 2 and 3, complex 4 is highly unstable
to air and moisture.
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Experimental values for elemental analysis are
slightly lower than the theoretical ones, probably due
to a slight contamination with the crystallization sol-
vent, hexamethyldisilane. The result compares well with
a mixture containing 6 molecules of 4 per molecule of
hexamethyldisilane. Complex formulation was con-
firmed by highresolution mass spectrometry, that gave
a signal at 608.51365, corresponding to [C3H7,N$*Ti] .

Crystals of 4 were obtained but showed poor quality
for single crystal X-ray diffraction. It was however pos-
sible to determine its molecular structure, depicted in
Fig. 4. Relevant bonds and angles are presented in Table
3. The geometry around the titanium atom is best de-
scribed as slightly distorted tetrahedral, with angles
around the titanium atom ranging from 107.9(4)° to
110.3(5)°. Both the Ti—N bonds and the Ti-N=C angles
are comparable to those found in 1, varying in this case
between 1.848(9) and 1.906(11) A and between 171.0(8)°
and 177.0(10)°, respectively. Thus, unlike for complexes
2 and 3, where substitution of the chloride ligand by a
Cp and Ind rings influences the Ti-N distances, the en-
try of a fourth ketimide ligand introduces no significant
change. All other features concerning the ketimide lig-
ands are comparable to 1.

CpZrCl; - DME reacts with two equivalents of
LiN=C'Bu, in toluene to afford CpZr(N=C'Bu,),Cl,
5, as a yellow solid, in 91% yield. Similarly to what
was observed for compound 1, the reaction of CpZrCls.
DME with one equivalent of LIN=C'Bus, led, not to the
expected CpZr(N=C'Bu,)Cl,, but to 5. Non-stoichio-
metric reactions appear thus to be a trend in reactions
of Group 4 metals with these ligands and, in this respect,
they resemble dialkyl amido ligands, which reactivity is

Ti1 G/D—O
}\\10 O~ 20
N4 \
c40 /‘)\O

Fig. 4. Molecular structure of 4 showing atom-labeling scheme.
Hydrogen atoms are omitted for clarity (thermal ellipsoids at 30%
probability level).

Table 3
Selected bond lengths (A), angles (°) and angles between planes (°) for
compound 4

Bond lengths (A) Angles (°)
Til-N1 1.848(9) N1-Til-N2 108.7(4)
Til-N2 1.906(11) NI1-Til-N3 107.94)
Til-N3 1.863(8) N2-Til-N3 110.3(5)
Til-N4 1.859(9) NI1-Til-N4 109.1(4)
N1-C10 1.274(14) N2-Til-N4 105.4(4)
N2-C20 1.272(14) N3-Til-N4 115.2(4)
N3-C30 1.224(16) C10-N1-Til 171.0(8)
N4-C40 1.254(13) C20-N2-Til 177.0(10)
C30-N3-Til 172.1(11)
C40-N4-Til 175.5(8)
C11-C10-C12 122.4(11)
C21-C20-C22 124.3(9)
C31-C30-C32 119.4(12)
C41-C40-C42 123.3(9)

very often controlled by stereochemistry with concomi-
tant ligand exchange reactions. The NMR data for 5
are, as expected, comparable to those of 2, except for
the imine carbon resonance that was not detected, even
when long relaxation times were used.

2.2. Polymerisation studies

The titanium complexes 1, 2 and 3 were investigated
as catalyst precursors in the polymerisation of ethylene.
The polymerisation results obtained with the catalysts
activated by methylaluminoxane (MAQ) are shown in
Tables 4-6.

The results indicate that temperature activation is
necessary for the polymerisation to occur, since below
40 °C the activity is very low or zero. The maximum
in the activity is observed at 80 °C for all the catalyst
systems (Table 4). At 98 °C, the activity of 1/MAO de-
creases, but it still remains higher than at 60 °C. This ef-
fect may be due either to some decomposition of the
active species or to the effect of the temperature on the
olefin coordination step, since temperature raise in-
creases the rate of olefin dissociation and consequently
the falling of active species concentration.

The Al/Ti ratio affects the activity of systems 1, 2 and
3 that increases with the increase of Al/Ti ratio. The cat-
alyst precursor concentration also affects the activity of
all systems. In the case of complexes 1 and 2, a maxi-
mum in activity is reached at the concentration of 160
UM. For complex 3, the highest activity is observed at
the lowest concentration studied, thus revealing an
opposite trend (Table 6).

The catalyst systems 1 and 3/MAO, under the best
experimental conditions, show quite similar activities
(778 and 1077 kg/(molTi [E] h), respectively). Complex
2, however, behaves differently. Its activity is around
20 times lower than those of the others. While the activ-
ity of the complexes 1 and 3 decreases with the polymer-



A.M. Martins et al. | Journal of Organometallic Chemistry 690 (2005) 874-884 879

Table 4

Ethylene polymerisation by Ti systems (effect of temperature)

Run number Catalyst T O Time (min) Yield (g) Activity kg/(molTi [E] h) Tinax (°C) Tons (°C) AH; (J/g)
PJ2 L;TiCl, 1 1 30 0.0048 5.6

PJ3 21 30 0.0056 7.5

PJ1 40 30 0.0236 37.8 135.0 124.4 187
PJ5 60 30 0.0488 100.1

PJ4 80 30 0.2394 702.2 130.5 1234 223.7
PJ40 98 30 0.1025 506.8

PJ65 80 60 0.3179 470

PJ44 L;TiCp, 2 1 60 Traces -

PJ45 21 60 0.0039 2.5

PJ43 40 60 0.0195 15.5 137.2 124.8 151.7
PJ46 80 60 0.0313 414 132.8 126.5 164.3
PJ101* 100 30 0.0330 80.6

PJ102% 100 60 0.0702 94.3

PJ 75 80 30 0.0085 24.0

PJ49 L;Tilnd, 3 1 60 Traces -

PJ50 21 60 Traces -

PJ48 40 60 0.0303 24.3 136.5 125.2 157.1
PJ52 60 60 0.2081 206.6

PJ51 80 60 0.2822 400.1 1359 125.8 178.8
PJ 72 80 30 0.2802 791.1

Experimental conditions: v = 50 ml toluene; Cocatalyst MAO; Al/Ti = 2000; P(E) = 2 atm; [Ti] = 80 uM except.  [Ti] = 160 uM.

Table 5
Ethylene polymerisation by Ti systems (effect of Al/T1)

Run number Catalyst Time (min) AlTi [Ti] (uM) Yield (g) Activity kg/(molTi [E] h)
PJ63 L;TiCl, 1 60 500 250 0.3278 155.1
PJ8 30 1000 80 0.0961 276.6
PJ4 30 2000 80 0.2394 702.2
PJ9 30 4000 80 0.2628 756.5
PJ56 L;TiCp, 2 60 100 250 - -
PJ53 60 200 250 0.0132 5.9
PJ54 60 500 250 0.051 223
PJ5S 60 1000 250 0.1004 44.0
PJ61 L;Tilnd, 3 60 100 250 0.0006 0.3
PJ58 60 200 250 0.2562 117.9
PJ59 60 500 250 0.3323 149.7
PJ60 60 1000 250 0.5278 235.4

Experimental conditions: v = 50 ml toluene; Cocatalyst MAO; P(E) =2 atm; 7' = 80 °C.

isation time, being, after 60 min, around one half of that
observed after 30 min (Table 3, runs PJ 4 vs PJ 65 and PJ
72 vs PJ 51, respectively) the activity of complex 2
increases with the polymerisation time (run PJ 75 vs
PJ 46 in Table 4). Thus, the results show that under
the experimental conditions studied all systems, except
2/MAO, deactivate along the polymerisation time. The
particular behaviour of complex 2 regarding the lower
activity observed when compared to that of the other
systems for the same reaction times and the increasing
of the activity along the polymerisation time may indi-
cate a lower activation rate, related to a higher activa-
tion energy. If this is the case, the induction period for
this system is longer, leading to lower active species con-
centration at the initial reaction stage. The raise of con-
centration of the active species along the polymerisation

time would account for the increase of the catalytic
activity. The steady increase of the activity with the tem-
perature and with the reaction time even for a tempera-
ture of 100 °C, observed for catalyst system 2/MAO,
seams to support this hypothesis. It is possible that for
higher polymerisation temperatures the activity pattern
of this system becomes similar to that of the other sys-
tems studied.

Complex 5 proved to be a very active catalyst in eth-
ylene polymerisation when activated by MAO (see Table
7). Like the titanium compounds, no polymer is ob-
tained at temperatures below 40 °C. The Al/Zr ratio also
affects the activity of this system that displays a maxi-
mum for an Al/Zr ratio of 2000. The high activity dis-
played by this system, two to three orders of
magnitude higher than the titanium systems studied
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Table 6
Ethylene polymerisation by Ti systems. Effect of catalyst concentration

Run number Catalyst Time (min) Al/Ti [Ti] (uM) Yield (g) Activity kg/(molTi [E] h)
PJ37 L;TiCl, 1 2000 30 20 0.0421 451.6
PJ38 2000 30 40 0.0994 578.6
PJ4 2000 30 80 0.2394 702.2
PJ39 2000 30 160 0.598 778.1
PJ64 500 60 125 0.2274 224.1
PJ63 500 60 250 0.3278 155.1
PJ75 L;TiCp, 2 2000 30 80 0.0085 24.0
PJ76 2000 30 160 0.0196 27.7
PJ57 500 60 125 0.0278 24.0
PJ54 500 60 250 0.051 223
PJ74 L;Tilnd, 3 2000 30 40 0.1909 1077.9
P72 2000 30 80 0.2802 791.1
PJ73 2000 30 160 0.4418 623.7
PJ62 500 60 125 0.2786 237.9
PJ59 500 60 250 0.3323 149.7
Experimental conditions: v = 50 ml toluene; Cocatalyst MAO; P(E) = 2 atm; 7' = 80 °C.

Table 7

Ethylene polymerisation by the Zr system 5/MAO

Run number AlZr T°C Time (min) [Zr] (pM) Yield (g) Activity kg/(molZr [E] h)
101 2000 0 10 20 0 -

102 2000 20 10 20 0 -

100 2000 40 10 20 0.005 28.3
110 2000 60 10 20 0.0758 1681
103 2000 80 10 20 1.2138 31592
109 4000 80 5 5 0.045 11203
106 2000 80 5 5 0.1104 27483
107 1000 80 5 5 0.0157 3257
108 500 80 5 5 0.0180 3754

Experimental conditions: v = 50 ml toluene; Cocatalyst MAO; P(E) = 2 atm.

here, imposed shorter polymerisation times due to diffu-
sion problems in the media. The higher activity of the
zirconium system when compared to the titanium ones
is in agreement with several results reported in the liter-
ature that refer zirconium complexes as much more ac-
tive than the titanium analogues [23].

'H and '*C NMR spectra of the polymers show that
linear polyethylene was obtained with all the systems.
The thermal properties of the polymers were studied
by differential scanning calorimetry. The results, in-
cluded in Table 4, show that an increase in the reaction
temperature is always associated with a decrease in the
melting temperature, 7Tp.x, given by the maximum of
the melting peak. This may indicate, as expected, that
lower molecular weight polymers are obtained at higher
polymerisation temperatures. Although the differences
in thermal properties of the polymers are small, it is
clear that the polymers obtained with the system 1/
MAO have the lowest melting temperature and the high-
est enthalpy of fusion, independently of the reaction
temperature. This result may be attributed to Kinetic
factors and reflect lower polymer molecular weights. In-
deed, lower melting temperatures may be related either

to lower polymer crystallinity or to lower polymer
molecular weights [24]. Since an increase in crystallinity
is observed, a decrease in molecular weights should
occur. The highest melting temperatures were observed
for polymers obtained with the system 3/MAO and
2/MAO at 80 and 40 °C, respectively. The polymer
obtained with the zirconium system at 80 °C shows a
slightly lower melting temperature (7,,,=131.9 °C) and
fusion enthalpy (AH=108.9 J/g) than the polymers
obtained with the titanium system.

For the systems described above, the nature of the ac-
tive species is not yet well established. To get insight into
this matter we prepared and performed preliminary cat-
alytic studies with cationic species [Ti(N=C'Bu,)s]" [25].
Our results rule out the possibility of olefin insertion
into a Ti-N bond and therefore suggest that MAO is
responsible not only for the metal alkylation but also
for the removal of one ketimide ligand leading to cati-
onic species [Ti(Me)(N=C'Bu,),]". Assuming that a
ketimide ligand is also eliminated in systems 2/-, 3/-
and S/MAO, the active species would be
[MCp’(Me)(N=C'Bu,)]*. Alternatively, we may envis-
age the removal of Cp’, which would lead to species
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[M(Me)(N=C'Bu,),]". Further studies, aiming to clarify
these aspects, are underway [25].

3. Conclusions

Two equivalents of LiN=C'Bu, react with TiCl, to
afford Ti(N=C'Bu,);Cl, 1. Chloride substitution by
Cp, Ind and N=C'Bu, gives CpTi(N=C ‘Bu,);, 2,
IndTi(N=C'Bu,)3, 3, Ti(N=C'Bu,),, 4, respectively, in
quantitative yields. Compound 4 was also obtained di-
rectly by reaction of TiCly; with four equivalents of
LiIN=C ’Buz.

Complexes 1, 2 and 3 are active in the polymerisation
of ethylene when activated by MAO, with activities of
about 1000 kg/molTi [E] h for all complexes. All tita-
nium complexes show a maximum of activity at 80 °C
and an Al/Ti ratio of 2000 provided the best results in
all cases. Among all the systems studied, the activation
reaction of complex 2 is the slowest one. Not only the
catalysts system 2/MAO shows the lowest activity but
also the longest induction period, with continuous activ-
ity increases during the first hour of polymerisation
reaction.

CpZrCl; - DME reacts with two equivalents of
LiN=C'Bu, to afford CpZr(N=C'Bu,),Cl, 5 that is a
very active polymerisation catalyst when activated by
MAO, with a maximum of activity of 2.7 x10° kg/
(molZr [E] h).

NMR spectra show that the polyethylene produced is
linear and DSC experiments show that the thermal
parameters are similar for all polymers and that for all
systems the increase of the reaction temperature de-
creases the polymers melting temperature.

4. Experimental
4.1. General procedures

All manipulations, except stated otherwise, were car-
ried out under nitrogen, using either standard Schlenk-
line or dry-box techniques. .

Solvents were pre-dried using 4 A molecular sieves
and refluxed over sodium-benzophenone (diethyl ether,
tetrahydrofuran and toluene) or calcium hydride
(dichloromethane, hexamethyldisilane and n-hexane)
under an atmosphere of nitrogen, and collected by distil-
lation. Deuterated solvents were dried with molecular
sieves and freeze-pump-thaw-degassed prior to use.

'H and '*C NMR spectra were recorded in a Varian
Unity 300, at 298 K, unless stated otherwise. 'H and *C
NMR spectra were referenced internally to residual pro-
tio-solvent ('H) or solvent ('*C) resonances and re-
ported relative to tetramethylsilane (6 0). Peak
assignments were aided by NOE experiments (one-and

two-dimensional) and by one bond '*C-"H hetero-cor-
relations, as appropriate. "H NMR and '*C NMR pol-
ymer spectra were obtained on samples dissolved in
either a mixture of 1,3,5-trichlorobenzene with 30%
CsDg at 110 °C (the spectra were referenced internally
using hexamethyldisiloxane dy 0.058, dc 1.9 relative to
tetramethylsilane, TMS) or CDCl; at room
temperature.

Infrared spectra were recorded using KBr pellets on a
Jasco FT/IR 430. High-resolution electron ionisation
(EI) mass spectra were obtained by a Fourier transform
ion cyclotron resonance mass spectrometer (Finnegan
FT/MS 2001-DT spectrometer), equipped with a 3 Tesla
superconducting magnet. Elemental analyses were ob-
tained from the Laboratdrio de Analises do IST (Fisons
Instrument 1108). A differential scanning calorimeter,
DSCI121 from Setaram, was used to determine the ther-
mal properties of the polymers. In order to minimize the
differences in the thermal history of the samples, the pol-
ymers were subjected to a heating/cooling/heating cycle,
between 30 and 200 °C using a heating rate of 10 °C/min
and a cooling rate less than 10 °C/min. After the first
heating scan the samples remained at 200 °C for 10
min. The results obtained in the second heating runs
were registered and are presented. During the experi-
ments the sample holder was continuously purged with
argon.

TiCly was purchased from Aldrich and was freeze-
pump-thaw-degassed and then distilled trap-to-trap
prior to use. MAO (5% Al in toluene) was purchased
from Akzo Nobel and used as received. The compounds
LiN=CBu, [26], NaCp [27], Nalnd [27] and CpZrCl;.
DME [28] were prepared according to literature
methods.

4.2. Synthesis of Ti(N=C'Bu,);Cl (1)

A suspension of LIN=C'Bu, (5.43 g, 36.9 mmol) in
50 mL of toluene was added to a solution of TiCly
(3.50 g, 18.5 mmol) in 400 mL of toluene cooled to
—80 °C. The reaction mixture turned red immediately.
It was allowed to come slowly to room temperature over
a period of 3 h and was left stirring at room temperature
for 1.5 h. The solvent was pumped-off and the residue
extracted with hexane. Solvent removal gave 3.82 g of
1 (41% yield based on Ti) as a bright red microcrystal-
line solid. "H NMR (C¢Ds, 300 MHz): § 1.27 (s, 54H,
Bu). *C NMR (C¢Ds, 75 MHz): 6 197.3 (N=C), 45.7
(C(CHs3)3), 30.8 (C5). EI/FT ICR-MS: 503.33779 (100)
([C»7Hss N3CI*®Ti]7). Anal. Found (Calc.): C, 62.85
(64.34); H, 10.71 (10.80); N, 7.91 (8.34).

4.3. Synthesis of CpTi(N=C'Bu,); (2)

Complex 1 (0.560 g, 1.19 mmol) was dissolved in
approximately 10 mL of THF and a solution of NaCp
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(0.115 g, 1.31 mmol) in 20 mL of THF was added. The
mixture was allowed to stir at room temperature for 24
h. The solvent was pumped-off and the residue was ex-
tracted in hexane. Solvent removal affords 0.630 g
(99.2% yield) of a dark orange microcrystalline powder.
"H NMR (C¢Ds, 300 MHz): d 6.05 (s, SH, Cp), 1.23 (s,
54H, ‘Bu). >C NMR (C¢Dg, 75 MHz): 6 180.8 (C=N),
109.8 (Cp), 43.4 (C(CHs3)3), 31.1(C3). IR v(N=C) = 1631
em™!. Anal. Found (Calc.): C, 72.26 (72.02); H, 12.54
(11.14); N, 7.72 (7.87).

4.4. Synthesis of IndTi(N=C'Bu>); (3)

To a solution of 1 (0.606 g, 1.20 mmol) in 30 mL of
THF, Nalnd (0.182 g, 1.32 mmol) in 10 mL of THF
was added. The mixture stirred at room temperature
for 24 h and the THF was pumped-off. Extraction with
hexane affords 0.649 g of a dark-red solid (92.6 % yield).
"H NMR (C¢Dg, 300 MHz): & 7.48 (dd, *Jyys146 = 6.7 Hz,
*Tesu7 = 3.0 Hz, 2H, H5/HS), 6.96 (dd, *Jispe = 6.7 Hz,
“Jysu7 = 3.0 Hz, 2H, H6/H7), 6.42 (t, *Jim = 3.6 Hz,
1H/H2), 6.32 (d, *Ji112 = 3.6 Hz, 2H, H1/H3), 1.19 (s,
54H, Bu). C NMR (C¢Ds, 75 MHz): & 182.2
(C=N), 125.6 (C4/C9), 124.3 (C5/C8), 123.5 (C6/CT),
1149 (C2), 100.5 (C1/C3), 43.9 (C (CHjy);), 31.2
(C(C33)). IR ¥(N=C) = 1626 cm'. Anal. Found (Calc.):
C, 73.38 (74.07); H, 11.08 (10.53); N, 7.17 (7.20).

4.5. Synthesis of Ti(N=C'Bus)4 (4)

Method A: A suspension of LiN=C'Bu, (1.455 g,
9.88 mmol) in 30 mL of toluene was added to a solution
of TiCly (0.469 g, 2.47 mmol) in 30 mL of toluene,
cooled to —50 °C. The temperature was allowed to rise
to room temperature for 15 hours. Removal of the sol-
vent and subsequent extraction with hexane afforded
1.340 g (97% yield) of a dark red solid. Method B:
LiN=C'Bu, (0.0962 g, 0.65 mmol) was suspended in
20 mL of toluene and was added to a solution of 1
(0.331 g, 0.66 mmol) in toluene, cooled to —50 °C.
The mixture was allowed to reach room temperature
over a period of 15 hours and the solvent was then re-
moved. Extraction with hexane afforded 0.376 g of 4
(94% yield). '"H NMR (C¢D, 300 MHz): 1.34 (s, 72H,
‘Bu). >°C NMR (C¢Ds, 75 MHz): 188.7 (C=N), 44.7
(C(CHs3)3), 31.2 (C5). EI/FT ICR-MS: 608.51365 (100)
([C36H7,N;*Ti] 7). Anal. Exp. (Calc.): C, 70.25 (70.18);
H, 11.82 (11.94); N, 8.86 (8.85).

4.6. Synthesis of CpZr(N=C'Bu,),CI (5)

A suspension of LIN=C'Bu, (0.61 g, 4.14 mmol) in
toluene (20 mL) was added dropwise, at —64 °C, to a
suspension of CpZrCl;. DME (0.73 g, 2.07 mmol) in
the same solvent (20 mL). The solution temperature
was allowed to rise to 0 °C during 3 hours, while the col-

our of the mixture turned orange-yellow. The solvent
was pumped off and the residue was extracted in hexane.
The yellow solution obtained was separated from the
LiCl precipitate by filtration. Removal of the solvent
to dryness led to 5 as a yellow crystalline powder, in
91% yield (0.84 g). "H NMR (C;Ds, 300 MHz): § 6.23
(s, SH, Cp), 1.24 (s, 36H, ‘Bu). '°C NMR (C;Ds, 75
MHz): 6 110.0 (Cp), 43.9 (C(CH3);), 31.1 (CH3). MS
(BI, mlz): 447 (M"), 412 (M -—-CI}"), 390
({M — 'Bu}™), 382 ({M — Cp} ™), 355 ({M — CI-'Bu} "),
191 ({ZrCpClL}™), 91 (Zr"), 65 (Cp*). Anal. Found
(Calc.): C, 58.50 (58.22), H, 8.75 (8.69); N, 5.93 (5.86).

4.7. General procedure for olefin polymerisation

The polymerisation apparatus and polymer work up
were described in previous papers [29-31] The polymer-
isation mixture was quenched with acidic methanol
(2%HCI) and the precipitated polymer was filtered,
washed with methanol and dried in a vacuum oven at
60 °C during three days.

4.8. General procedure for X-ray crystallography

Pertinent details for the individual compounds can be
found in Table 8. Suitable crystals of complex 1 were
mounted on a MACH3 Nonius diffractometer equipped
with Mo radiation (4 = 0.70169 A). Data were collected
at room temperature. Solution and refinement were
made using SIR 97 [32] and sSHELXL-97 [33] included in
the package of programs winGgx-version 1.64.05 [34].
All non-hydrogen atoms were refined anisotropically
and the hydrogen atoms were inserted in idealized posi-
tions riding in the parent C atom.

Crystallographic data for complexes 2, 3 and 4 were
collected using graphite monochromated Mo
K, (/= O.710731°%) on a Bruker APEX CCD area detector
diffractometer equipped with an Oxford Cryosystems
open-flow nitrogen cryostat at 150 K. Data were cor-
rected for absorption using a multi-scan method (pro-
gram SADABS). The structures were solved by direct
methods using sHELXS-97 [35] and refined using full-
matrix least squares refinement against F° using
SHELXL-97 [33]. All non-H atoms were refined with
anisotropic atomic displacement parameters and hydro-
gen atoms placed in geometrically calculated positions
and included as part of a riding model, except the methyl
hydrogen atoms in the structure of complex 3, which were
located from difference Fourier syntheses and refined as a
rigid rotor. One ‘Bu group in complex 3 showed disorder
and was modelled over two half occupied sites. Crystals
of complex 4 had very poor diffracting quality, which is
shown not only by the weak diffraction pattern, but also
by the high thermal parameters, some disorder and finally
by the high R values. Data was merged for 2/m Laue
symmetry and refined in the centrosymmetric space



Table 8

Crystallographic Data for 1, 2, 3 and 4

Compound 1 2 3 4

Empirical formula Cs4H108CLNgTip CiasHa36N12Tis CagsHagsNo4Tig Cu32Hg6aNugTipn

Formula weight 504.08 533.72 583.78 913.31

Temperature (K) 293(2) 150(2) 150(2) 150(2)

Wavelength A) 0.70169 0.70173 0.70173 0.70173

Crystal system Triclinic Monoclinic Monoclinic Monoclinic

Space group P1 P121/cl P121/nl Cl12/cl

a (A) 10.274(7) 11.6262(8) 16.5517(11) 32.747(5)

b (A) 12.146(11) 28.342(2) 11.6032(7) 32.983(5)

¢ (A) 13.65(8) 11.2092(7) 37.345(2) 11.9713(17)

o (°) 82.42(6) 90.00 90.00 90.00

p(©) 86.94(5) 116.9180(10) 98.820(1) 108.116(20)

7 (°) 71.48(6) 90.00 90.00 90.00

V(A% 1601(10) 3293.4(4) 7087.4(7) 12289.06(90)

zZ 2 4 8 8

D, (g cm™) 1.046 1.076 1.094 0.987

Absortion coefficient 0.367 0.282 0.268 0.234

F000) 552 1176 2560 4056

Crystal size 0.52%0.09 x 0.03 0.57 % 0.49 x 0.39 0.69 x 0.49 x 0.06 0.66 x 0.49 x 0.29

Crystal morphology Needle Block Tablet Block

Color Red Red Red Red

0 range for data collection 1.78° —24.97° 2.09° —27.49° 2.15° =25.01° 1.96° —25.01°

Limiting indices 0<h<12; —13<k< 14 —15<h<13;0< k<36 —19<h<19; —13<k<13; 0<h<38,0<k<39;
—-16</< 16 0<I< 14 —43<1<40 -14<I< 14

Reflections collected/unique
Completeness to theta
Refinement method
Data/restrains/parameters
Goodness of fit on F>
Final R indices [I > 24(])]
R indices (all data)
Extinction coefficient
Largest difference peak

and hole (e 1353)

5869/5527 [Rine = 0.1474]
98.2% (6 = 24.97°)

Full matrix least-squares on F*
5527/0/1290

0.899

R, =0.1072, wR, = 0.2452

R, =0.2415, wR, = 0.3072
0.00713

—0.603 and 0.540

7492/7492 [Rine = 0.0000]
99.0% (6 = 27.49°)

Full matrix least-squares on F*
7492/15/343

1.248

R, =0.0551, wR, = 0.1230

R; =0.0573, wR, = 0.1243

0

—0.391 and 0.412

12,347/12,347 [Rine = 0.0000]
98.9% (6 = 25.01°)

Full matrix least-squares on F*
12,347/36/787

0.971

R, =0.0463, wR, = 0.1100

R, =0.0785, wR, = 0.1246

0

—0.227 and 0.06

10,818/10,818 [Riye = 0.0000]
99.8% (6 = 25.01)

Full matrix least-squares on F
10,818/20/556

2.049

R, =0.1994, wR2 = 0.4924

Ry =0.2220, wR, = 0.5065

0

1.472 and —1.065

#8818 (S00Z) 069 L1181y d1jpjauiouns.i() o punop | ‘v 32 Sulavpy W'y

€88
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group C2/c with one and half molecule in the asymmetric
unit. Nevertheless, the refinement shows undoubtly that
complex 4 is present as described. The molecular struc-
tures were done with ORTEP3 for Windows [36] included
in the software package.
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ited at the Cambridge Structural Database (CCDC
242495, CCDC 242496, CCDC 242497 and CCDC
249964, respectively). Copies of this information may
be obtained free of charge on application to CCDC,
12 Union Road, Cambridge CB2 1ET, UK. [fax: +44-
1223-336033, E-mail: deposit@ccdc.cam.ac.uk]. Supple-
mentary data associated with this article can be found,
in the online version at doi:10.1016/j.jorganchem.
2004.10.030.
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