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The synthesis of N,N�-alkyl 1,2-phenylenediamines 1,2-
C6H4(NHR)2 [R = CH2CH2CH3 (nPr), CH2tBu (Np)] was car-
ried out in three steps by lithiation of the primary 1,2-pheny-
lenediamine, reaction with the appropriate acyl chloride and
reduction with LiAlH4. The addition of nBuLi to a stirred so-
lution of N,N�-alkyl diamines in cold hexane resulted in the
immediate deposition of the corresponding lithium salts,
which react with [MCpR�Cl3] to give the diamidochloro(η5-
cyclopentadienyl)titanium and -zirconium complexes
[MCpR�{1,2-C6H4(NR)2}Cl] (4−10) [M = Ti, Zr; CpR� = η5-C5H5,
η5-C5(CH3)5, η5-C5H4(SiMe3); R = nPr, Np]. The compound

Introduction

The organometallic chemistry of group 4 transition met-
als is based largely on η5-cyclopentadienyl (Cp) complexes,
for example [MCp2R2] and [MCpR3] derivatives, which
doubtless figure among the best known organometallic sys-
tems.[1] Chelating diamido ligands are gaining increasing
interest in early transition metal chemistry.[2] Bidentate
(N�,N�) and tridentate (N�,N�,X; X � O,N) diamido li-
gands have been used as alternatives to η5-cyclopen-
tadienyl-based fragments, and non-η5-cyclopentadienyl
Group 4 metal complexes containing these ligands have
been investigated as precursors for living α-olefin polymer-
ization processes.[3] Descriptions of titanium and zirconium
derivatives combining η5-cyclopentadienyl and diamido
groups are limited, but they show an interesting chemical
reactivity.[4] The well-known amido(η5-cyclopentadienyl)[5]
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Fax: � 34-91-8854683
E-mail: tomas.cuenca@uah.es

[b] Anorganisch-chemisches Institut, Technische Universität
München,
Lichtenbergstrasse 4, 85747 Garching bei München, Germany

3154  2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim DOI: 10.1002/ejic.200400138 Eur. J. Inorg. Chem. 2004, 3154�3162

[Ti(η5-C5H5){1,2-C6H4(NnPr)2}Cl] (3) was obtained by treat-
ment of [Ti(η5-C5H5)Cl3] with 1,2-C6H4(NHnPr)2 in the pres-
ence of NEt3 in toluene. All the reported compounds were
characterized by the usual analytical and NMR spectroscopic
methods. The molecular structures of 3 and 7 were deter-
mined by single-crystal X-ray crystallography. The com-
pounds described here were further investigated as potential
olefin polymerization catalysts.

( Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2004)

and the more recently reported diamido(η5-cyclopen-
tadienyl)[6] derivatives are attracting increasing interest in
the context of α-olefin polymerization processes. The vast
majority of group 4 metallocene and related complexes used
as olefin polymerization precatalysts typically have two or
more abstractable or insertable alkyl (or halide) groups at-
tached to the metal. Examples of precatalysts containing
only one such group that can be actived for olefin polymer-
ization are scarce.[5h,6,7] This paper expands this class of
compounds by reporting monochlorotitanium and -zir-
conium complexes supported by Cp and chelating diamido
ligands which are of potential interest in the context of sin-
gle-site olefin polymerization catalysis.

We are interested in the synthesis and chemical behaviour
of [MCp�(LL)X] derivatives (Cp� � substituted or unsubsti-
tuted η5-cyclopentadienyl ring; LL � chelating diamido
and dialkoxo[7] ligands) and describe herein the synthesis
and characterization of new chlorodiamido complexes of
titanium and zirconium [MCpR�{1,2-C6H4(NR)2}Cl]
[M � Ti, Zr; CpR� � η5-C5H5, η5-C5(CH3)5, η5-
C5H4(SiMe3); R � nPr, Np]. The X-ray molecular struc-
tures of [Ti(η5-C5H5){1,2-C6H4(NnPr)2}Cl] and [Ti{η5-
C5H4(SiMe3)}{1,2-C6H4(NnPr)2}Cl] are also described. All
synthesized complexes were tested as potential catalysts for
ethylene and styrene polymerization after activation with
MAO.
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Results and Discussion

The N,N�-alkyl-1,2-phenylenediamines 1,2-C6H4(NHR)2

[R � nPr (1), Np (2)] were synthesized in good yield from
1,2-diaminobenzene by successive N,N�-dilithiation, reac-
tion with propionyl or trimethylacetyl chloride to give the
corresponding diamide derivative, and reduction with Li-
AlH4.[8] The propylamine was obtained as a brown oil and
the neopentylamine as an orange solid. The synthesis of
N,N�-bis(neopentyl)-1,2-phenylenediamine has been de-
scribed previously and it has been used in the synthesis of
1,2-phenylenediaminotin() complexes through a transam-
ination process.[9] The amines were spectroscopically and
analytically characterized. As it was obtained as an oil,
compound 1 could not be recrystallized or subjected to el-
emental analysis. The phenyl protons and the substituents
on the nitrogen atoms exhibit a characteristic set of 1H and
13C{1H} NMR resonances[10] (see Exp. Sect.).

The titanium and zirconium chelating diamido deriva-
tives were synthesized by the usual approach based on the
metathetical reaction of the dilithium salts of 1,2-pheny-
lenediamines with the appropriate metal halide. Treatment
of 1 and 2, at �78 °C, successively with nBuLi in hexane
and the appropriate titanium or zirconium compound
[MCpR�Cl3] in toluene gave the corresponding mono-cyclo-
pentadienyl chlorodiamido titanium and zirconium com-
plexes [MCpR�{1,2-C6H4(NR)2}Cl] (4�10) [M � Ti, Zr;
CpR� � η5-C5H5, η5-C5(CH3)5, η5-C5H4(SiMe3); R � nPr,
Np] (Scheme 1). Similar attempts to obtain N,N�-dipropyl-
1,2-phenylenediamidozirconium derivatives were unsuccess-
ful, which may be attributed to the larger size of zirconium
compared with titanium, favouring β-elimination de-
composition pathways. The compound [Ti(η5-C5H5){1,2-

Scheme 1
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C6H4(NnPr)2}Cl] (3) was synthesized by reaction of [Ti(η5-
C5H5)Cl3] with 1,2-C6H4(NHnPr)2 in the presence of NEt3

in toluene. Group 4 metal phenylenediamido complexes of
the non-cyclopentadienyl type[2d,9] M(NN)X2 and monocy-
clopentadienyl[4c] type MCp��(NN)X have recently been re-
ported.

Complexes 3�10 were obtained as black or red-brown
solids, soluble in aromatic hydrocarbons, dichloromethane,
chloroform, diethyl ether and alkanes (hexane and pen-
tane). Their purification was difficult, as they are highly
soluble in alkanes and polar solvents. They are both air and
moisture sensitive in solution and in the solid state, al-
though they can be stored unaltered for weeks under an
inert atmosphere. The complexes were characterized by the
usual analytical and spectroscopic methods. The elemental
analysis values found for 8 were inaccurate due to the pres-
ence of a small amount of LiCl in the mixture, which could
not be removed.

Most importantly in this type of complexes, the diamido
ligand can adopt different coordination modes[4e,11] and has
two possible conformations (supine orprone)[12] relative to
the cyclopentadienyl ring. The 1H NMR spectra (C6D6 and
CDCl3, room temperature) show the presence of only one
species, ruling out a mixture of the two rotamers (supine-
prone automerization) observed in solutions of similar mono-
cyclopentadienyl diene complexes.[4d,4e] The spectra show
the expected resonances for the cyclopentadienyl rings: one
singlet for the C5H5 and the C5Me5 protons and two sets
of pseudo triplets for the C5H4(SiMe3) ring protons, corre-
sponding to an AA�BB� spin system. The 1H NMR reson-
ances of the cyclopentadienyl protons appear as signals at
δ � 6.20�6.30 ppm for Cp, δ � 6.40�6.73 ppm for
CpSiMe3 and δ � 1.65�1.75 ppm for C5Me5. Such shifts
suggest that the cyclopentadienyl protons are not influ-
enced by phenylene magnetic anisotropy[13] and lead us to
propose that the phenylenediamido ligand adopts a supine
conformation.[4c] The methyl protons of the SiMe3 group
exhibit one singlet (δ � 0.25�0.26 ppm). The spectra for
compounds 3 and 7 show sets of multiplet, multiplet and
triplet for the N-CH2-CH2-CH3 fragment protons, respec-
tively, while two multiplets for the N�CH2 protons are ob-
served in the spectrum of the pentamethylcyclopentadienyl
derivative 5. These data indicate the diastereotopic nature
of the methylene protons bonded to the nitrogen atom. In
the spectra of compounds 4, 6, and 8�10 in C6D6, the neo-
pentyl groups show a singlet for the methyl protons and
a doublet of doublets corresponding to the diastereotopic
methylene protons. Similar spectroscopic features indicate
that the neopentyl-group signals in the spectra of com-
pounds 4, 6, 8 and 9 in CDCl3 exhibit a diastereotopic be-
haviour for the N�CH2 protons, while the spectrum of 10
in CDCl3 shows only one singlet assignable to these pro-
tons. Characteristic low-field chemical shift trends are ob-
served for the N�CH2 protons on going from free diamine
(δ � 2.6 ppm for 1 and δ � 2.8 ppm for 2) to an amido
coordination mode to the Lewis acid titanium atom in com-
plexes 3�10 (δ � 4�3.5 ppm). The phenyl protons appear
as two multiplets in the usual range.
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In the 13C NMR spectra of the free diamines 1 and 2 the

signals of the imine C-atoms are observed at δ � 138 and
138.9 ppm, respectively. The corresponding resonances for
the titanium and zirconium complexes are found at higher
field, at around δ � 125 ppm and δ � 137 ppm for the
neopentyl and propyl derivatives, respectively. These spec-
troscopic data are in agreement with Cs symmetry, consist-
ent with the presence of a mirror plane containing the Ti
and Cl atoms and bisecting the N�Ti�N angle of the che-
late diamido ligand.

A nuclear Overhauser enhancement (NOE) study of the
complexes[12c,12d] containing the Cp ligand confirms this
proposal. Irradiation of the Cp signal of the propyl deriva-
tive 3 results in a significant NOE enhancement of the CH2

signals, while irradiation of the Cp signal of the neopentyl
derivative 4 results in significant NOE enhancements in the
tBu and the CH2 signals. Irradiation of the Cp signals of 3
and 4 does not cause NOE enhancements in the phenyl sig-
nals. These observations suggest that the propyl and neo-
pentyl groups are in close proximity to the Cp ring, with
the diamido ligand adopting a supine conformation, con-
sistent with the disposition found in the solid state from the
X-ray structural analysis of 3 and 7.

Crystal Structure of [Ti(η5-C5H5){1,2-C6H4(NnPr)2}Cl] (3)
and [Ti{η5-C5H4(SiMe3)}{1,2-C6H4(NnPr)2}Cl] (7)

In order to establish the solid-state molecular geometry
for compounds of this type, X-ray crystal-structure analyses
of 3 and 7 were carried out. Single crystals of 3 and 7 ob-
tained by slow recrystallization from hexane solution were
of good enough quality to be analyzed by X-ray diffraction.
The crystal structure of 3 is shown in Figure 1 and Table 1
summarizes selected bond lengths and angles.

Figure 1. ORTEP representation of [Ti(η5-C5H5){1,2-
C6H4(NCH2CH2CH3)2}Cl] (3) in the solid state; thermal ellipsoids
are drawn at the 50% probability level; hydrogen atoms are omitted
for clarity
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Table 1. Selected interatomic distances (Å) and angles (deg) for
complexes 3 and 7

3 7

Ti�Cl 2.3270(5) 2.3101(5)
Ti�N1 1.9018(14) 1.9034(13)
Ti�N2 1.9014(13) 1.9048(12)
Ti�C13 2.358(2) 2.379(2)
Ti�C14 2.354(2) 2.353(2)
Ti�C15 2.350(2) 2.364(2)
Ti�C16 2.351(2) 2.371(2)
Ti�C17 2.355(2) 2.366(2)
Ti�Cg[a] 2.029 2.038
N1�C1 1.396(2) 1.396(2)
N1�C7 1.461(2) 1.461(2)
N2�C2 1.399(2) 1.398(2)
N2�C10 1.456(2) 1.464(2)
Cl�Ti�N1 104.46(4) 105.64(4)
Cl�Ti�N2 108.22(4) 104.51(4)
Cl�Ti�Cg 117.64 119.77
N1�Ti�N2 89.69(5) 89.48(5)
N1�Ti�Cg 117.46 116.34
N2�Ti�Cg 115.52 116.44
Ti�N1�C1 95.24(9) 97.05(9)
Ti�N1�C7 144.13(10) 142.14(10)
C1�N1�C7 119.01(13) 119.42(12)
Ti�N2�C2 95.37(10) 96.63(9)
Ti�N2�C10 144.51(11) 141.55(11)
C2�N2�C10 118.96(13) 119.59(12)

[a] Cg denotes the centroid of the Cp ligand.

The compound is monomeric with a tetrahedral coordi-
nation geometry around the titanium atom which coordi-
nated by an η5-cyclopentadienyl ring, a chloride ligand and
the two nitrogen atoms of the symmetrically chelated diam-
ido ligand. The structure contains a non-crystallographic
plane of symmetry containing the cyclopentadienyl and
phenylene ring centroids, the metal centre and the chlorine
atom. As expected from the NMR spectroscopic data (solu-
tion studies), the phenylenediamido ligand adopts a supine
conformation in the solid state, which minimizes the steric
interaction with the Cp ring, although a prone confor-
mation of the amido ligand in analogous monocyclopenta-
dienyl diazadiene group 4 and 5 metal complexes has also
been observed.[4d,4e] The nature of the alkyl substituents in
the nitrogen atom seems to have a dramatic effect on the
conformation geometry that the diene ligands adopt in half-
sandwich complexes. In the literature, the supine confor-
mation preferred for the nPr substituents and the prone con-
formation preferred for the tBu substituents have been
found.[12d,14] Unfortunately, we were not successful in pre-
paring crystals of the Np derivatives suitable for X-ray dif-
fraction studies, although we propose that, as in compound
3, a supine conformation can also be expected for Np de-
rivatives in the solid state.

The titanium atom is located out of the plane defined by
Cl and the nitrogen atoms [distance from Ti to
N(1)�N(2)�Cl plane of 0.923(1) Å] which is almost paral-
lel to the cyclopentadienyl ring with an interplanar angle of
4.6(1)°. The trigonal-planar geometry of the nitrogen atom,
corresponding to sp2 hybridization, is evidenced by the
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sums of the angles at N(1) (358.4°) and N(2) (358.8°) and
the comparatively short Ti�N bond lengths of 1.9018(14)
and 1.9014(13) Å, which point to a significant pπ-dπ inter-
action and are in agreement with reported values for related
titanium amido[2d,2e,15] complexes. The N�Ti�N angle is
89.69(5)°. The Ti�C(1) and Ti�C(2) distances [2.4600(15)
and 2.4635(15) Å] are long enough to allow donation of
electron density from the C(1)�C(2) bond to the titanium
atom. The phenylene ring shows a marked deformation.
Thus, the C(1)�C(2) [1.427(2) Å] distance is significantly
elongated with respect to the rest of the C�C distances in
the ring (average 1.390 Å). These Ti�C and C(1)�C(2)
bond lengths are longer and shorter, respectively, than simi-
lar distances reported for related diazadiene complexes[4d,4e]

in which a π interaction between the double diene C�C
bond and the metal centre is observed. The N�C bond
lengths are 1.396(2) and 1.399(2) Å for N(1)�C(1) and
N(2)�C(2), respectively, showing slight double-bond
character,[16] while the N�C(Pr) bond lengths of 1.461(2)
for N(1)�C(7) and 1.456(2) for N(2)�C(10) are consistent
with single bonds.

The five-membered chelate ring is not planar and the
phenylenediamido ligand is folded along the N(1)···N(2)
vector with a fold angle, Θ, of 49.77(7)°. Similar folding has
previously been interpreted in terms of κ4-σ2(N,N),π(C�C)
bonding.[2e,4c,17] However, our results indicate this situation
to be unlikely here.[9b]

The titanium-chlorine bond length is 2.3270(5) Å,
slightly longer that those found for related monocyclopent-
adienyl- and dicyclopentadienyl-type chloride complexes.

The crystal structure of 7 is shown in Figure 2 and
Table 1 summarizes selected bond lengths and angles. The

Figure 2. ORTEP representation of [Ti{η5-C5H4(SiMe3)}{1,2-
C6H4(NCH2CH2CH3)2}Cl] (7) in the solid state; thermal ellipsoids
are drawn at the 50% probability level; hydrogen atoms are omitted
for clarity
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structural parameters in the Ti-core of 7 are similar to those
observed in compound 3. The Cp ligand is oriented such
that the SiMe3 group is located in the plane bisecting the
N�Ti�N angle and in a trans position with respect to the
phenylene ligand.

Various coordination modes[11] [from η1-N to η4-N2C2

(σ2,π)] can be proposed for the diamido ligands, where the
N substituents regulate the steric demands at the metal cen-
tre. The bonding of the phenylenediamido ligand in com-
pounds 3�10 can be best described by a σ2,N,N bond with
a partial pπ-dπ nitrogen interaction (form A in Scheme 2)
and electronic density delocalization through the
N�C�C�N bond system (form B in Scheme 2) consistent
with the resonance hybrid form C, and such a ligand can
therefore produce more electronically saturated complexes,
consistent with a dianionic moiety that can donate between
four and six electrons to the metal centre. The phenylenedi-
amido ligand can therefore be considered as a σ2,π-enedi-
amide group structure in which the π-component is mainly
contributed by the two nitrogen lone pairs.[18]

Scheme 2

Olefin Polymerization

Complexes 3�8 were studied as α-olefin polymerization
pre-catalysts with methylalumoxane (MAO) as cocatalyst.

Ethylene polymerization was investigated using 50 mL to-
tal volume of toluene with 10�20 µmol of catalyst, with a
Al/Ti molar ratio of 1000 at 25 °C and 1 atm pressure. The
results are summarized in Table 2. Only traces of polymer
or no polymerization were found when the reaction was car-
ried out with propylene. Polymerization runs with the nPr
complexes resulted in moderate[19] activity (approx. 100 g of
PE/mmol of Ti·atm·h) of PE with activity increasing in the
order 7 � 5 � 3. This result indicates that the activity is

Table 2. Polymerization of ethylene by [TiCpR�{1,2-C6H4(NR)2}Cl]

Entry Catalyst[a] Activity[b] ∆Hm α (∆Hm/∆H°m) Tm

(J·g�1)[c] (°C)[c]

1 3 150 72.85 25 134
2 4 traces � � �
3 5 130 100.40 35 131
4 6 110 57.56 20 135
5 7 70 27.56 95 131
6 8 80 116.7 40 130

[a] Reaction conditions: temperature � 25 °C; pressure � 1 atm;
10�20 µmol of catalyst; molar ratio Al:Ti � 1000. [b] gPE/mmol
Ti·atm·h. [c] Determined by DSC.
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influenced greatly by the nature of the cyclopentadienyl
substituents. A lower activity was observed for the Np de-
rivatives. The activities of these chloro pre-catalyst systems
are lower[20] than those found for the well-known non-
cyclopentadienyl group 4 complexes containing chelating
diamido ligands;[2c,2i,3a,3b,3d,20] rapid deactivation path-
ways[15d,21] of these chloro compounds after the reaction
with MAO or TMA (present in MAO) could be a possible
explanation for this behaviour.

The PE polymer samples obtained had melting points of
130�135 °C, characteristic of high density polyethylene,
and remarkable differences in the ∆H enthalpy values. The
degree of crystallinity (α) found for these PEs was lower
than that expected for commercial HDPE, suggesting that
chain branching occurs during the polymerization pro-
cess.[22]

Styrene polymerization was studied using 35 mL total
volume of toluene and 5 mL of monomer; the results are
summarized in Table 3. For the nPr derivatives, the activity
for 3/MAO was higher than for the system 7/MAO; a lower
activity was found for 5/MAO (runs 1, 5 and 3, Table 3),
indicating that the cyclopentadienyl ligands exert a strong
influence on the activity of the catalyst and the order of
activity is lower than that obtained for [CpTiCl3] (used as
a reference point) under similar conditions.[23] The poly-
mers were precipitated in acidified MeOH, and syndiotactic
polystyrene was obtained, as evidenced by NMR spectro-
scopic analysis and the melting point values.[24]

Table 3. Polymerization of styrene with [TiCpR�{1,2-C6H4(NR)2}-
Cl]

Entry Catalyst[a] Activity[b] Tm (°C)[c]

1 3 536 256
2 4 146 253
3 5 245 274
4 6 68 277
5 7 480 266
6 8 120 266

[a] Reaction conditions: temperature � 50 °C; molar ratio Al:Ti �
1000; solvent � toluene (35 mL); monomer � styrene (5 mL). [b]

gPS/mmol Ti·h. [c] Determined by DSC.

It is a general observation that the complexes containing
the nPr amido ligand show higher polymerization activities
than the Np derivatives, suggesting that the activity is
highly influenced by the steric effect[25] at the titanium cen-
tre caused by n-propyl or neopentyl substituents at the ni-
trogen atom of the diamido ligand. Similar examples of the
influence of bulky substituents on catalytic polymerization
activity have been observed for related amidinate com-
plexes.[26]

Attempts to copolymerize styrene/ethylene were unsuc-
cessful and afforded a mixture of the two homopolymers.

The precatalyst complexes 3�8 have only one chloro li-
gand. We assume that initially the MAO cocatalyst reacts
with these complexes by methyl�halide exchange to afford

 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org Eur. J. Inorg. Chem. 2004, 3154�31623158

Ti�Me derivatives, followed by cleavage of one of the
Ti�N bonds by the AlMe3 component in the MAO cocata-
lyst to generate active cationic alkyl species in a
Ziegler�Natta olefin polymerization model.[27]

Conclusions

In this contribution we have described the synthesis and
the characterization of new chloro mono(η5-cyclopen-
tadienyl)phenylenediamidotitanium and -zirconium com-
plexes. X-ray diffraction studies confirm that compounds
with nPr substituted at the nitrogen atom adopt a supine
conformation in the solid state which is maintained in solu-
tion, as deduced from the NMR spectroscopic data. The
phenylenediamido ligand is bonded to the metal centre as
a dianionic ligand showing a σ2,π structure in which the π-
component is mainly contributed by the two nitrogen lone
pairs. NMR spectroscopic studies indicate that in solution
at room temperature only one species is present, with a su-
pine conformation, and no supine-prone automerization
(flipping of the titanium-diamido framework) is observed.
The catalytic activity of these compounds for olefin poly-
merization, when activated with MAO, was tested and stud-
ied. The steric effect of the n-propyl or neopentyl substitu-
ents at the nitrogen atom of the diamido ligand, and the
nature of the cyclopentadienyl ring, strongly influenced
catalytic polymerization activity.

Experimental Section

General Considerations: All manipulations were performed under
argon using Schlenk and high-vacuum-line techniques or in a glove
box model MO40-2. The solvents were purified by distillation un-
der argon before use by employing the appropriate drying/deoxy-
genated agent. Deuterated solvents were stored over activated 4-Å
molecular sieves and degassed by several freeze-thaw cycles. 1,2-
Diphenylamine, nBuLi, ClCOCH2CH3, ClCOC(CH3)3, LiAlH4

and MgSO4 (Aldrich) were purchased from commercial sources
and used without further purification. NEt3 (Aldrich) was distilled
before use and stored over 4 Å molecular sieves. [Ti(η5-
C5H5)Cl3],[28] [Ti(η5-C5Me5)Cl3],[29] [Ti(η5-C5H4SiMe3)Cl3],[30]

[Zr(η5-C5H5)Cl3]·DME[31] and [Zr(η5-C5Me5)Cl3][32] were prepared
by known procedures.
Polymerization-grade ethylene was used as received. Reagent grade
styrene (Aldrich) was distilled under reduced pressure from calcium
hydride and stored in a refrigerator under argon. The polymeri-
zation solvent (toluene) was dried by refluxing over sodium-benzo-
phenone and distilled before used in an inert atmosphere. MAO
(Witco 10%) was used as a solution in toluene.
C, H and N microanalyses were performed on a Perkin�Elmer
2400 microanalyzer. The analytical data found for 8 deviated from
expected values since LiCl could not be completely removed from
the mixture. NMR spectra, measured at 25 °C were recorded on a
Varian Unity FT-300 (1H NMR at 300 MHz, 13C NMR at
75 MHz) spectrometer and chemical shifts were referenced to re-
sidual solvent protons.

1,2-C6H4(NHCH2CH2CH3)2 (1): nBuLi (100 mL of a 1.6  solu-
tion, 160 mmol) was added dropwise to a solution of 1,2-pheny-
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lenediamine (8.6 g, 79.27 mmol) in 100 mL of THF at �78 °C.
After stirring the reaction mixture for 12 hours, ClCOCH2CH3

(13.85 mL, 160 mmol) was added and the mixture stirred for an
additional 4 h. The reaction mixture was slowly warmed to room
temperature to give an orange solution and a white precipitate.
After filtration, the solvent was reduced to half of its original vol-
ume under vacuum and a suspension of LiAlH4 (10.0 g, 260 mmol)
in 50 mL of diethyl ether was added dropwise. After stirring the
solution for 12 h at 40 °C, excess LiAlH4 was destroyed by addition
of a saturated solution of Na2SO4. The solid precipitate was re-
moved by filtration and the solution dried with MgSO4. Removal
of the solvent under vacuum gave a brown oil characterized as 1
(1.24 g, 8%). The compound was obtained as an oil that could not
be recrystallized, preventing us from obtaining accurate elemental
analysis data. 1H NMR (300 MHz, C6D6, 25 °C): δ � 6.96 (m, 2
H, Ph), 6.72 (m, 2 H, Ph), 2.98 (broad, 2 H, NH), 2.78 (t, 4 H,
N�CH2), 1.34 (m, 4 H, CH2), 0.78 (t, 6 H, CH3) ppm. 1H NMR
(300 MHz, CDCl3, 25 °C): δ � 6.78 (m, 2 H, Ph), 6.70 (m, 2 H,
Ph), 3.24 (broad, 2 H, NH), 3.07 (t, 4 H, N�CH2), 1.70 (m, 4 H,
CH2), 1.03 (t, 6 H, CH3) ppm. 13C{1H} NMR (75 MHz, C6D6, 25
°C): δ � 138.0 (ipso-Ph), 119.7�112.2 (Ph), 46.5 (CH2), 23.2 (CH2),
11.9 (CH3) ppm.

1,2-C6H4(NHCH2tBu)2 (2): The amine o-C6H4(NHCH2CtBu)2 (2)
was obtained as an orange solid (7.98 g, 32.15 mmol, 41%) follow-
ing the procedure described for 1, from nBuLi (100 mL, 160 mmol),
1,2-phenylenediamine (8.6 g, 79.0 mmol), ClCOC(CH3)3

(19.53 mL, 160 mmol) and LiAlH4 (10.0 g, 260 mmol). C16H28N2

(248.16): calcd. C 77.43, H 11.28, N 11.28; found C 76.72, H 11.53,
N 11.34. 1H NMR (300 MHz, C6D6, 25 °C): δ � 7.00 (m, 2 H,
Ph), 6.74 (m, 2 H, Ph), 3.27 (broad, 2 H, NH), 2.67 (s, 4 H,
N�CH2), 0.88 (s, 18 H, tBu) ppm. 1H NMR (300 MHz, CDCl3,
25 °C): δ � 6.74 (m, 2 H, Ph), 6.69 (m, 2 H, Ph), 3.30 (broad, 2
H, NH), 2.82 (s, 4 H, N�CH2), 1.02 (s, 18 H, tBu) ppm. 13C{1H}
NMR (75 MHz, C6D6, 25 °C): δ � 138.9 (ipso-Ph), 119.9�113.0
(Ph), 56.6 (CH2), 31.5 (ipso-tBu), 27.9 (tBu) ppm.

[Ti(η5-C5H5){1,2-C6H4(NCH2CH2CH3)2}Cl] (3): A toluene solu-
tion (30 mL) of o-C6H4(NHPr)2 (0.84 g, 4.37 mmol) and NEt3

(1.22 mL, 8.74 mmol) was added to a yellow solution of [Ti(η5-
C5H5)Cl3] (0.96 g, 4.37 mmol) in toluene (60 mL) at �78 °C. The
cooling bath was removed and the reaction mixture was allowed to
warm to room temperature with stirring for 12 h. The solid formed
was collected by filtration and the toluene removed under vacuum.
The residue was extracted with pentane (2 � 30 mL). The filtrate
was dried and the solid obtained recrystallized from cold pentane
to give 3 as a black solid (1.16 g, 3.43 mmol, 78%). C17H23ClN2Ti
(338.49): calcd. C 60.32, H 6.80, N 8.27; found C 60.02, H 6.72, N
8.03. 1H NMR (300 MHz, C6D6, 25 °C): δ � 7.36 (m, 2 H, Ph),
6.97 (m, 2 H, Ph), 6.23 (s, 5 H, C5H5), 3.70 (t, 4 H, CH2), 1.32 (m,
4 H, CH2), 0.58 (t, 6 H, CH3) ppm. 1H NMR (300 MHz, CDCl3,
25 °C): δ � 7.48 (m, 2 H, Ph), 7.11 (m, 2 H, Ph), 6.55 (s, 5 H,
C5H5), 4.05 (t, 4 H, CH2), 1.50 (m, 4 H, CH2), 0.81 (t, 6 H, CH3)
ppm. 13C{1H} NMR (75 MHz, C6D6, 25 °C): δ � 137.8 (ipso-Ph),
127.0, 116.1 (Ph), 114.8 (C5H5), 58.9 (N�CH2), 24.6 (CH2), 11.6
(CH3) ppm.

[Ti(η5-C5H5){1,2-C6H4(NCH2tBu)2}Cl] (4): nBuLi (4.50 mL of an
1.6  solution, 7.26 mmol) was added dropwise to a stirred solution
of o-C6H4(NHCH2tBu)2 (0.90 g, 3.63 mmol) in 50 mL of hexane at
�78 °C. After the addition was complete, the reaction mixture was
stirred for 6 hours and then slowly warmed to room temperature;
a white precipitate formed. This suspension was cooled to �78 °C
and a solution of [Ti(η5-C5H5)Cl3] (0.80 g, 3.63 mmol) in 50 mL of
toluene was added. The reaction mixture was slowly warmed to
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room temperature and stirred for 12 h. After filtration, the solvent
was removed under vacuum to give a red-brown oil which was
recrystallized from cold hexane. A red-brown solid was collected
which was characterized as 4 (0.64 g, 1.66 mmol, 45%).
C21H31ClN2Ti (394.58): calcd. C 63.92, H 7.86, N 7.10; found C
63.55, H 7.97, N 7.10. 1H NMR (300 MHz, C6D6, 25 °C): δ � 7.33
(m, 2 H, Ph), 7.25 (m, 2 H, Ph), 6.31 (s, 5 H, C5H5), 3.88 (dd, 4
H, CH2), 0.63 (s, 18 H, tBu) ppm. 1H NMR (300 MHz, CDCl3, 25
°C): δ � 7.48 (m, 2 H, Ph), 7.41 (m, 2 H, Ph), 6.51 (s, 5 H, C5H5),
4.17 (dd, 4 H, CH2), 0.75 (s, 18 H, tBu) ppm. 13C{1H} NMR
(75 MHz, C6D6, 25 °C): δ � 127.8, 119.2 (Ph), 122.3 (ipso-Ph),
115.1 (C5H5), 67.2 (CH2), 35.7 (ipso-tBu), 28.8 (tBu) ppm.

[Ti(η5-C5Me5){1,2-C6H4(NCH2CH2CH3)2}Cl] (5): Compound 5
was prepared from the reaction of the o-C6H4(NHPr)2 amine
(0.81 g, 4.22 mmol), 8.44 mmol of nBuLi and [Ti(η5-C5Me5)Cl3]
(1.22 g, 4.22 mmol) by the procedure described for 4, and obtained
as a black oil (1.59 g, 3.90 mmol, 92%). C22H33ClN2Ti (408.54):
calcd. C 64.67, H 8.08, N 6.85; found C 64.80, H 8.76, N 6.30. 1H
NMR (300 MHz, C6D6, 25 °C): δ � 7.30 (m, 2 H, Ph), 6.89 (m, 2
H, Ph), 3.88 (m, 1 H, N�CH2), 3.57 (m, 1 H, N�CH2), 1.75 (s,
15 H, C5Me5), 1.64 (m, 4 H, CH2), 0.80 (t, 6 H, CH3) ppm. 1H
NMR (300 MHz, CDCl3, 25 °C): δ � 7.26 (m, 2 H, Ph), 7.01 (m,
2 H, Ph), 4.00 (m, 1 H, N�CH2), 3.81 (m, 1 H, N�CH2), 1.93 (s,
15 H, C5Me5), 1.59 (m, 4 H, CH2), 0.88 (t, 6 H, CH3) ppm.
13C{1H} NMR (75 MHz, C6D6, 25 °C): δ � 124.5, 114.1 (Ph),
122.9 (ipso- C5Me5), 54.5 (N�CH2), 23.5 (CH2), 12.5 (CH3), 11.4
(C5Me5) ppm; the signal for ipso Ph was not observed

[Ti(η5-C5Me5){1,2-C6H4(NCH2tBu)2}Cl] (6): Compound 6 was pre-
pared by reacting of the o-C6H4(NHCH2tBu)2 amine (0.85 g,
3.42 mmol), 6.85 mmol of nBuLi and [Ti(η5-C5Me5)Cl3] (1.00 g,
3.45 mmol) by the procedure described for 4, and obtained as a
red-brown oil (0.90 g, 1.94 mmol, 56%). C26H41ClN2Ti (464.58):
calcd. C 67.21, H 8.89, N 6.02; found C 67.26, H 8.84, N 6.17. 1H
NMR (300 MHz, C6D6, 25 °C): δ � 7.23 (m, 2 H, Ph), 7.19 (m, 2
H, Ph), 3.97 (dd, 4 H, CH2), 1.63 (s, 15 H, C5Me5), 0.90 (s, 18 H,
tBu) ppm. 1H NMR (300 MHz, CDCl3, 25 °C): δ � 7.38 (m, 2 H,
Ph), 7.36 (m, 2 H, Ph), 3.96 (dd, 4 H, CH2), 1.65 (s, 15 H, C5Me5),
0.75 (s, 18 H, tBu) ppm. 13C{1H} NMR (75 MHz, C6D6, 25 °C):
δ � 125.0, 117.4 (Ph), 122.7 (ipso-Ph), 121.0 (ipso-C5Me5), 62.1
(N�CH2), 37.6 (ipso-tBu), 29.6 (tBu), 11.1 (C5Me5) ppm.

[Ti{η5-C5H4(SiMe3)}{1,2-C6H4(NCH2CH2CH3)2}Cl] (7): Com-
pound 7 was prepared by reacting the o-C6H4(NHPr)2 amine (1.7 g,
8.85 mmol), 17.70 mmol of nBuLi and [Ti{η5-C5H4(SiMe3)}Cl3]
(2.50 g, 8.85 mmol) by the procedure described for 4, and obtained
as a black oil (2.5 g, 6.09 mmol, 69%). C20H31ClN2SiTi (410.52):
calcd. C 58.51, H 7.98, N 6.82; found C 58.61, H 7.98, N 6.26. 1H
NMR (300 MHz, C6D6, 25 °C): δ � 7.34 (m, 2 H, Ph), 6.96 (m, 2
H, Ph), 6.57, 6.40 (2 H, 2 H, AA�BB� spin system, C5H4), 3.82 (m,
4 H, CH2), 1.33 (m, 4 H, CH2), 0.60 (t, 6 H, CH3), 0.32 (s, 6 H,
SiMe3) ppm. 1H NMR (300 MHz, CDCl3, 25 °C): δ � 7.43 (m, 2
H, Ph), 7.08 (m, 2 H, Ph), 6.66, 6.65 (2 H, 2 H, AA�BB� spin
system, C5H4), 4.08 (m, 4 H, CH2), 1.46 (m, 4 H, CH2), 0.78 (t, 6 H,
CH3), 0.25 (s, 6 H, SiMe3) ppm. 13C{1H} NMR (75 MHz, C6D6, 25
°C): δ � 137.8 (ipso-Ph), 125.6 (ipso-C5H4), 127.0, 116.7 (Ph),
121.8, 116.4 (C5H4), 59.3 (CH2), 24.4 (CH2), 11.7 (CH3), �0.04
(SiMe3) ppm.

[Ti{η5-C5H4(SiMe3)}{1,2-C6H4(NCH2tBu)2}Cl] (8): Compound 8
was prepared by reacting the o-C6H4(NHCH2tBu)2 amine (0.50 g,
2.00 mmol), 4.03 mmol of nBuLi and [Ti{η5-C5H4(SiMe3)}Cl3]
(0.59 g, 2.00 mmol) by the procedure described for 4, and obtained
as a red-brown oil (0.60 g, 1.28 mmol, 64%). The isolated oil con-
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sisted mainly of 8, but it contained some unremovable LiCl as an
impurity and therefore correct elemental analysis data could not
be obtained, although satisfactory spectroscopic data were ob-
tained. 1H NMR (300 MHz, C6D6, 25 °C): δ � 7.31 (m, 2 H, Ph),
7.24 (m, 2 H, Ph), 6.73, 6.38 (2 H, 2 H, AA�BB� spin system,
C5H4), 4.02 (dd, 4 H,, CH2), 0.68 (s, 18 H, tBu), 0.37 (s, 9 H,
SiMe3) ppm. 1H NMR (300 MHz, CDCl3, 25 °C): δ � 7.47 (m, 2
H, Ph), 7.40 (m, 2 H, Ph), 6.69, 6.55 (2 H, 2 H, AA�BB� spin
system, C5H4), 4.25, 4.11 (2 H, CH2), 0.77 (s, 18 H, tBu), 0.26 (s,
9 H, SiMe3) ppm. 13C{1H} NMR (75 MHz, C6D6, 25 °C): δ �

122.5 (ipso-Ph), not observed (ipso-C5H4), 127.8, 119.1 (Ph), 123.0,
116.3 (C5H4), 67.6 (CH2), 35.9 (ipso-tBu), 28.9 (tBu), 0.14
(SiMe3) ppm.

[Zr(η5-C5H5){1,2-C6H4(NCH2tBu)2}Cl] (9): nBuLi (5.04 mL of an
1.6  solution, 8.06 mmol) was added dropwise to a stirred solution
of o-C6H4(NHCH2tBu)2 (1.0 g, 4.03 mmol) in 50 mL of hexane at
�78 °C. After the addition was complete, the reaction mixture was
stirred for 6 hours and then slowly warmed to room temperature.
The white solid formed was filtered and washed with cold hexane.
This solid was added to a solution of [Zr(η5-C5H5)Cl3]·DME
(1.4 g, 4.03 mmol) in 50 mL of toluene at �78 °C. The cooling bath
was removed and the reaction mixture was allowed to warm to
room temperature with stirring for 12 h. The solid formed was in-
soluble in hexane which made its characterization difficult. Com-
plex 9 was obtained as a yellow solid (0.27 g, 0.62 mmol, 15.4%).
C21H31ClN2Zr (437.67): calcd. C 57.58, H 7.08, N 6.40; found C
57.32, H 8.22, N 6.40. 1H NMR (300 MHz, C6D6, 25 °C): δ � 7.39
(m, 2 H, Ph), 7.18 (m, 2 H, Ph), 5.98 (s, 5 H, C5H5), 3.80 (dd, 4
H, CH2), 0.78 (s, 18 H, tBu) ppm. 1H NMR (300 MHz, CDCl3, 25
°C): δ � 7.32 (m, 2 H, Ph), 7.17 (m, 2 H, Ph), 5.82 (s, 5 H, Cp),
3.70 (dd, 4 H, CH2), 0.72 (s, 18 H, tBu) ppm. 13C{1H} NMR
(75 MHz, C6D6, 25 °C): δ � 123.5�120.1 (Ph), 124.5 (ipso-Ph),
114.0 (C5H5), 63.2 (CH2), 35.4 (ipso-tBu), 28.8 (tBu) ppm.

Table 4. Summary of the crystallographic data for compounds 3 and 7

3 7

Empirical formula C17H23ClN2Ti C20H31ClN2SiTi
Formula mass 338.69 410.88
Crystal system monoclinic triclinic
Space group P21/c (no. 14) P1̄ (no. 2)
a (Å) 13.0339(2) 10.0673(2)
b (Å) 12.9656(2) 10.3242(2)
c (Å) 10.7520(1) 11.1287(2)
α (°) 90 87.5786(14)
β (°) 110.4105(8) 72.5554(14)
γ (°) 90 88.8736(8)
V (Å3) 1702.93(4) 1102.47(4)
Z 4 2
ρcalcd. [g cm�3] 1.321 1.238
µ [mm�1] 0.655 0.569
T [K] 123 153
F(000) 712 436
Crystal size (mm) 0.61 � 0.25 � 0.23 0.38 � 0.25 � 0.20
Θ range (°) 2.29/25.41 1.92/25.28
Index ranges h: �15/k: �15/l: �12 h: �12/k: �12/l: �13
Reflections collected 36764 15832
Independent reflections [Io � 2σ(Io)/all data/Rint] 2764/3131/0.038 3616/3989/0.027
Data/restraints/parameters 3131/0/282 3989/0/350
R1 [Io � 2σ(Io)/all data] 0.0251/0.0313 0.0251/0.0293
wR2 [Io � 2σ(Io)/all data] 0.0605/0.0632 0.0623/0.0648
GOF 1.027 1.077
Weights a/b 0.0275/0.9782 0.0245/0.4603
∆ρmax/min [e·Å�3] 0.26/�0.25 0.26/�0.25
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Synthesis of [Zr(η5-C5Me5){1,2-C6H4(NCH2tBu)2}Cl] (10): Com-
pound 10 was prepared by reacting the o-C6H4(NHCH2tBu)2 am-
ine (1.0 g, 4.03 mmol), 8.06 mmol of nBuLi and [Zr(η5-C5Me5)Cl3]
(1.34 g, 4.03 mmol) by the procedure described for 5 and obtained
as a black solid (1.66 g, 3.27 mmol, 81%). C26H41N2ZrCl (507.93):
calcd. C 61.48, H 8.07, N 5.51; found C 61.56, H 8.69, N 5.64. 1H
NMR (300 MHz, C6D6, 25 °C): δ � 7.09 (m, 2 H, Ph), 7.02 (m, 2
H, Ph), 3.65 (dd, 4 H, CH2), 1.66 (s, 15 H, C5Me5), 0.97 (s, 18 H,
tBu) ppm. 1H NMR (300 MHz, CDCl3, 25 °C): δ � 7.28 (m, 4 H,
Ph), 3.63 (s, 4 H, CH2), 1.72 (s, 15 H, C5Me5), 0.87 (s, 18 H, tBu)
ppm. 13C{1H} NMR (75 MHz, C6D6, 25 °C): δ � 122.5, 117.2
(Ph), 117.8 (ipso- C5Me5), 62.1 (CH2), 34.9 (ipso-tBu), 28.9 (tBu),
10.0 (C5Me5) ppm; ipso-Ph signal not observed.

Polymerization Procedure: Ethylene polymerization was carried out
in 100 mL Schlenk flasks with magnetic stirring. Polymerization
was carried out as follows: toluene and MAO were injected into
the Schlenk flask with magnetic stirring at the desired temperature
(25 °C). The solution was then saturated with 1 atmosphere of eth-
ylene, and the monomer pressure was kept constant over the poly-
merization runs. Polymerization begins with the addition of a tolu-
ene solution of the titanium compound into the flask. After the
desired reaction time was reached, polymerization was terminated
by venting the ethylene gas and quenching with a small volume of
a solution of MeOH/HCl. The polymers were isolated by filtration,
washed with MeOH, and then dried in vacuo at 50 °C.
Polymerization of styrene was performed in toluene at 50 °C. Poly-
merization was carried out as follows: toluene (30 mL), styrene
(5 mL), and MAO were injected into the Schlenk flasks with mag-
netic stirring at the desired temperature. The titanium compound
dissolved in toluene (5 mL) was added last. All manipulations were
performed under an argon atmosphere. The reaction was stopped
after 15 minutes by addition of MeOH/HCl, and the polymer prod-
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uct was coagulated with a large excess of acidified methanol and
recovered by filtration.

Characterization of Polymers: The thermal properties of the
samples were studied in a Du Pont 2920 MDSC instrument cali-
brated by measuring the melting point of indium. 5�10 mg each
of the dried polymer were fused into standard aluminium pans and
measured using the following temperature program for polyethyl-
ene samples: first a heating phase (10 °C/min) from 50 to 200 °C,
followed by a cooling phase (�10 °C/min) to 50 °C. The peak maxi-
mum of the second heating curve was taken as the melting point
(Tm). To determinate the degree of crystallinity (α) the relationship
∆Hm/∆H°m was used. ∆Hm was derived from the data of the second
heating course of the DSC, and ∆H°m was assumed to be the fusion
enthalpy[33] (290 J/g) for 100% crystalline polyethylene.
Polystyrene samples were subjected to the following steps: heating
at 10 °C/min from 30 to 270 °C and then cooling at 10 °C/min
from this temperature to 30 °C, followed by heating at 10 °C/min
from 30 to 270 °C to obtain the melting peak temperature (Tm).
The NMR samples were prepared by dissolving the polystyrene
sample in tetrachloro-1,2-dideuterioethane. The spectra were re-
corded at 25 °C.

X-ray Structure Determination of 3 and 7: Details of the X-ray
experiment, data reduction, and final structure refinement calcu-
lations are summarized in Table 4. Crystals of complex 3 (7) suit-
able for an X-ray single crystal structure determination were ob-
tained from hexane. Preliminary examination and data collection
were carried out on a kappa-CCD device (Nonius) at the window
of a rotating anode (NONIUS FR591; 50 kV; 60 mA; 3.0 kW) and
graphite-monochromated Mo-Kα radiation (λ � 0.71073 Å).[34] The
unit-cell parameters were obtained by full-matrix least-squares re-
finement of 3274 (3935) reflections. Data collection was performed
at 123 (153) K with an exposure time of 60 (80) s per frame, 7 (7)
sets; 501 (335) frames; phi and omega scans; 2.0° (2.0°) scan-width.
A total number of 36764 (15832) reflections were integrated. Raw
data were corrected for Lorentz and polarization effects. If neces-
sary, corrections for absorption and decay effects were applied dur-
ing the scaling procedure.[35] After merging, a sum of 3131 (3989)
independent reflections remained and used for all calculations. The
structure was solved by a combination of direct methods[36] and
difference-Fourier syntheses.[37] All non-hydrogen atoms of the
asymmetric unit were refined with anisotropic thermal displace-
ment parameters. All hydrogen atoms were found in the final Four-
ier maps and refined with isotropic displacement. Full-matrix least-
squares refinements were carried out by minimizing Σw(Fo

2 � Fc
2)2

with the SHELXL-97 weighting scheme and stopped at maximum
shift/err � 0.001. Neutral-atom scattering factors for all atoms and
anomalous dispersion corrections for the non-hydrogen atoms were
taken from the International Tables for Crystallography.[38] All
other calculations (including ORTEP graphics) were carried out
with the program PLATON.[39]

CCDC-206875 (for 3) and -206874 (for 7) contain the supplemen-
tary crystallographic data for this paper. These data can be ob-
tained free of charge at www.ccdc.cam.ac.uk/conts/retrieving.html
[or from the Cambridge Crystallographic Data Centre, 12 Union
Road, Cambridge CB2 1EZ, UK; Fax: �44-1223-336033; E-mail:
deposit@ccdc.cam.ac.uk].
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