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a b s t r a c t

A series of new half-sandwich pentamethylcyclopentadienyl titanium (IV) aryl(pyridyl)amide complexes,
Cp*TiCl2[N(Ar)(2-Py)] [Ar ¼ 2,6-iPr2Ph (1), 2,6-Et2Ph (2), 2,6-Me2Ph (3), 4-MePh (4)], have been syn-
thesized from the reactions of Cp*TiCl3 with the lithium salts of the corresponding aryl(pyridyl)amido
ligands in toluene. A byproduct with two aryl(pyridyl)amido ligands, Cp*TiCl[N(4-MePh)(2-Py)]2 (5) was
also obtained from the synthetic reaction of complex 4 in a small amount. The new titanium complexes 1
e4 were characterized by 1H and 13C NMR and elemental analyses. The molecular structures of com-
plexes 1, 2, 4 and 5 were determined by single-crystal X-ray diffraction analysis. X-ray crystallographic
analysis on complexes 1, 2, 4 demonstrates that these complexes possess a relatively crowded hepta-
coordinating environment surrounding the central titanium atom. Upon activation with AliBu3 and
Ph3CB(C6F5)4, complexes 1e4 exhibited moderate to high catalytic activity for ethylene and propylene
polymerization, producing high molecular weight linear polyethylene and atactic polypropylene. It was
found that complex 1 shows the highest catalytic activity for ethylene polymerization while complex 4
shows the highest catalytic activity for propylene polymerization among these complexes under similar
conditions.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Group 4 metallocene catalysts have attracted extensive interest
in the past decades due to their unique properties and advantages
as olefin polymerization catalysts [1e5]. Many research efforts have
been focused on the development of new homogeneous metal-
locene catalysts for producing high performance polyolefin mate-
rials and understanding the relationship between the structure and
catalytic property of a specific type of catalysts with respect to
polymer chain composition and architecture [6e9]. Nonbridged
half-titanocenes containing a variety of anionic ancillary ligands [5]
have exhibited unique characteristics for the synthesis of new
polymers that are not accessible by conventional ZieglereNatta
catalysts and “constrained geometry” titanium catalysts [6,8]. The
synthesis of non-bridged half-metallocene complexes is generally
simple, involving only one or two steps [5]. Furthermore, the
structural modification in the steric and electronic environment of
the ligand framework for this type of complexes is usually more
facile than that for the bridged half-metallocene complexes [5]. The
half-titanocene aryloxide catalyst systems, Cp'TiCl2(OAr)
(Cp' ¼ substituted cyclopentadienyl), were systematically studied
by Nomura and co-workers and found to show good catalytic ac-
tivity and efficient comonomer incorporation in olefin homo-/co-
polymerization [10]. Similar non-bridged half-titanocene amide
complexes, Cp'TiCl2(NR1R2) (R1, R2 ¼ alkyl) [11] and anilide com-
plexes Cp'TiCl2[N(2,6-R1

2C6H3)R2] (R1 ¼ Me, R2 ¼ SiMe3 or Sit-

BuMe2) [12] have also been synthesized and investigated as
catalysts for olefin polymerization. The reported results indicated
that the half-titanocene anilide complexes exhibit extremely low
catalytic activity for olefin polymerization with methylaluminox-
ane (MAO) as cocatalyst, although they are structurally similar to
the non-bridged half-titanocene aryloxide complexes. Our previous
research works indicated that appropriate structural modification
on the anilido ligand of this type of complexes by changing the
substituent R2 on the N atom can improve their catalytic
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performance for olefin polymerization [13]. To further study the
effect of the structure of the anilido ligand on the catalytic property
of the non-bridged half-titanocene anilide complexes, we have
recently synthesized a series of new half-titanocenes complexes
with a chelated bidentate aryl(pyridyl)amido ligand, Cp*TiCl2[-
N(Ar)(2-Py)] [Ar ¼ 2,6-iPr2Ph (1), 2,6-Et2Ph (2), 2,6-Me2Ph (3), 4-
MePh (4)], and found that they show moderate to high catalytic
activity for ethylene and propylene polymerization, producing high
molecular weight linear polyethylene and atactic polypropylene
(Mw ¼ 60e80 � 104 Da for aPP). Various metallocene [14e18] and
non-metallocene complexes [19e22] of rare-earth and transition
metals with different pyridylamido ligands have been previously
reported. Of them, a number of half-hafnocene complexes with
aryl(pyridyl)amido ligands were reported to exhibit moderate
catalytic activity for ethylene polymerization [22]. To our knowl-
edge, heretofore, only a few of catalyst systems have been reported
for the synthesis of atactic polypropylene with weight-averaged
molecular weight higher than 40 � 104 Da at room or above
room temperatures [23]. Herein we report the synthesis and
characterization of these new complexes as well as their catalytic
performance in ethylene and propylene polymerization.
2. Results and discussion

2.1. Synthesis and characterization of the new complexes

The new half-titanocene aryl(pyridyl)amide complexes 1e4
were synthesized by the reactions of Cp*TiCl3 with the lithium salts
of corresponding aryl(pyridyl)amine compounds in 60e70% yields
as shown in Scheme 1. The aryl(pyridyl)amines, Ar(2-Py)NH
[Ar ¼ 2,6-iPr2Ph (HL1), 2,6-Et2Ph (HL2), 2,6-Me2Ph (HL3), 4-MePh
(HL4)], were synthesized in about 90% yields through Pd-
catalyzed coupling reactions of 2-bromopyridine with corre-
sponding aniline derivatives following a literature procedure [24].
They were deprotonated by treatment with nBuLi in hexane to give
their corresponding lithium salts, Ar(2-Py)NLi [Ar ¼ 2,6-iPr2Ph
(LiL1), 2,6-Et2Ph (LiL2), 2,6-Me2Ph (LiL3), 4-MePh (LiL4)], which
were isolated as white solids. The new half-titanocene aryl(pyridyl)
amide complex 1 was synthesized in a yield of 67% from the re-
action of Cp*TiCl3 with 1 equiv of LiL1 in toluene at 50 �C, while
complexes 2e4 could not be obtained in reasonable yields under
similar reaction conditions due probably to relatively weak nucle-
ophilic reactivity of the lithium salts of these ligands LiL2-LiL4.
Attempts to synthesize complexes 2e4 from the reactions of
Cp*TiCl3 with 1 equiv of lithium salts LiL2-LiL4 in Et2O and THF
were not successful, too. Finally, complexes 2e4 were synthesized
in 60e65% yields from reactions of Cp*TiCl3 with 2 equiv of lithium
salts LiL2-LiL4 in toluene. From the reaction of Cp*TiCl3 with
2 equiv of LiL4 in toluene at room temperature, a by-product with
two L4 ligands, Cp*TiCl [N(4-MePh)(2-Py)]2 (5), was also obtained
Scheme 1. The synthetic ro
in a small amount. Reactions at higher temperatures led to the
formation of a mixture of complexes 4 and 5, rendering the isola-
tion of pure complex 4 difficult. In contrast, only monoamide
complexes 1e3 could be obtained from the reactions of Cp*TiCl3
with 2 equiv of LiL1- LiL3. It is apparent that the relatively large
steric hindrance of L1-L3 inhibits the formation of the diamide
complexes in these reactions.

The new titanium complexes 1e4were fully characterized by 1H
and 13C NMR spectroscopy along with elemental analyses, and the
structures of complexes 1, 2, 4 and 5 were confirmed by X-ray
crystallography. The 1H NMR spectrum of complex 1 shows two
sets of doublets (1.28 and 0.93 ppm) for the methyl protons of the
CH(CH3)2 group in ligand L1 and the 13C NMR spectrum of it shows
two signals (25.6 and 23.8 ppm) for these two methyl carbons,
indicating that the rotation of the 2,6- iPr2C6H3 group around the
NeC bond is restricted in complex 1. These results were in agree-
ment with the reported half-titanocence anilide complexes
Cp'TiCl2[N(2,6-iPr2C6H3)Me] [13] but different from the half-
titanocence aryloxide complexes Cp'TiCl2[O-(2,6-iPr2C6H3)] [10a].
In the latter case only one doublet for the methyl protons of the iPr
group was observed in their 1H NMR spectra. Similar phenomenon
was also observed for the resonances of the CH2CH3 protons in
complex 2, which show two sets of multiplets for the methylene
protons. In comparison with the 1H NMR spectrum of Cp*TiCl3, the
signals observed for the methyl protons of the CpMe5 group in
complexes 1e4 are shifted up field from 2.38 to 2.28 ppm (1 and 2),
2.29 ppm (3) and 2.17 ppm (4), respectively. The 1H and 13C NMR
spectroscopic analyses of these complexes indicate that the ancil-
lary aryl(pyridyl)amido ligands are attached to the titanium metal
centers of these complexes.
2.2. Crystallographic analysis on complexes 1, 2, 4 and 5

Molecular structures of complexes 1, 2, 4 and 5were determined
by single crystal X-ray diffraction analysis. Themolecular structures
of complexes 1, 2 and 4 with the atom-numbering schemes are
shown in Figs. 1e3, and selected bond lengths and angles of them
are given in Table 1. The molecular structure together with selected
bond lengths and angles of complex 5 are given in Fig. 4. As can be
seen from their crystal structures, the coordination of the two ni-
trogen atoms in the aryl(pyridyl)amido ligand to the central metal
of these complexes constructs a relatively crowded hepta-/octa-
coordinating environment surrounding the central titanium atom.
The TieN1(pyridyl) distances in complexes 1, 2 and 4 [2.2528(19) Å
for 1, 2.205(2) Å for 2, and 2.1809(19) Å for 4] are obviously longer
than the TieN2(amide) distances [2.0507(19) Å for 1, 2.079(2) Å for
2, and 2.0892(19) Å for 4], demonstrating the coordination char-
acter of TieN(pyridyl) bond. The TieN(amido) distances in these
complexes are longer than those observed in half-titanocence
anilide complexes Cp*TiCl2[N(2,6-iPr2C6H3)Me] [13] and
ute for complexes 1e4.



Fig. 1. Perspective view of complex 1 with thermal ellipsoids drawn at the 30%
probability level. Hydrogens are omitted for clarity.

Fig. 2. Perspective view of complex 2 with thermal ellipsoids drawn at the 30%
probability level. Hydrogens are omitted for clarity.

Fig. 3. Perspective view of complex 4 with thermal ellipsoids drawn at the 30%
probability level. Hydrogens are omitted for clarity.

Table 1
Selected bond lengths (Å) and bond angles (deg) for complexes 1, 2 and 4.

1 2 4

Ti(1)eCp(cent) 2.076 2.070 2.046
Ti(1)eN(1) 2.2528(19) 2.205(2) 2.1809(19)
Ti(1)eN(2) 2.0507(19) 2.079(2) 2.0892(18)
Ti(1)eCl(1) 2.3024(7) 2.3161(9) 2.3044(7)
Ti(1)eCl(2) 2.2951(7) 2.2877(9) 2.3221(7)
Ti(1)eC(1) 2.364(2) 2.362(3) 2.352(2)
Ti(1)eC(2) 2.423(2) 2.401(3) 2.385(2)
Ti(1)eC(3) 2.450(2) 2.443(3) 2.393(2)
Ti(1)eC(4) 2.404(2) 2.404(3) 2.373(2)
Ti(1)eC(5) 2.354(2) 2.367(3) 2.364(2)
N(1)eC(15) 1.348(3) 1.348(4) 1.353(3)
N(2)eC(15) 1.361(3) 1.364(4) 1.358(3)
N(1)eTi(1)eCp(cent) 106.1 107.7 110.3
N(2)eTi(1)eCp(cent) 128.7 122.0 112.7
Cl(1)eTi(1)eCp(cent) 108.5 110.4 113.1
Cl(2)eTi(1)eCp(cent) 112.6 113.0 112.3
N(1)eTi(1)eN(2) 61.37(7) 61.78(9) 61.78(7)
Cl(1)eTi(1)eCl(2) 95.05(3) 92.98(4) 91.35(3)
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Cp*TiCl2[N(2,6-Me2C6H3)(SiMe3)] [12], and the estimated value
(2.02 Å) for TieN single bond according to Pauling's covalent radii
[25]. It should be noted that, with the shortest TieN1 distance and
longest TieN2 distance, the difference between the two TieN dis-
tances in complex 4 is the smallest among these complexes. On the
other hand, the C15eN1 and C15eN2 bond distances [1.358(3) and
1.353(3) Å, respectively] in complex 4 are close to each other. These
results are somewhat similar to the situation observed in the half-
titanocene amidinate complex, Cp*TiCl2[h2-PhCH(Me)NCH(Me)
NCH(Me)Ph] in which the amidinato ligand chelates to the Ti atom
with TieN bond lengths of 2.114(2) and 2.157(2) Å, respectively
[26]. In complex 5, the TieN1 distance (2.247(3) Å) is obviously
longer than the TieN2 distance (2.048(3) Å) as observed in com-
plexes 1, 2 and 4. However, the TieN3 distance (2.191(3) Å) is much
longer than the TieN(amido) distances in other complexes and the
TieN4 bond distance (2.170(3) Å) is obviously shorter than the
TieN(pyridyl) distances in other complexes. The TieCl bond dis-
tances (2.288e2.322 Å) in complexes 1, 2 and 4 are slightly longer
than those (2.278e2.286 Å) observed in related anilido half-
titanocence dichloride complexes [13], but shorter than the TieCl
bond distance in the crowded octa-coordinate complex 5. The
TieCp(cent) distance in complex 5 (2.116 Å) is also longer than
those in complexes 1 (2.076 Å), 2 (2.070 Å) and 4 (2.046 Å). The
individual TieC(Cp) bond distances in these complexes range from
2.352 to 2.450 Å, with the TieC1 and TieC5 distances [2.364(2) and
2.354(2) Å for 1, 2.362(3) and 2.367(3) Å for 2 and 2.352(2) and
2.364(2) Å for 4 ] being obviously shorter than the remaining
TieC(Cp) bond lengths (average 2.426, 2.416, and 2.384 Å for 1, 2
and 4, respectively), indicating that the central titanium atom is not
located exactly below the centre of the Cp ring. The N1eTieN2



Fig. 4. Perspective view of complex 5with thermal ellipsoids drawn at the 30% probability level. Hydrogens are omitted for clarity. Selected bond lengths (Å) and bond angles (deg):
Ti(1)eCp(cent) ¼ 2.116, Ti(1)eN(1) ¼ 2.247(3), Ti(1)eN(2) ¼ 2.048(3), Ti(1)eN(3) ¼ 2.191(3), Ti(1)eN(4) ¼ 2.170(3), Ti(1)eCl(1) ¼ 2.4014(11), C(15)eN(1) ¼ 1.341(4), C(15)e
N(2) ¼ 1.369(4), C(34)eN(3) ¼ 1.337(4), C(34)eN(4) ¼ 1.364(4), Cp(cent)eTi(1)eCl(1) ¼ 104.9, Cp(cent)eTi(1)eN(1) ¼ 172.6, Cp(cent)eTi(1)eN(2) ¼ 110.0, Cp(cent)eTi(1)e
N(3) ¼ 105.4, Cp(cent)eTi(1)eN(4) ¼ 107.6.

Table 2
Summary of ethylene polymerization catalyzed by 1e6/AliBu3/Ph3CB(C6F5)4 (1/
MAO) systems.a

Entry Catal Al/Ti Temp(�C) Yield(g) Activityb Msc(�104) Tmd(�C)

1 1 800 20 0.549 13176 108.2 139.2
2 1 800 35 0.750 18000 74.0 138.3
3 1 800 50 0.316 7584 56.9 140.0
4 1 600 35 0.286 6864 92.4 139.2
5 1 1000 35 0.468 11232 60.6 139.0
6e 1 800 35 0.432 10368 75.4 138.6
7f 1 800 35 0.342 8208 76.3 139.4
8g 1 2000 35 0.759 18216 54.7 136.7
9 2 800 35 0.700 16800 71.4 138.8
10 3 800 35 0.207 4968 56.5 139.5
11 4 800 35 0.375 9000 55.2 138.4
12 5 800 35 0.190 2280 55.8 138.7
13 6 800 35 0.392 9408 52.6 139.0
14 Cp*TiCl3 800 35 0.059 1416 32.1 138.4

a Polymerization conditions: solvent 80 ml of toluene; catalyst 0.5 mmol; B/Ti
molar ratio 1.5; ethylene pressure 5 bar; time 5 min.

b Units of kg PE (mol Ti)�1 h�1.
c Measured in decahydronaphthalene at 135 �C.
d Determined by DSC at a heating rate of 10 �C min�1.
e B/Ti molar ratio 1.
f B/Ti molar ratio 2.
g Activated with MAO.
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angles in these complexes are almost the same, being 61.37(7),
61.78(9) and 61.78(7)� for complexes 1, 2 and 4, respectively. The
N(amide)eTieCp(cent) angles in complexes 1, 2 and 4 (128.74� for
1, 122.0� for 2 and 112.7� for 4) differ remarkably with the change in
the size of the aryl(pyridyl)amido ligand in these complexes. The
Cl1eTieCl2 angles in these complexes [95.05(3)º for 1, 92.98(4)º for
2 and 91.35(3)º for 4] vary in the same trend as seen above for the
N(amide)eTieCp(cent) angles. These CleTieCl angles are all much
smaller than those observed in the half-titanocence anilide com-
plexes Cp*TiCl2[N(2,6-iPr2C6H3)Me] [104.91(12)º] and
Cp*TiCl2[N(2,6-Me2C6H3)Me] [102.74(10)º] [13], indicating that
these complexes possess a more crowded coordinating environ-
ment surrounding the central titanium atom in comparison to the
half-titanocence anilide complexes. The above mentioned struc-
tural features may affect their catalytic performance by influencing
the coordination of the olefin molecules to the titanium atoms and
their insertion into the growing polymer chains, as well as the
polymer chain termination process.

2.3. Ethylene polymerization

We have examined ethylene polymerization reactions using
complexes 1e4 as precatalysts under different conditions and the
results are summarized in Table 2. Upon activation with AliBu3 and
Ph3CB(C6F5)4, complexes 1e4 all exhibited moderate to high cata-
lytic activity for the ethylene polymerization reaction. The catalytic
activity of these complexes decreases in the order of 1 > 2 > 4 > 3
under similar conditions, demonstrating that the catalytic activity
of these complexes is influenced by the nature of the aryl groups in
their aryl(pyridyl)amido ligands. Similar change in catalytic activity
has been previously observed with the half-titanocence anilide
complexes [12,13]. As known for group 4 metallocene catalysts,
electron-donating substituents on the ligands would stabilize the
catalytically active cationic species during the polymerization and
thus improve the catalytic activity of the catalyst; and bulky ligands
would weaken the interaction between the catalytically active
cationic species and the anionic cocatalyst and therefore could in-
crease the catalytic activity of the catalyst [27,28]. The complex 4
showed a catalytic activity higher than the one observed for com-
plex 3 due probably to that the steric hindrance of the aryl group in
the amide ligand of complex 4 is much smaller than the one in
complex 3 and therefore the coordination of the ethylene molecule
to complex 4 becomes easier. The by-product 5was also tested as a
precatalyst for the ethylene polymerization reaction under similar
conditions, and relatively low catalytic activity was observed. It is
reasonable for the 5/AliBu3/Ph3CB(C6F5)4 system to show low cat-
alytic activity since one of the two chelating aryl(pyridyl)amido



Table 3
Summary of propylene polymerization catalyzed by 1e5/AliBu3/Ph3CB(C6F5)4
systems.a

Entry Catal Al/Ti Yield(g) Activityb Mw c(�104) Mw=Mnc

1 1 300 0.152 912 3.50 2.77
2 1 200 0.246 1476 6.68 3.32
3 1 100 trace e e e

4 2 200 0.402 2412 65.60 2.36
5 3 200 0.624 3744 68.78 2.47
6 4 200 0.843 5058 81.12 1.98
7 5 200 0.054 324 83.97 1.91

a Polymerization conditions: solvent 80 ml of toluene; catalyst 2 mmol; B/Ti molar
ratio 1.5; propylene pressure 5 bar; time 5 min; temperature 35 �C.

b Units of kg PP (mol Ti)�1 h�1.
c Determined by GPC analysis in THF at 40 �C against polystyrene standard.
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ligands in complex 5 must be ripped off to form the catalytically
active cationic species, which might take relatively long time and
convert only partial of 5 to the active catalyst. When activated with
MAO, complex 1 exhibited similar catalytic activity to the AliBu3/
Ph3CB(C6F5)4 activated catalyst system, but produced polyethylene
with relatively low molecular weight. In comparison to the half-
titanocence anilide analogues [12,13], these new half-titanocene
complexes show obviously higher catalytic activities under
similar conditions. To compare the catalytic performance of these
new complexes with that of the known half-titanocene aryloxide
and trichloride complexes, a typical complex Cp*Ti-
Cl2[O(2,6-iPr2C6H3)] (6) was synthesized according to the literature
procedure [10a] and the ethylene polymerization experiment with
the 6/AliBu3/Ph3CB(C6F5)4 and Cp*TiCl3/AliBu3/Ph3CB(C6F5)4 cata-
lyst systems were conducted. It was found that, under the same
conditions, complex 1 shows much higher catalytic activity and
produces polyethylene with relatively high molecular weight in
comparison with its aryloxide analogue 6 and Cp*TiCl3. The
dependence of the catalytic activity of these new titanium catalyst
systems on the Al/Ti molar ratio was examined and the maximal
catalytic activity was observed with an Al/Ti molar ratio of 800.
Ethylene polymerization experiments with these catalyst systems
at different polymerization temperatures (20, 35 and 50 �C) were
also carried out and the highest catalytic activity was obtained at
35 �C. The viscosity-averaged molecular weight (Mh) of the poly-
ethylenes produced by these catalysts was measured in decahy-
dronaphthalene at 135 �C. From these results, it can also be seen
that the molecular weight of the resultant polyethylene is notice-
ably dependent on the structure of the catalyst. The molecular
weight of the polyethylene changes with the catalyst in the order
(1 > 2 > 3 > 4), due probably to that a relatively large aryl(pyridyl)
amido ligand in the catalyst would lead to a relatively slow chain-
transfer reaction [29]. The molecular weight of the polyethylene
obtained from the 5/AliBu3/Ph3CB(C6F5)4 system is close to the one
of the polyethylene from the 4/AliBu3/Ph3CB(C6F5)4 system, owing
to that the catalytically active species is possibly the same in the
two systems. The molecular weight of the obtained polyethylene
was also influenced remarkably by the Al/Ti molar ratio and the
polymerization temperature. As expected, the molecular weight of
the produced polyethylene decreases with the increase in Al/Ti
molar ratio and the elevation in polymerization temperature due to
the acceleration of both the chain transfer reaction to alkylalumi-
num and the b-hydride elimination reaction. In addition, the
melting temperatures of the resultant polyethylenes
(138.3e140.0 �C) are in the normal range for linear polyethylene.
13C NMR spectroscopic analysis on typical polyethylene samples
(see Supplementary Material) confirms the linear structure of the
obtained polyethylene. By the way, it was found that the 1e4/
AliBu3/Ph3CB(C6F5)4 systems couldn't catalyze the copolymeriza-
tion of ethylene with long chain aeolefins, such as 1-hexene and 1-
octene, which is quite different from the similar half-titanocence
anilide and aryloxide catalyst systems [10,13].

2.4. Propylene polymerization

Propylene polymerization reactions with the 1e4/AliBu3/
Ph3CB(C6F5)4 catalyst systems were also investigated and the
experimental results are summarized in Table 3. Upon activation
with AliBu3 and Ph3CB(C6F5)4, complexes 1e4 all exhibited excel-
lent catalytic activity (up to 5058 kg PP (mol Ti)�1 h�1) for the
propylene polymerization reaction and produced polypropylenes
as elastomeric solid materials. In contrast to the case of ethylene
polymerization reaction, the catalytic activity of these complexes
for the propylene polymerization reaction decreases in the order of
4 > 3 > 2 > 1 under similar conditions. It seems that a relatively
large aryl(pyridyl)amido ligand in the catalyst would slow down
the coordination of the bulkier propylene molecule to the metal
center of the catalyst and insertion into the growing polymer chain
[28b]. 13C NMR analysis on typical polypropylene samples (see
Supplementary Material) indicates that atactic polypropylene was
formed from these catalyst systems [30]. It was expected for these
catalyst systems to produce isotactic or atactic polypropylene based
on their flexible C1- or Cs-symmetric structural feature [23]. 1H
NMR spectra of typical polypropylene samples show no resonance
for olefinic termination groups (see Supplementary Material),
demonstrating that the main polymer chain termination step of the
polymerization reaction is not the behydride elimination process
[28b]. GPC analysis indicates that the obtained polypropylene
samples possess high molecular weight and narrow molecular
weight distributions (PDI range from1.98 to 3.32). From a structural
point of view, the crowded hepta-coordinating environment
around the central metals of these catalysts would inhibit the chain
transfer and b-hydride elimination reactions and lead to the for-
mation of the high molecular weight atactic polypropylene. It can
be seen from the data that the molecular weight of the poly-
propylenes is evidently dependent on the structure of the catalyst.
Both chain growth and chain transfer reactions can be slowed
down on a bulky catalyst. However, the effect on the two reactions
may be quite different depending on the structure of the catalyst. In
the bulkiest catalyst 1 system, the chain growth reaction might be
slowed down more remarkably in contrast to the chain transfer
reaction. The low catalytic activities of catalyst 1 system have
demonstrated the slow chain growth reaction. In the least bulky
catalyst 4 system, the chain growth reaction is much fast and the
ratio of the chain growth rate to the chain transfer rate is larger
than the one in catalyst 1 system. Therefore the highest molecular
weight polypropylene was produced by the least bulky catalyst 4
while the lowest molecular weight polypropylene was produced by
the bulkiest catalyst 1. The 5/AliBu3/Ph3CB(C6F5)4 catalyst system
was also examined for the propylene polymerization reaction with
low catalytic activity being observed and high molecular weight
atactic polypropylene similar to the one produced by the 4/AliBu3/
Ph3CB(C6F5)4 catalyst system being obtained. These results further
demonstrate that the catalytically active species in the two systems
may be the same.
3. Conclusions

A series of new half-sandwich pentamethylcyclopentadienyl
titanium (IV) aryl(pyridyl)amide complexes, Cp*TiCl2[N(Ar)(2-Py)]
(1e4) have been synthesized from the reactions of Cp*TiCl3 with
the lithium salts of the corresponding aryl(pyridyl)amido ligands
and characterized by 1H and 13C NMR and elemental analyses. X-ray
crystallographic analysis on complexes 1, 2 and 4 demonstrates that
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these complexes possess a relatively crowded hepta-coordinating
environment around their central titanium atoms. Upon activa-
tion with AliBu3 and Ph3CB(C6F5)4, complexes 1e4 all exhibit
excellent catalytic activity for ethylene and propylene polymeri-
zation, producing high molecular weight linear polyethylene and
high molecular weight atactic polypropylene. Among these com-
plexes, the bulkiest complex 1 shows the highest catalytic activity
for ethylene polymerization while the least bulky complex 4 shows
the highest catalytic activity for propylene polymerization under
similar conditions.

4. Experimental section

4.1. General methods

All manipulations involving air- and/or moisture-sensitive
compounds were carried out under nitrogen atmosphere (ultra-
high purity) using either standard Schlenk or glove box techniques.
Toluene, diethyl ether, THF, n-pentane and n-hexane were distilled
under nitrogen in the presence of sodium and benzophenone.
CH2Cl2 was dried by distilling over calcium hydride before use.
Cp*TiCl3 [31] and Ph3CB(C6F5)4 [32] were prepared according to
literature procedures. Polymerization grade ethylene and propyl-
ene was further purified by passage through columns of 5 Å mo-
lecular sieves and MnO. AliBu3, n-BuLi, TiCl4, 2-bromopyridine,
Pd(OAc)2, NaOtBu, DPEphos, 2,6-dimethylaniline, 2,6-
diethylaniline, 2,6-diisopropylaniline and 4-methylaniline were
purchased from Aldrich or Acros. 1H and 13C NMR spectra were
recorded using a Varian Mercury-300 or a Bruker Avance III-400
NMR spectrometer. 13C NMR spectra of the polymers were recor-
ded on a Bruker Avance III-400 NMR spectrometer at 135 �C with o-
C6D4Cl2 as the solvent. The viscosity-averaged molecular weight
(Mh) of the polyethylene samples was measured in decahy-
dronaphthalene at 135 �C by a Ubbelohde viscometer according to
the following equation: [h] ¼ 6.77 � 10�4 Mh0.67. The molecular
weights and molecular weight distributions of the atactic poly-
propylene samples were determined at 40 �C by gel permeation
chromatography equipped with a Waters 515 HPLC pump, four
columns (HMW 7 THF, HMW 6E THF � 2, HMW 2 THF) and a
Waters 2414 refractive index detector. THF was used as the eluent
at a flow rate of 1.00 mL/min against polystyrene standards with
Mark-Houwink corrections. The melting points of the poly-
ethylenes were measured by differential scanning calorimetry
(DSC) on a NETZSCH DSC 204 at a heating/cooling rate of 10 �C/min
from 35 to 160 �C and the data from the second heating scan were
used.

4.2. Synthesis of 2,6-iPr2C6H3(2-Py)NH (HL1)

Pd(OAc)2 (22.4 mg, 0.10 mmol), NaOtBu (1.15 g, 12.0 mmol) and
DPEphos (80.8 mg, 1.15 mmol) were mixed with a solution of 2-
bromopyridine (1.58 g, 10.0 mmol) and 2,6-diisopropylaniline
(1.77 g, 10.0 mmol) in toluene (20 mL) under nitrogen atmo-
sphere. This suspensionwas stirred at 95 �C overnight. The reaction
mixturewas cooled to room temperature and quenched with water
(40 mL). The mixture was extracted with ethyl acetate (3 � 20 mL).
The combined organic phases were dried with anhydrous MgSO4,
filtered and concentrated by distillation under reduced pressure to
give an solid crude product and the solid product was recrystallized
from absolute ethanol to yield the pure product HL1 (2.33 g,
9.16 mmol, 91.6%) as a white powder. 1H NMR (CDCl3, 300 MHz,
298 K) d 8.13 (dd, J ¼ 5.1, 1.9 Hz, 1H, PyH), 7.39e7.20 (m, 4H, PyH,
PhH), 6.62 (m, 1H, PyH), 6.15 (br, 1H, NH), 5.99 (d, J ¼ 8.4 Hz, 1H,
PyH), 3.20 (m, J ¼ 6.9 Hz, 2H, CH(CH3)2), 1.14 (d, J ¼ 6.9 Hz, 12H,
CH(CH3)2) ppm.
4.3. Synthesis of 2,6-Et2C6H3(2-Py)NH (HL2)

Compound HL2 was synthesized in the same manner as
described for HL1 with 2-bromopyridine (1.58 g, 10.0 mmol) and
2,6-diethylaniline (1.49 g,10.0 mmol) as the startingmaterials. Pure
product (2.04 g, 9.01 mmol, 90.1%) was obtained as a white crys-
tallinematerial. 1H NMR (CDCl3, 300MHz, 298 K): d 8.13 (d, J¼ 5 Hz,
1H, PyH), 7.35 (t, J ¼ 8 Hz, 1H, PyH), 7.25 (d, J ¼ 7 Hz, 1H, PhH), 7.19
(d, J ¼ 7 Hz, 2H, PhH), 6.62 (t, J ¼ 6 Hz, 1H, PyH), 6.35 (br, 1H, NH),
6.00 (d, J ¼ 8 Hz, 1H, PyH), 2.61 (q, J ¼ 7 Hz, 4H, CH2CH3), 1.15 (t,
J ¼ 7 Hz, 6H, CH2CH3) ppm.

4.4. Synthesis of 2,6-Me2C6H3(2-Py)NH (HL3)

Compound HL3 was synthesized in the same manner as
described for HL1 with 2-bromopyridine (1.58 g, 10.0 mmol) and
2,6-dimethylaniline (1.21 g, 10.0 mmol) as the starting materials.
Pure product (1.83 g, 9.23 mmol, 92.3%) was obtained as a white
crystalline material. 1H NMR (CDCl3, 300 MHz, 298 K) d 8.14 (d,
J ¼ 5.1 Hz, 1H, PyH), 7.44e7.32 (m, 1H, PyH), 7.14 (s, 3H, PhH),
6.69e6.60 (m, 1H, PyH), 6.18 (br, 1H, NH), 6.02 (d, J ¼ 8.4 Hz, 1H,
PyH), 2.23 (s, 6H, ArCH3) ppm.

4.5. Synthesis of 4-MeC6H3(2-Py)NH (HL4)

Compound HL4 was synthesized in the same manner as
described for HL1with 2-bromopyridine (1.58 g, 10.0 mmol) and 4-
methylaniline (1.07 g, 10.0 mmol) as the starting materials. Pure
product (1.67 g, 9.09 mmol, 90.9%) was obtained as a white crys-
talline material. 1H NMR (CDCl3, 400 MHz, 298 K) d 8.17 (ddd,
J ¼ 5.0, 1.9, 0.9 Hz, 1H, PyH), 7.46 (ddd, J ¼ 8.5, 7.2, 1.9 Hz, 1H, PyH),
7.23e7.12 (m, 4H, PhH), 6.81 (dt, J¼ 8.4, 0.9 Hz, 1H, PyH), 6.69 (ddd,
J ¼ 7.2, 5.0, 0.9 Hz, 1H PyH), 2.33 (s, 3H, PhCH3) ppm.

4.6. Synthesis of complex 1

A solution of nBuLi (1.60 M in n-hexane, 3.9 mL, 6.25 mmol) was
slowly added to a solution of 2,6-iPr2C6H3(2-Py)NH (1.59 g,
6.25 mmol) in n-hexane (20 mL) at �20 �C, during which period a
large amount of white precipitate formed. The reaction mixture
was allowed to warm to room temperature and stirred for 5 h. The
resultant precipitate was collected on a frit, washed with cold n-
hexane (2� 10mL) and dried under vacuum to give 2,6-iPr2C6H3(2-
Py)NLi as a white solid. Then Cp*TiCl3 (1.45 g, 5.00 mmol) and
2,6-iPr2C6H3(2-Py)NLi (1.30 g, 5.00 mmol) were mixed in toluene
(15 mL) at �78 �C. The reaction mixture was allowed to warm to
room temperature first and then stirred at 50 �C overnight. The
precipitate was filtered off and the filtrate was concentrated to
leave a dark brown residue. Recrystallization from CH2Cl2/n-hexane
gave pure product 1 (1.69 g, 3.33 mmol, 66.7%) as reddish brown
crystals. Anal. Calcd. for C27H36Cl2N2Ti (507.36): C, 63.92; H, 7.15; N,
5.52. Found: C, 63.66; H, 7.09; N, 5.67. 1H NMR (CDCl3, 300 MHz,
298 K): d 8.09 (m, 1H, PyH), 7.32e7.24 (m, 1H, PyH), 7.17e7.10 (m,
3H, PhH), 6.54 (m, 1H, PyH), 5.55e5.50 (m, 1H, PyH), 3.25e3.15 (m,
2H, CH(CH3)2), 2.29 (s, 15H, CpCH3), 1.28 (d, J ¼ 6.8 Hz, 6H,
CH(CH3)2), 0.93 (d, J ¼ 6.8 Hz, 6H CH(CH3)2) ppm. 13C NMR (CDCl3,
75 MHz, 298 K): d 167.1, 147.3, 144.0, 143.2, 140.9, 134.1, 126.5, 123.9,
112.6, 105.0(ArC, PyC), 28.0 (CH(CH3)2), 25.6 (CH(CH3)2), 23.8
(CH(CH3)2), 14.2 (CpCH3) ppm.

4.7. Synthesis of complex 2

A solution of nBuLi (1.60 M in n-hexane, 7.9 mL, 12.5 mmol) was
slowly added to a solution of 2,6-Et2C6H3(2-Py)NH (2.83 g,
12.5 mmol) in n-hexane (20 mL) at �20 �C, during which period a

songt
高亮



Table 4
Details of the crystal data, data collections, and structure refinements for complexes 1, 2, 4, 5.

1 2 4 5

Formula C27H36Cl2N2Ti C25H32Cl2N2Ti C22H26Cl2N2Ti C34H37ClN4Ti
Formula weight (g mol�1) 507.38 479.33 437.25 585.03
Crystal system Triclinic Triclinic Monoclinic Monoclinic
Space group P-1 P-1 P2(1)/c C2/c
a (Å) 10.4775(6) 8.2562(12) 12.5631(8) 37.646(3)
b (Å) 10.9153(6) 8.6298(12) 9.2521(6) 9.0705(6)
c (Å) 12.4145(7) 18.433(3) 18.9574(12) 17.8978(12)
a (deg) 84.7360(10) 97.415(2) 90 90
b (deg) 83.8360(10) 98.059(2) 104.9510(10) 92.5620(10)
g (deg) 70.9360(10) 113.304(2) 90 90
V (Å3) 1331.73(13) 1169.4(3) 2128.9(2) 6105.4(7)
Z 2 2 4 8
r, calcd, (g cm�3) 1.265 1.361 1.364 1.273
Abs coeff/mm�1 0.539 0.609 0.662 0.397
q range (deg) 1.65 e 26.03 2.28 e 26.08 1.68 e 25.05 2.17e25.04
R(int) 0.0152 0.0251 0.0258 0.0584
Data/restraints/parameters 5131/0/298 4489/0/278 3750/0/250 5386/0/368
GOF 1.037 1.122 1.057 1.136
R1, Rw [I > 2sigma(I)] 0.0438, 0.1066 0.0558, 0.1417 0.0370, 0.0955 0.0685, 0.1384
R1, Rw (all data) 0.0535, 0.1135 0.0627, 0.1476 0.0439, 0.1010 0.0954, 0.1504
Max(min) diff peak (e Å�3) 0.340, �0.193 0.957, �0.445 0.310, �0.215 0.380, �0.265
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large amount of white precipitate formed. The reaction mixture
was allowed to warm to room temperature and stirred for 5 h. The
resultant precipitate was collected on a frit, washed with cold n-
hexane (2 � 10 mL) and dried under vacuum to give 2,6-Et2C6H3(2-
Py)NLi as a white solid. Then Cp*TiCl3 (1.45 g, 5 mmol) and 2,6-
Et2C6H3(2-Py)NLi (2.32 g, 10 mmol) were mixed in toluene
(15 mL) at �78 �C. The reaction mixture was allowed to warm to
room temperature and stirred for 1 h. The precipitate was filtered
off and the solvent was removed under reduce pressure to leave a
dark brown residue. Recrystallization from CH2Cl2/n-hexane gave
pure product 2 (1.58 g, 3.29mmol, 65.8%) as reddish brown crystals.
Anal. Calcd. for C25H32Cl2N2Ti (479.31): C, 62.65; H, 6.73; N, 5.84.
Found: C, 62.32; H, 6.68; N, 5.92. 1H NMR (CDCl3, 400 MHz, 298 K)
d 8.09 (d, J ¼ 5.3 Hz, 1H, PyH), 7.38e7.23 (m, 3H, PhH), 7.23e7.16 (d,
J ¼ 7.6 Hz, 1H, PyH), 6.55 (t, J ¼ 6.3 Hz, 1H, PyH), 5.51 (d, J ¼ 8.4 Hz,
1H, PyH), 3.03e2.67 (m, 2H, CH2CH3), 2.67e2.44 (m, 2H, CH2CH3),
2.23(s, 15H, CpCH3), 1.12 (t, 6H, CH2CH3). 13C NMR (CDCl3, 100 MHz,
298 K) d 165.8, 148.1, 143.4, 141.3, 139.2, 134.2, 126.1, 125.9, 112.6,
104.0(ArC, PyC), 24.4 (CH2CH3), 14.9 (CH2CH3), 14.2 (CpCH3) ppm.

4.8. Synthesis of complex 3

Complex 3was synthesized in the samemanner as described for
complex 2. Pure 3 (yield 64.6%) was obtained as reddish brown
crystals by recrystallization from CH2Cl2/n-hexane. Anal. Calcd. for
C23H28Cl2N2Ti (451.25): C, 61.22; H, 6.25; N, 6.21. Found: C, 61.48; H,
6.29; N, 6.32. 1H NMR (CDCl3, 300 MHz, 298 K): d 8.09 (d, J¼ 4.6 Hz,
1H, PyH), 7.32 (t, J ¼ 7.1 Hz, 1H, PyH), 7.04 (m, 4H, PhH), 6.59e6.53
(m, 1H, PyH), 5.48 (d, J ¼ 8.4 Hz, 1H, PyH), 2.29 (s, 15H, CpCH3), 2.21
(s, 6H, PhCH3) ppm. 13CNMR (CDCl3, 75 MHz, 298 K): d 149.5, 143.6,
141.6, 134.2, 133.7, 128.5, 125.6, 112.7, 103.5(ArC, PyC), 19.5 (ArCH3),
14.3 (CpCH3) ppm.

4.9. Synthesis of complex 4

Complex 4was synthesized in the samemanner as described for
complex 2. Pure 4 (yield 60.9%) was obtained as reddish brown
crystals by recrystallization from CH2Cl2/n-hexane. Anal. Calcd. for
C22H26Cl2N2Ti (437.23): C, 60.43; H, 5.99; N, 6.41. Found: C, 60.20;
H, 5.90; N, 6.48. 1H NMR (CDCl3, 300 MHz, 298 K): d 7.93 (d,
J ¼ 5.5 Hz, 1H, PyH), 7.41e7.33 (m, 3H, PhH), 7.18 (d, J ¼ 8.1 Hz, 1H,
PyH), 6.54e6.48 (m, 1H, PyH), 6.36(d, J ¼ 8.6 Hz, 1H, PyH),2.41 (s,
3H, PhCH3), 2.24 (s, 15H, CpCH3) ppm. 13C NMR (CDCl3, 75 MHz,
298 K): d 161.7, 144.8, 141.6, 134.0, 133.7, 129.5, 124.1, 112.3,
103.8(ArC, PyC), 21.1 (PhCH3), 14.0 (CpCH3) ppm.
4.10. General procedure for olefin polymerization

The ethylene and propylene polymerization experiments were
carried out as follows: A dry 250mL steel autoclavewith amagnetic
stirrer was charged with 60 mL of toluene and AliBu3 in toluene
(10 mL), thermostated at desired temperature and saturated with
olefinmonomer (1.0 atm). A precatalyst solution in toluene (5.0mL)
was then added, immediately followed by addition of a
Ph3CB(C6F5)4 solution in toluene (5.0 mL). The vessel was pressur-
ized to 5 atm with olefin monomer immediately and the pressure
was kept by continuously feeding of olefin monomer. The reaction
mixture was stirred at the desired temperature for 5 min. The
polymerization was then quenched by injecting acidified methanol
[HCl (3 M)/methanol ¼ 1:1], and the polymer was collected by
filtration, washed with water and methanol, and dried at 60 �C in
vacuo to a constant weight under vacuum.
4.11. Crystal structure determination

Single crystals of complexes 1, 2, 4 and 5 suitable for X-ray
crystal structural analysis were obtained from CH2Cl2/n-hexane (v/
v¼ 1~2:10) mixed solvent system. The datawere collected with the
u-2q scan mode on a Bruker SMART 1000 CCD diffractometer with
graphite-monochromated Mo-Ka radiation (l ¼ 0.71073 Å). All
structures were solved by direct methods [33] and refined by full-
matrix least squares on F2. All non-hydrogen atoms were refined
anisotropically, and the hydrogen atoms were introduced in
calculated positions with the displacement factors of the host car-
bon atoms. All calculations were performed using the SHELXTL
crystallographic software packages [34]. Details of the crystal data,
data collections, and structure refinements are summarized in
Table 4. Crystallographic data (excluding structural factors) for the
structures reported in this paper have been deposited with the
Cambridge Crystallographic Data Centre as supplementary publi-
cation no. CCDC-1409164 [1], CCDC-1409165 [2], CCDC-1409166 [4]
and CCDC-1409163 [5].
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