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Abstract: The effect of the cyclopentadienyl fragment
in the copolymerization of ethylene with norbornene
(NBE) by various non-bridged (aryloxo)(cyclopenta-
dienyl)titanium(IV) complexes of the type, Cp’TiCl2-
(OAr) [Cp’¼ indenyl (1), C5Me5 (Cp*, 2), t-BuC5H4

(3), 1,2,4-Me3C5H2 (4); OAr¼O-2,6-i-Pr2C6H3],
�MAO catalyst systems has been explored. The cata-
lytic activity and the NBE incorporation were highly
dependent upon substituent on Cp’ employed, and 1
exhibited both a remarkable catalytic activity and an
efficient NBE incorporation, affording high mo-
lecular weight polymers with unimodal molecular
weight distributions. NBE repeat units were observed
in the resultant poly(ethylene-co-NBE)s prepared by
1, 3, and 4, and the degree of NBE dyads as well as
alternating sequences was strongly influenced by the
Cp’ employed. These complexes (1,3,4) also exhibited
high catalytic activities for ethylene/cyclopentene

(CPE) copolymerization, but the CPE incorporation
by 1 was less efficient than the NBE incorporation un-
der the same conditions. The ab initio density func-
tional (DF) molecular orbital (MO) methods were
utilized to explore the effect of substituents on Cp’ to-
ward the catalytic activity, the NBE incorporation and
the monomer sequence distribution. Good correla-
tions between the DEcoord

Et (coordination energy of
ethylene) after NBE insertion and the activity, and
between DEcoord

NBE (coordination energy of NBE) af-
ter ethylene (or NBE insertion) and NBE content
were observed, strongly suggesting that the capability
producing NBE repeat units was dependent upon
DEcoord

NBE after NBE insertion.

Keywords: coordination energy; DFT calculation; eth-
ylene; norbornene; polymerization; titanium

Introduction

The design and synthesis of efficient transition metal
complex catalysts have been the key for the evolution
of new polyolefin materials possessing unique proper-
ties by controlled olefin polymerization.[1] Poly(ethy-
lene-co-norbornene)s prepared by so-called single-site
catalysts have been known as amorphous materials
with a promising combination of a high glass transition
temperature (Tg), transparency in the UV-VIS region
as well as humidity- and heat-resistance.[2,3] It has also
been reported that bridged (ansa)-zirconocenes like
[Me2Si(Ind)2]ZrCl2 and linked half-titanocene com-
plexes like [Me2Si(C5Me4)(N-t-Bu)]TiCl2 showed high
catalytic activity with efficient norbornene (NBE) incor-

poration for ethylene/NBE copolymerization.[4– 8] How-
ever, the microstructures possess few NBE repeat units
and contain alternating ethylene-NBE sequences in ad-
dition to isolated NBE units.[5– 8]

Non-bridged half-metallocene-type titanium(IV)
complexes containing anionic ancillary donor ligand of
type, Cp’M(L)X2 [M¼Ti, Zr, Hf; Cp’¼cyclopentadien-
yl; L¼anionic donor ligand such as aryloxo, amide, ani-
lide, ketimide, phosphinide, amidinate, etc.] have at-
tracted considerable attention,[9– 23] because these com-
plexes display unique characteristics that are different
from ordinary metallocene-type or linked half-metallo-
cene-type complexes used as the catalyst precursors, es-
pecially for copolymerization of ethylene with a-ole-
fins[9,14,23] or styrene.[10a, b] It has been demonstrated
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that both the monomer reactivities and the monomer se-
quence distributions could be tuned by a simple modifi-
cation of the cyclopentadienyl fragment.[9b,10b,14] More-
over, an efficient catalyst for syndiospecific styrene poly-
merization can be modified to an efficient catalyst for
ethylene polymerization by replacing the substituent
on Cp’ of the half-titanocenes containing aryloxo,[10a, c]

anilide[13] and amide ligands.[14]

We have recently reported in a preliminary communi-
cation that (indenyl)TiCl2[O-2,6-(i-Pr)2C6H3] (1) is an
effective catalyst precursor for ethylene/NBE copoly-
merization, affording poly(ethylene-co-NBE)s with
uniform NBE incorporation.[11] Since it was assumed
that the effect of the substituent on Cp’ plays an impor-
tant role for both the monomer reactivity and the micro-
structure, in this paper, we present our detailed results
concerning effect of the cyclopentadienyl fragment in
this copolymerization using a series of (aryloxo)(cyclo-
pentadienyl)titanium(IV) complexes of type, Cp’TiCl2-
(OAr) [Cp’¼ indenyl (1), Cp* (Cp*¼C5Me5, 2), t-
BuC5H4 (3), 1,2,4-Me3C5H2 (4); OAr¼O-2,6-(i-Pr)2C6H3,
Scheme 1], under optimized polymerization conditions
in the presence of methylaluminoxane (MAO) co-
catalyst (Scheme 1).[24] Moreover, as also shown in

Scheme 1, we introduce our results for the copolymeri-
zation of ethylene with cyclopentene and cyclohexene
using Cp’TiCl2(OAr)-MAO catalyst systems.

As described above, ligand modification plays an es-
sential role for designing superior catalysts in controlled
olefin polymerization. On the other hand, quantum
chemical analysis has become a very powerful tool for
predicting structures of catalytically-active species and
properties of molecules prior to actual proof by experi-
ment.[25] Since recent computational investigations sug-
gest that the rate-determining step in ethylene polymer-
ization is not the insertion but the coordination of a
monomer to a cationic metal center,[26] we therefore fo-
cused on the coordination energy (DEcoord) of ethylene
and NBE to Ti(IV) cationic species after prior insertion
of the monomer. In this paper, the coordination energies
were thus calculated for cationic states of Cp’Tiþ-
R(OAr) (Cp’¼ indenyl, Cp*, t-BuC5H4, 1,3-t-Bu2C5H3)
with the use of the density functional theory (DFT),
and the correlation between DEcoord and experimental
results has been considered.

Results and Discussion

Effect of Cyclopentadienyl Fragment in
Copolymerization of Ethylene with Norbornene with
(Aryloxo)(cyclopentadienyl)titanium(IV) Complex-
MAO Catalyst Systems

In Table 1 are summarized the results of the copolymer-
ization of ethylene with NBE by the (indenyl)TiCl2-
(OAr) (1)-MAO catalyst system under various condi-
tions.[27] MAO was prepared as a white solid by remov-
ing toluene and AlMe3 from commercially available
MAO (PMAO, Tosoh Finechem Co.) and was chosen
as the cocatalyst because it was effective in the prepara-
tion of high molecular weight ethylene/a-olefin copoly-
mers with unimodal molecular weight distributions
when the Cp* analogue (2) was used as the catalyst pre-
cursor.[9a]

It was revealed that 1 exhibited both remarkable cat-
alytic activity and efficient NBE incorporation, and the
activity for the copolymerization was found to be higher
than that for ethylene homopolymerization (runs 1 – 4),
and an extremely low activity was observed (activity
<1 kg polymer/mol Ti ·h) when the polymerization
was performed in the absence of ethylene.[11] The resul-
tant copolymers possessed relatively high molecular
weights with narrow, unimodal molecular weight distri-
butions (Mn¼14.2 –14.6�104, Mw/Mn¼1.48 –1.61).[28]

The activity was somewhat dependent upon the Al/Ti
molar ratio (runs 2 – 4), but both the molecular weights
and the NBE contents for the resultant poly(ethylene-
co-NBE)s were independent of the Al/Ti molar ratio,
suggesting that the dominant chain-transfer pathway is

Scheme 1.
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not the chain-transfer to aluminum alkyls but seems to
be the b-hydrogen elimination in the copolymerization
under these conditions. The molecular weight decreased
when the copolymerization was conducted at the higher
temperature of 40 8C, although the apparent activity cal-
culated based on the polymer yield remained unchanged
(or the activity slightly decreased based on monomer re-
acted) under these conditions (run 3 vs. run 5). This re-
sult also supports the above suggestion that the domi-
nant chain-transfer would be the b-hydrogen elimina-
tion from propagating metal-alkyl species.
The observed catalytic activities increased upon increas-
ing the NBE concentration, but the activity decreased
gradually at higher NBE concentration conditions
(runs 6– 14). The NBE content increased at higher
NBE concentrations, and the Mn values for the resultant
copolymers decreased upon increasing the NBE content
whereas the Mw/Mn values were unchanged in all cases
(Mw/Mn¼1.55 – 2.15), which suggests that resultant co-
polymer possessed uniform NBE incorporation in all
cases.[29]

In Table 2 are summarized the polymerization results
with various Cp’TiCl2[O-2,6-(i-Pr)2C6H3] [Cp’¼ indenyl
(1), Cp* (2), t-BuC5H4 (3), 1,2,4-Me3C5H2 (4)]-MAO
catalyst systems. High catalytic activities were ob-
served when the Cp* analogue 2 was chosen as the cata-
lyst precursor, but the activity decreased upon increas-
ing the initial NBE concentration. The resultant poly-

mers prepared by 2 were poly(ethylene-co-NBE)s with
high molecular weights (Mn¼29.6 –65.1�104) as well
as with narrow molecular weight distributions (Mw/
Mn¼1.46 –1.67), but showed less NBE incorporation
than with 1 under the same conditions. Since we as-
sumed that this might be due to the steric bulk of Cp*
(2) compared to indenyl (1), the polymerizations by
Cp*TiCl2(O-2,6-Me2C6H3) (2a)-MAO were thus exam-
ined. However, the resultant copolymers possessed bi-
modal molecular weight distributions (runs 28 –30, Ta-
ble 2),[30] although the observed trend for the activity
was similar to that observed in the polymerization by
2. The results with 2a were somewhat similar to those ob-
tained in ethylene/1-hexene copolymerization,[9b] and
thus the copolymerization did not proceed in a single-
site nature.

The t-BuCp analogue 3 showed better NBE incorpo-
ration than 2, and the efficiency is at the same level as
that by 1, although the observed catalytic activities
were lower than those by 1 and 2. In addition, the activity
under high NBE concentration was lower than that by 1
(run 12 vs. run 24, NBE 0.5 mol/L). The Me3Cp analogue
4 showed both high catalytic activity and relatively effi-
cient NBE incorporation, and the activity was higher
than that for the homopolymerization (runs 25 and
26). The NBE incorporation by 4 was more efficient
than that by 2 (run 17 vs. run 26, run 19 vs. run 27 by 2
and 4, respectively), suggesting that the steric bulk on

Table 1. Copolymerization of ethylene with norbornene (NBE) by the (indenyl)TiCl2[O-2,6-(i-Pr)2C6H3] (1)-MAO catalyst
system.[a]

Run Cat. 1
[mmol]

Al/Ti[b] NBE
conc.[c]�102

Polymer
Yield [mg]

Activity[d] NBE content[e]

[mol %]
Mn

[f]�10�4 Mw/Mn
[f]

1 1 (0.2) 15000 – 232.0 6960 – 22.5 1.88
2 1 (0.2) 10000 20 345.0 10400 13.7 14.2 1.48
3 1 (0.2) 15000 20 349.6 10500 14.0 14.6 1.56
4 1 (0.2) 25000 20 444.0 13300 14.6 1.61
5[g] 1 (0.2) 15000 20 362.0 10900 20.1 4.84 1.47
1 1 (0.2) 15000 – 232.0 6960 – 22.5 1.88
6 1 (0.2) 15000 5.0 245.9 7380 4.9 19.2 2.14
7 1 (0.2) 15000 5.0 236.0 7080 17.9 2.15
8 1 (0.1) 30000 5.0 202.2 12100 4.6 21.4 2.03
3 1 (0.2) 15000 20 349.6 10500 14.0 14.6 1.56
9 1 (0.2) 15000 30 297.4 8920 18.9 14.6 1.55
10 1 (0.2) 15000 30 278.7 8360 14.5 1.59
11 1 (0.2) 15000 40 300.7 9020 22.9 9.46 1.78
12 1 (0.2) 15000 50 240.8 7220 25.6 9.15 1.72
13 1 (0.2) 15000 100 68.4 2050 6.51 1.69
14 1 (0.5) 6000 100 192.0 2300 35.2 5.87 1.82

[a] Conditions: toluene 50 mL, d-MAO (prepared by removing AlMe3 and toluene from PMAO) 3.0 mmol, ethylene 4 atm,
25 8C, 10 min.

[b] Molar ratio of Al/Ti.
[c] Norbornene (NBE) concentration charged (mol/L).
[d] Activity in kg polymer/mol Ti · h.
[e] NBE content (mol %) estimated from 13C NMR spectra.
[f] GPC data in o-dichlorobenzene vs. polystyrene standards.
[g] Polymerization at 40 8C.
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Cp’ plays a role. The activity drastically decreased at
high NBE concentration (run 27). Based on these re-
sults, 1 seemed more suited as catalyst precursor exhib-
iting both high catalytic activity and efficient NBE incor-
poration.

Figure 1 shows 13C NMR spectra for the resultant
poly(ethylene-co-NBE)s prepared by 1 – 4-MAO cata-
lyst systems (NBE content ca. 14 mol %), and possible
monomer sequences in the copolymer (up to the dyads
level) are summarized in Scheme 2. Figure 2 depicts ex-
panded 13C NMR spectra around the C7 regions (ca. 33 –
34 ppm) in the poly(ethylene-co-NBE)s prepared by 1 –
4, and Table 3 summarizes results for the microstructure
analyses (NBE contents 8.2 – 25.6 mol %) estimated
based on the 13C NMR spectra to clarify the effect of
the cyclopentadienyl group toward the monomer se-
quences.

The microstructure from 2 possesses few NBE repeat
units and contains both meso and racemo alternating
ethylene-NBE sequences (EN) as well as isolated
NBE units (33.0 – 33.5 ppm, Figure 1 a, Figure 2 a), and
the NBE dyads (NN) were also observed as a tiny trace

in the spectrum for the copolymer with higher NBE con-
tent (Figure 2 b, run 19 in Table 3, NBE content
21.7 mol %). In contrast, resonances ascribed to NBE
dyads were observed (shown as * in Figure 1 b – d, corre-
sponding to C5, C6 and C7 carbons) in the spectra for the
copolymer by 1, 3, and 4.[31] The microstructure by 1, 3
estimated by 13C NMR spectra thus possessed a mixture
of NBE repeat units (including dyads) in addition to al-
ternating and isolated NBE sequences (Figure 2 c –d,
g – i). The observed results may be suited as an appropri-
ate explanation for the observed difference in the NBE
incorporation between 2 and 1, 3. In contrast, the micro-
structure by 4 possessed a mixture of NBE repeat units
and the isolated sequences (Figure 2 e, f), and the
amount of alternating sequences was significantly lower
than those by 1– 3, especially for the copolymer at high
NBE content (Figure 2 f, NBE 36.6 mol %). Moreover,
as summarized in Table 3, the ratios of isolated/alterna-
tive/dyad sequences were highly dependent upon the cy-
clopentadienyl fragment employed, because the per-
centage of alternative sequences by 3 was higher than
that by 1 under the same NBE content (Table 3, run 23

Table 2. Copolymerization of ethylene with norbornene (NBE) by Cp’TiCl2(OAr) [Cp’¼ indenyl (1), Cp* (2), t-BuC5H4 (3),
1,2,4-Me3C5H2 (4); OAr¼O-2,6-(i-Pr)2C6H3]-MAO catalyst systems.[a]

Run Cat.
[mmol]

Al/Ti[b] NBE
conc.[c]�102

Polymer
yield [mg]

Activity[d] NBE content[e]

[mol %]
Mn

[f]�10�4 Mw/Mn
[f]

1 1 (0.2) 15000 – 232.0 6960 – 22.5 1.88
6 1 (0.2) 15000 5.0 245.9 7380 4.9 19.2 2.14
3 1 (0.2) 15000 20 349.6 10500 14.0 14.6 1.56

12 1 (0.2) 15000 50 240.8 7220 25.6 9.15 1.72
14 1 (0.5) 6000 100 192.0 2300 35.2 5.87 1.82
15 2 (0.2) 15000 – 280.0 8400 – 65.2 1.90
16 2 (0.2) 15000 10 263.1 7890 4.6 65.1 1.67
17 2 (0.2) 15000 20 218.1 6540 8.2 57.9 1.61
18 2 (0.2) 15000 50 124.2 3730 14.9 34.0 1.57
19 2 (0.2) 15000 100 87.9 2640 21.7 29.6 1.46
20 3 (0.3) 10000 – 83.0 1660 – 11.5 1.97
21 3 (0.3) 10000 5.0 211.3 4230 24.8 1.84
22 3 (0.3) 10000 10 252.6 5050 8.2 18.5 1.75
23 3 (0.3) 10000 20 119.5 2390 13.4 10.9 1.69
24 3 (0.3) 10000 50 58.8 1180 24.2 7.40 1.65
25 4 (0.2) 15000 – 151.0 4530 – 32.2 1.54
26 4 (0.2) 15000 20 472.0 14200 14.3 29.3 1.75
27 4 (0.2) 15000 100 65.0 1950 36.6 9.56 1.51
28 2a[g] (0.1) 30000 10 172.3 10300 bimodal
29 2a[g] (0.1) 30000 30 121.7 7300 bimodal
30 2a[g] (0.1) 30000 100 50.7 3040 12.3 2.58[h]

[a] Conditions: toluene 50 mL, d-MAO (prepared by removing AlMe3 and toluene from PMAO), ethylene 4 atm, 25 8C,
10 min.

[b] Molar ratio of Al/Ti.
[c] Norbornene (NBE) concentration charged (mol/L).
[d] Activity in kg polymer/mol Ti · h.
[e] NBE content (mol%) estimated from 13C NMR spectra.
[f] GPC data in o-dichlorobenzene vs. polystyrene standards.
[g] Cp*TiCl2(O-2,6-Me2C6H3) (2a) was used in stead of Cp*TiCl2[O-2,6-(i-Pr)2C6H3] (2).
[h] Bimodal molecular weight distributions.
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vs. run 2, run 24 vs. runs 11, 12), and the ratio of alterna-
tive sequences by 4 was lower than those by 1, 3, as also
exemplified in Figure 2 f (vs. Figure 2 i). These results

thus clearly indicate that the substituent on Cp’ directly
affects both monomer reactivities and monomer se-
quence distributions in the copolymerization. Since res-

Figure 1. 13C NMR spectra for poly(ethylene-co-norbornene)s (in benzene-d6/1,2,4-trichlorobenzene at 110 0C) prepared by 1 –
4-MAO catalyst systems, a) by 2 (run 18, NBE 14.9 mol %); b) by 3 (run 23, NBE 13.4 mol %); c) by 1 (run 2, NBE 13.7 mol %);
d) by 4 (run 26, NBE 14.3 mol%).

Figure 2. Expanded charts (32.5 – 34.5 ppm, C7 region, in benzene-d6/1,2,4-trichlorobenzene at 110 0C) for poly(ethylene-co-
norbornene)s prepared by Cp’TiCl2[O-2,6-(i-Pr)2C6H3] (1 – 4)-MAO catalyst systems. Conditions: a, b) Cp’¼Cp* (2), runs
18, 19, respectively; c, d) Cp’¼ t-BuC5H4 (3), runs 23, 24, respectively; e, f) Cp’¼1,2,4-Me3C5H2 (4), runs 26, 27, respectively;
g, h, i) Cp’¼ indenyl (1), runs 2, 12, 14, respectively. Detailed polymerization results are summarized in Tables 1 and 2.
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onances ascribed to NBE triads (NNN) as well as NBE
dyads (NN) were observed in the 13C NMR spectra for
the copolymers prepared by 1 (and by 4) with higher
NBE content, also since 1 exhibited high catalytic activ-
ities with efficient NBE incorporation affording a rela-
tively high molecular weight copolymer with uniform
NBE incorporation in a random manner, 1 should be
the most suited catalyst precursor among 1– 4 for this co-
polymerization.

Copolymerization of Ethylene and Cyclopentene with
1 – 4-MAO Catalyst Systems

In Table 4 are summarized the results of the copolymer-
ization of ethylene with cyclopentene (CPE) using 1 – 4-
MAO catalyst systems.[32,33] The catalytic activities by 1,

3, 4 increased with the presence of CPE (runs 32, 35, 36,
38), but decreased upon increasing the CPE concentra-
tion. The observed trend was similar to that observed in
the ethylene/NBE copolymerization. In contrast, Mn

values for the copolymer by 1 significantly decreased
with the presence of CPE, and the copolymer prepared
by 3 under high CPE concentration possessed bimodal
molecular weight distributions.

In Figure 3 are summarized the 13C NMR spectra for
poly(ethylene-co-CPE)s prepared by the 1-, 3-, 4-
MAO catalyst systems. It is clear that CPE was incorpo-
rated with the 1,2-insertion mode, and that no or a neg-
ligible amount of 1,3-inserted units – as are observed in
the copolymer using ordinary zirconocene catalysts –
were seen.[33a – d] The fact clearly suggests that CPE incor-
poration took place in a regioselective manner as seen
with some titanium complex catalysts,[33e, f] and this ex-
clusive selectivity may be attributed to a lower tendency
to undergo b-hydrogen elimination than those using zir-
conocene complex catalysts as proposed previously.[33f]

These microstructures possessed both isolated and alter-
native CPE sequences, and the degree of alternative se-
quences seemed to be dependent upon the cyclopenta-
dienyl fragment employed. Although the Mn values for
the resultant copolymer were low, the polymer from 1
possessed a relatively high degree of CPE alternative se-
quences; the copolymer from 4 possessed a low degree
of the CPE alternative sequences. Taking into account
these results, 3 may be best suited as the catalyst precur-
sor for this copolymerization in terms of exhibiting a
high catalytic activity with efficient CPE incorporation,
but a more suitable complex catalyst will be designed by
a modification of the cyclopentadienyl fragment. Co-
polymerization of ethylene with cyclohexene by 1 was
attempted under the same conditions (run 31, Table 4),
and a slight increase in the catalytic activity and the de-

Scheme 2.

Table 3. Microstructure analysis in poly(ethylene-co-norbornene)s prepared by Cp’TiCl2(OAr) [Cp’¼ indenyl (1), Cp* (2), t-
BuC5H4 (3), 1,2,4-Me3C5H2 (4); OAr¼O-2,6-(i-Pr)2C6H3]-MAO catalyst systems (NBE incorporation mode, estimated by C7
region in 13C NMR spectra).[a]

Run Cat. Cp’ NBE content[b] NBE incorporation[c] [%]

isolated alternative dyads

17 Cp* (2) 8.2 92 8 –
18 Cp* (2) 14.9 84 16 Trace
19 Cp* (2) 21.7 69 27 4
22 t-BuC5H4 (3) 8.2 80 13 7
23 t-BuC5H4 (3) 13.4 65 23 12
24 t-BuC5H4 (3) 24.2 38 35 27

2 indenyl (1) 13.7 71 18 11
11 indenyl (1) 22.9 48 28 24
12 indenyl (1) 25.6 46 28 26
26 1,2,4-Me3C5H2 (4) 14.3 59 12 28

[a] Detailed conditions, see Table 2.
[b] NBE content in mol %.
[c] Estimated from 13C NMR spectra in the C7 region (shown in Figure 2, selected spectra).
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crease in the Mn value was obtained in the presence of
cyclohexene. However, the resultant polymer possessed
no or a negligible amount of cyclohexene incorporation
as suggested by the previous report.[33f]

DFT Investigation Concerning the Role of the
Cyclopentadienyl Fragment in Ethylene/NBE
Copolymerization Catalyzed by Half-Titanocenes
Containing an Aryloxo Ligand

Quantum chemical analysis has become a very powerful
tool for predicting the structures of catalytically active
species prior to the actual experimental proof.[25] Coor-
dination energies (DEcoord) of ethylene and NBE mono-
mers to Ti(IV) cationic complexes after prior insertion
of monomers were calculated, because a recent compu-
tational investigation suggested that the rate-determin-
ing step in ethylene polymerization is not the insertion
of a monomer but the coordination of a monomer to a
cationic metal center.[26] Density functional theory
(DFT) was chosen to calculate the coordination ener-
gies for cationic states of Cp’TiþR(OAr) [Cp’¼ indenyl
(1’), Cp* (2’), t-BuC5H4 (3’), 1,3-(t-Bu)2C5H3 (5’); R¼
alkyl], and the correlations between DEcoord and the ex-
perimental results were explored. The 1,3-t-Bu2Cp ana-
logue (5’) was chosen for comparison, because this com-
plex was quite ineffective for ethylene/NBE copolymer-
ization[11] whereas relatively high catalytic activity and

efficient 1-hexene incorporation were observed in the
ethylene/1-hexene copolymerization.[9b]

Coordination after Ethylene Insertion

A cationic Ti-pentyl complex shown in Figure 4 (exem-
plified as the indenyl analogue) was used as the model
after ethylene (Et) insertion whereby the agostic inter-
action between b-H and the Ti metal center (in dashed
line) can be seen. Two types of NBE coordination lead-
ing to 2,3-exo-cis-addition through 2,3- and 3,2-inser-
tion, which are defined as 2,3- and 3,2-coordination (Fig-
ure 5), were also considered.[2a]

DEcoord values after ethylene insertion are presented in
Table 5, and optimized structure of the indenyl analogue
is depicted in Figure 6. These coordination energies
(DEcoord) of ethylene (DEcoord

Et), NBE (DEcoord
NBE) are

larger than 7.0 kcal/mol in all cases (the indenyl, Cp*,
t-Bu-, and t-Bu2Cp analogues), indicating that all of
the p-complexes formed after ethylene insertions are
stable. In addition, DEcoord

NBE values were larger than
DEcoord

Et in all cases, indicating that the p-complex of
NBE is more stable than that of ethylene. This probably
originates from the strong orbital interaction between
the highest occupied molecular orbital (HOMO) of
NBE and the lowest unoccupied molecular orbital
(LUMO) of these complexes. The HOMO energies of
NBE and ethylene were thus calculated to be �0.23136

Table 4. Copolymerization of ethylene with cyclopentene (CPE) by Cp’TiCl2(OAr) [Cp’¼ indenyl (1), Cp* (2), t-BuC5H4 (3),
1,2,4-Me3C5H2 (4); OAr¼O-2,6-(i-Pr)2C6H3]-MAO catalyst systems[a] and attempted copolymerization of ethylene with cyclo-
hexene (CHE).

Run Cat.
[mmol]

Al/Ti[b] CPE
conc.[c]�102

Polymer
yield[mg]

Activity[d] CPE
content[e] [mol %]

Mn
[f] � 10�4 Mw/Mn

[f]

1 1 (0.2) 15000 – 232.0 6960 – 22.5 1.88
31 1 (0.2) 15000 20[g] 268.0 8040 none[g] 18.0 2.19
32 1 (0.2) 15000 20 429.0 12900 9.0 0.85 2.08[h]

33 1 (0.2) 15000 100 166.0 4980 12.1 0.56 1.88[h]

15 2 (0.2) 15000 – 280.0 8400 – 65.2 1.90
34 2 (0.2) 15000 20 237.0 7110 3.0 59.3 2.09
20 3 (0.3) 10000 – 83.0 1660 – 11.5 1.97
35 3 (0.3) 10000 20 124.0 2480 11.5 2.52 1.93[h]

36 3 (0.3) 10000 40 289.0 5980 17.2 2.10 1.93[h]

37 3 (0.3) 10000 100 50.0 1080 31.8
0.94

2.27
1.66

25 4 (0.2) 15000 – 151.0 4530 – 32.2 1.54
38 4 (0.2) 15000 20 216.0 6480 10.5 12.20 1.55

[a] Conditions: tolueneþcyclopentene (CPE) total 50 mL, d-MAO (prepared by removing AlMe3 and toluene from PMAO),
ethylene 4 atm, 25 0C, 10 min.

[b] Molar ratio of Al/Ti.
[c] CPE concentration charged [mol/L).
[d] Activity in kg polymer/mol Ti · h.
[e] CPE content [mol %] estimated from 13C NMR spectra.
[f] GPC data in o-dichlorobenzene vs. polystyrene standards.
[g] Cyclohexene (CHE) was used in place of cyclopentene (CPE).
[h] High molecular weight shoulder was also observed on GPC trace.
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and �0.26734 hartree, respectively, whereas the LUMO
energies of these complexes were from �0.22849 to �
0.23874 hartree. In the case of NBE coordination, strong
orbital interaction is thus expected on account of the
small HOMO-LUMO level separation between reac-
tants, and the higher energy level of the p orbital of
NBE than that of ethylene is attributed to the strained
structure of NBE itself. For instance, the calculated
C2 – C3 – C4 angle of NBE was 107.58, which is very dif-

ferent from ideal value of 120.08. This strain leads to un-
natural sp2 or sp3 hybridization, resulting in a weakening
of the p-bonding between the C2 and C3 atoms.

DEcoord
Et and DEcoord

NBE values for 3’ were larger than
those for the other complexes, probably due to its steri-
cally-open structure. Note that DEcoord

NBE for 1’ is the
same as that for 3’, and the bond length between Ti
and C2 of NBE (2.56 � for 2,3-coordination; 2.55 �
for 3,2-coordination) in 1’ is much shorter than those
in other complexes (2.58 – 2.70 �), suggesting that
NBE would coordinate to Ti with the strong orbital in-
teraction.

It should be noted that DEcoord
NBE(3,2) is about

2 kcal/mol larger than DEcoord
NBE(2,3) for 1’, whereas

DEcoord
NBE(3,2) and DEcoord

NBE(2,3) values for 2’, 3’ and
5’are nearly equal. Therefore, NBE insertion by 1’
should proceed in a stereospecific manner with a fa-
vored 3,2-coordination mode, and this would be due to
the steric repulsion between methylene groups includ-
ing C7 of NBE and the indenyl group in 2,3-coordination
which leads to smaller DEcoord

NBE(2,3) values than DE
coord

NBE(3,2) values.
Since no correlation between the catalytic activities

in ethylene/NBE copolymerization and DEcoord
Et,

DEcoord
NBE, and DEcoord

NBE – DEcoord
Et values were ob-

served, the activities are unpredictable in terms of stabil-
ity of the p-complexes generated after ethylene inser-
tion. In contrast and importantly, the catalytic activities
for ethylene polymerization by these complexes were
found to increase with decreasing DEcoord

Et value (Fig-
ure 7). Taking into account that the energy barrier of

Figure 3. 13C NMR spectra for poly(ethylene-co-cyclopen-
tene)s (in benzene-d6/1,2,4-trichlorobenzene at 110 8C) pre-
pared with 1-, 3- ,4-MAO catalyst systems.

Figure 4. Optimized structure of (indenyl)Ti(pentyl)[O-2,6-
(i-Pr)2C6H3] complex.

Figure 5. Supposed two NBE coordination modes on to the
Ti metal center.
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monomer insertion tends to increase upon increasing
the stability of the p-complex, the catalytic activities
should depend on the rate of insertion of monomer rath-
er than on the rate of coordination of monomer in this
case. The trend seen here is somewhat different from
that proposed by the calculation study for ethylene pol-
ymerization, from which ethylene coordination should
be the rate-determining step.[26] The observed difference
here may indicate that the rate-determining process in
this catalysis is the insertion of the monomer or that
the rates of ethylene coordination are nearly the same
among these half-titanocene species, and the rate of oth-
er processes like insertion of monomer thus influences
the catalytic activities.

As shown in Figure 8, relatively good relationships be-
tween DEcoord

NBE, DEcoordm
NBE – DEcoord

Et values (based
on DFT calculation) and the NBE contents (experimen-
tal values, Table 2) were observed, and these suggestT
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Figure 6. Optimized structures of ethylene, and NBE coordi-
nated complexes.
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that the NBE incorporation is thus affected by the ener-
getic preference of coordination between NBE and eth-
ylene into the alkyl-cationic species.

Coordination after NBE Insertion

A cationic (3-methyl)-2-bicyclo[2.2.1]heptyl complex
shown in Figure 9 (exemplified as the indenyl analogue)

was used as the model after NBE insertion whereby the
agostic interaction between g-H and the Ti can be seen.
The Ti atom of the complexes becomes a stereogenic
center with different coordination sites in this case, lead-
ing to the formation of R and S p-complexes as shown in
Figure 10.[34] Only 3,2-coordination was considered for
NBE, because the energy of 3,2-coordination after eth-
ylene insertion by 1’was larger than that of 2,3-coordina-
tion and no significant differences were observed be-
tween 2,3- and 3,2-coordination by the other complexes.

In Table 6 are summarized the values of the coordina-
tion energy, DEcoord, after NBE insertion. The DEcoord

values after NBE insertion are smaller than the DEcoord

values after ethylene insertion in all cases. This would
be due to that the resultant cationic complex after
NBE insertion possesses a narrower coordination space
than that arising after ethylene insertion because of the
increased steric bulk of NBE, and subsequent monomer
coordination should hardly occur smoothly without re-
constructing the structure of the cationic species for co-
ordination of the next monomer to the Ti. For instance,
as shown Figure 11, the cationic complex is transformed
from a g-H agostic to an a-H agostic structure by olefin
insertion. Since the reconstruction should require addi-
tional energy, the p-complex formed after NBE inser-
tion should be less stable than that formed after ethylene
insertion.

It was found that the DEcoord
Et value is larger than

DEcoord
NBE in all cases, suggesting that the p-complex of

Figure 7. Plots of catalytic activity (in ethylene polymeriza-
tion, Table 2) vs. coordination energy, DEcoord

Et calculated
by DFT.

Figure 8. Plots of NBE contents (experimental results in Ta-
ble 2) vs. complexation energies, DEcoord

NBE – DEcoord
Et and

DEcoord
NBE calculated by DFT. Experimental conditions for

copolymerization of ethylene with NBE: a) ethylene 4 atm,
initial NBE 0.20 mol/L (ex. run 3 by 1); b) ethylene 4 atm, in-
itial NBE 0.50 mol/L (ex. run 12 by 1).

Figure 9. Optimized structure of (indenyl)Ti[(3-methyl)-2-bi-
cyclo[2.2.1]heptyl][O-2,6-(i-Pr)2C6H3] complex.

Figure 10. Proposed two coordination types of NBE into tita-
nium complexes after NBE insertion (3,2-coordination
mode).
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NBE is less stable than that of ethylene, also suggesting
that this trend is opposite to that after ethylene inser-
tion. As mentioned above, since monomer coordination
after NBE insertion should require the reconstruction of
a cationic complex due to the increased steric bulk of
NBE, NBE coordination should thus require more ener-
gy than the ethylene coordination, causing the p-com-
plex of NBE to be less stable than that of ethylene. Al-
though, as shown above, the high energy level of the p
orbital of an NBE molecule makes the p-complex of
NBE more stable than that of ethylene, the former effect
should be more significant than the latter effect, which
results in the tendency that DEcoord

Et is larger than
DEcoord

NBE.
Both DEcoord

Et and DEcoord
NBE values (after NBE inser-

tion) for 1’ and 3’are positive, suggesting that the mono-
mer coordination leads to the stabilization. This may be
attributed to the open space for monomer coordination
for these cationic complexes, and both NBE and ethyl-
ene coordination should occur after NBE insertion, sup-
porting our experimental observation that the resultant
copolymers form 1 and 3 possessed NBE repeat units. In
contrast, the DEcoord

NBE values for 2’ are negative, indi-
cating that the NBE coordination to the Ti atom after
NBE insertion seems difficult. This result also supports
our experimental observation that resultant copolymer
prepared with 2 possessed only few NBE repeat units.
Moreover, both DEcoord

Et and DEcoord
NBE values for 5’

are negative, and this suggests that coordination of eth-
ylene or NBE seemed to be very difficult, leading to a

low catalytic activity as well as an inefficient NBE incor-
poration.

As shown in Figure 12, a good correlation was found
between the catalytic activities (TOF) in the ethylene/
NBE copolymerization and the coordination energy of
ethylene after NBE insertion, DEcoord

Et(S), with prefer-
red coordination mode. Although 3 deviated from this
trend as a sole exception,[35] the observed trend suggests
that the stability of the p-complex formed after NBE in-
sertion affects the catalytic activity.[36] In addition to the
observed relationship between NBE contents and

Table 6. Calculated results for DEcoord
Et(R), DEcoord

Et(S), DEcoord
NBE(R), DEcoord

NBE(S), and DEcoord
NBE – DEcoord

Et after NBE
insertion.

Complex Cp’ DEcoord
Et(R)

[kcal/mol]
DEcoord

Et(S)
[kcal/mol]

DEcoord
NBE(R)

[kcal/mol]
DEcoord

NBE(S)
[kcal/mol]

DEcoord
NBE – DEcoord

Et

[kcal/mol]

indenyl (1’) 3.58 5.30 1.88 0.82 �3.42
Cp* (2’) 0.39 1.23 �5.18 �5.49 �6.41
t-BuCp (3’) 4.81 4.96 0.12 3.03 �1.93
t-Bu2Cp (5’) �2.63 �1.01 �4.80 �2.86 �1.85

Figure 11. Optimized structure of (indenyl)Ti[(3-methyl)-2-
bicyclo[2.2.1]heptyl][O-2,6-(i-Pr)2C6H3](ethylene) complex.

Figure 12. Plots of TOF (experimental results, Tables 6) vs.
coordination energy, DEcoord

Et(S) calculated by DFT. Experi-
mental conditions for copolymerization of ethylene with
NBE: a) ethylene 4 atm, initial NBE 0.20 mol/L (ex. run 3
by 1); b) ethylene 4 atm, initial NBE 0.50 mol/L (ex. run 12
by 1).
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DEcoord
NBE or DEcoord

NBE – DEcoord
Et after ethylene inser-

tion (Figure 8), which suggests that the NBE incorpora-
tion is affected by the energetic preference of coordina-
tion between NBE and ethylene into the alkyl-cationic
species, the NBE incorporation in this catalysis may be
strongly affected by the stability of the p-complex of
NBE after NBE and ethylene insertion.

Conclusion

We have shown that (aryloxo)(cyclopentadienyl)tita-
nium complexes exhibit remarkable catalytic activities
for the copolymerization of ethylene with norbornene
in the presence of MAO cocatalyst. We have also dem-
onstrated that the catalytic activity and monomer reac-
tivity as well as the monomer sequence distributions
can be tuned by modification of the cyclopentadienyl
fragment. These are one of the unique characteristics
of using non-bridged half-titanocenes as the catalyst pre-
cursor for precise olefin polymerization, as we demon-
strated previously in the copolymerization of ethylene
with a-olefins as well as styrene. The indenyl analogue
1 exhibit both high catalytic activity and efficient NBE
incorporation in a random manner, affording high mo-
lecular weight polymers with unimodal molecular
weight distributions. High catalytic activities were also
observed for the copolymerization of ethylene with cy-
clopentene (CPE) by these catalysts, but the CPE incor-
porations by 1 and 3 were less efficient than the NBE in-
corporations under the same conditions. Since the at-
tempted copolymerization of ethylene with cyclohexene
afforded polyethylene, therefore, the more suited com-
plex catalyst for these copolymerizations will be de-
signed by a modification of cyclopentadienyl fragment.

We have calculated the coordination energies
DEcoord

Et and DEcoord
NBE after ethylene and NBE inser-

tion into the alkyl cationic titanium(IV) species, and ex-
plored the correlation between the coordination ener-
gies and the experimental results (catalytic activity,
NBE content, monomer sequence). We have found
that the catalytic activities increased upon increasing
the DEcoord

Et after NBE insertion, suggesting that the sta-
bility of the p-complex generated after NBE insertion
affects the catalytic activity. The relatively high stability
of the p-complex formed after NBE insertion is consid-
ered as being necessary for repeated NBE units to be in-
corporated into the polymer chain. Moreover, it has
been shown that the NBE contents increased upon in-
creasing DEcoord

NBE and DEcoord
NBE – DEcoord

Et values af-
ter ethylene and NBE insertion. These facts clearly dem-
onstrate that a superior molecular catalyst, which exhib-
its notable catalytic activity and controls NBE content as
well as the NBE sequence in the copolymer, should be
predicted by calculating coordination energies in this
catalysis.

Experimental Section

General Procedure

All experiments were carried out under a nitrogen atmosphere
in a Vacuum Atmospheres dry-box or by using standard
Schlenk techniques unless otherwise specified. All chemicals
used were of reagent grade and were purified by the standard
purification procedures. Toluene for polymerization was distil-
led in the presence of sodium and benzophenone under a nitro-
gen atmosphere, and was stored in a Schlenk tube in the dry-
box in the presence of molecular sieves. Ethylene was of poly-
merization grade (purity>99.9%, Sumitomo Seika Co. Ltd)
and was used as received. Norbornene and/or cyclopentene
of reagent grade (Aldrich) were stored in a bottle in the dry-
box. Toluene and AlMe3 in the commercially available methyl-
aluminoxane [PMAO-S, 9.5 wt % (Al) toluene solution, Tosoh
Finechem Co.] were taken to dryness under reduced pressure
(at ca. 50 8C for removing toluene, AlMe3, and then heated
at>100 8C for 1 h for completion) in the dry-box to give white
solids. (Aryloxo)(cyclopentadienyl)titanium(IV) complexes
of the type, Cp’TiCl2(OAr) [Cp’¼C5Me5 (2), t-BuC5H4 (3),
1,2,3-Me3C5H2 (4); OAr¼O-2,6-i-Pr2C6H3] or Cp*TiCl2(O-
2,6-Me2C6H3) (2a), were prepared according to our previous
report.[9a]

Molecular weights and molecular weight distributions for
polyethylene and poly(ethylene-co-norbornene)s were meas-
ured by gel permeation chromatography (Tosoh HLC-
8121GPC/HT) with a polystyrene gel column (TSK gel
GMHHR-H HT�2, 30 cm�7.8 mm f ID), ranging from <102

to<2.8�108 MW) at 140 8C using o-dichlorobenzene contain-
ing 0.05 wt/v % 2,6-di-tert-butyl-p-cresol as eluent. The mo-
lecular weight was calculated by a standard procedure based
on the calibration with standard polystyrene samples.

All 1H and 13C NMR spectra were recorded on a JEOL
JNM-LA400 spectrometer (399.65 MHz, 1H). All deuterated
NMR solvents were stored over molecular sieves under a nitro-
gen atmosphere, and all chemical shifts are given in ppm and
are referenced to Me4Si. All spectra were obtained in the sol-
vent indicated at 25 8C unless otherwise noted. 13C NMR spec-
tra for poly(ethylene-co-norbornene)s were recorded on a
JEOL JNM-LA400 spectrometer (100.40 MHz, 13C) with pro-
ton decoupling. The pulse interval was 5.2 sec, the acquisition
time was 0.8 sec, the pulse angle was 908, and the number of
transients accumulated was ca. 8000. The analysis samples
were prepared by dissolving polymers in a mixed solution of
1,2,4-trichlorobenzene/benzene-d6 (90/10 wt), and these spec-
tra were measured at 110 8C.

Synthesis of (Indenyl)TiCl2[O-2,6-(i-Pr)2C6H3] (1)

LiO-2,6-(i-Pr)2C6H3 (684 mg, 3.71 mmol) was added in one
portion to an Et2O solution (30 mL) containing (indenyl)TiCl3

(1000 mg, 3.71 mmol) at �30 8C. The reaction mixture was
warmed slowly to room temperature, and stirred for 10 h.
The mixture was then filtered through Celite, and the filter
cake washed with Et2O. The combined filtrate and the wash-
ings were taken to dryness under reduced pressure to give a
deep red solid. The solid was then dissolved in a minimum
amount of CH2Cl2 layered by a small amount of n-hexane.
The chilled (�30 8C) solution gave purple microcrystals (1st
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crop), and the chilled concentrated mother liquor gave a sec-
ond crop. Yield: 1.19 g (78%). 1H NMR (C6D6): d¼1.26 [d,
12H, (CH3)2CH-], 3.38 (m, 2H, Me2CH-), 6.18 (t, 1H, Ind),
6.46 (d, 2H, Ind), 6.87 – 7.18 (m, 5H), 7.37 (m, 2H); 13C NMR
(C6D6): d¼23.8, 27.1, 112.6, 121.4, 123.5, 124.9, 125.6,
129.3,139.1; anal. calcd.: C 61.34, H 5.88; found: C 61.67, H 6.03.

Copolymerization of Ethylene with Norbornene,
Cyclopentene

A typical procedure was performed as follows: the prescribed
amounts of toluene, norbornene and MAO were added into
the autoclave (100 mL, stainless steel) in the dry-box, and the
apparatus was then purged with ethylene. The reaction mixture
was then pressurized to the prescribed ethylene pressure soon
after the addition of a toluene solution containing titanium
complex. The polymerization was terminated with the addition
of EtOH, and the resultant polymer was adequately washed
with EtOH containing HCl and then dried under vacuum for
several hours. The copolymerization of ethylene with cycylo-
pentene was also conducted in the same manner except that cy-
clopentene was used in place of norbornene, and the polymer-
ization of ethylene was also performed in the same manner in
the absence of norbornene.

Computational Details

All the density function theory (DFT) calculations were per-
formed using the Jaguar 4.2 program,[37] on the Alpha GS/160
supercomputer. Geometry optimization and energy evalua-
tion of the complexes were performed at the B3LYP (Becke�s
three-parameter DFT using the Lee-Yang-Parr correlation
function)/6 – 31G** level of theory.[38] B3LYP is a hybrid func-
tional including electron correlation. The LACVP basis set,
which is an effective core potential basis set developed at Los
Alamos National Laboratory,[39] was adopted for Ti. DEcoord

values were calculated as the difference in energy between
the optimized p-complex on the one hand and the cationic
complex and the monomer on the other hand, namely
DEcoord¼EcationþEmonomer – Ep-complex.
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[15] A. Antiñolo, F. Carrillo-Hermosilla, A. Corrochano, J.

Fernández-Baeza, A. R. Lara-Sanchez, M. Ribeiro, M.
Lanfranchi, A. Otero, M. A. Pellinghelli, M. F. Portela,
J. V. Santos, Organometallics 2000, 19, 2837.

[16] S. A. A. Shah, H. Dorn, A. Voigt, H. W. Roesky, E. Par-
isini, H.-G. Schmidt, M. Noltemeyer, Organometallics
1996, 15, 3176.

[17] S. Doherty, R. J. Errington, A. P. Jarvis, S. Collins, W.
Clegg, M. R. J. Elsegood, Organometallics 1998, 17, 3408.

Copolymerization of Ethylene with Cyclic Olefins
DEDICATED CLUSTER
FULL PAPERS

Adv. Synth. Catal. 2005, 347, 433 –446 asc.wiley-vch.de � 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 445



[18] a) D. W. Stephan, J. C. Stewart, F. Guérin, R. E. v. H.
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