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The influence of the metal net charge of
non-metallocene early transition metal catalyst
on the ethylene polymerization activity
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The net charges on central metals of a serial non-metallocene early transition metal catalysts (Fl cata-
lyst) with similar steric hindrance were caculated with MM-QEq (molecular mechmism-charge equili-
bration) method and associated with ethylene polymerization activities of these Fl catalyts. It was found
that the activity increased with the net charge on metal if ignoring the influence of the steric hindrance.
In other words, introduction of strong and/or more electron-withdrawing groups onto the ligand of FI
catalyst would enhance the activity of the catalyst. This conculsion gave a direction to designing new FlI

catalyst with higher activity.
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Design and synthesis of olefin coordination polymeriza-
tion catalyst are fundamental research to drive the de-
velopment of polyolefin chemistry and industry. Since
the discovery of olefin coordination polymerization
catalyst by Ziegler in 1953, it has always been an active
research subject in both academic and industrial fields.
These catalysts include three categories: traditional het-
erogeneous Ziegler-Natta catalysts, homogeneous met-
allocene catalysts and non-metallocene catalysts. One of
the important topics in this field is the structure-catalytic
activity relationship. The exact structure of the hetero-
geneous Ziegler-Natta catalyst is unknown now, which
mounts a huge hindrance to studying its structure-activ-
ity relationship. However, metallocene catalysts and
non-metallocene catalysts are well defined organometal-
lic complexes, so it is easy to investigate their structure-
activity relationship. It is practical to adjust activity,
stereospecificity and molecular weight via altering the
central metal, ligand frame and the structure and posi-
tion of substituent of organometallic complex. With
great efforts, it has been uncovered that the main influ-
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ence factors on the catalytic activity are the electronic
effect of central metal and the steric effect of substituent.
Mohring and Coville®¥ concluded that electronic effect
could contribute 80% of the change in the polymeriza-
tion activity by the influence of the steric and electronic
effects on the catalytic activity of metallocene catalysts.
Guo et al.23 studied some metallocene and constrained
geometry catalysts using molecular mechanism (MM)
and charge equilibration (QEQ@)™ method and found that
catalytic activity increased with the decrease of the net
charge on the central metal. Bis(imino)pyridyl Fe(ll)
catalyt also obeyed this inverse ratio relationship™.
However, direct ratio relationship occurs in salicylaldi-
minato Nickel(Il) catalyst where acticity increases with
the increasing net charge®. MM-QEq method estab-
lishes a quantitative correlation between activity and
metal net charge of catalyst. Compared with other high
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level quantum chemistry computation methods, such as
ab initio and DFT, MM-QEq is faster and practical in
most laboratories.

In recent years, one of the frontiers of olefin coordi-
nation catalysts is non-metallocene early transition metal
catalyst with phenoxy-imine or phenoxy-ketimine
ligand™ (this catalyst is also called FI catalyst, the
structure is showed in Figure 1). The activities of FI
catalysts are very high, many of which are usually one
order of magnitude higher than those of typical metallo-
cene catalysts in the ethylene polymerization. The mo-
lecular weight of PE produced can be in a broad range
via adjusting the ligand structure. Living polymeriza-
tions of ethylene and propylene can also be performed
by FI catalysts®:2 which can be used to prepare block
copolymers. In the copolymerizations of ethylene with
polar comonomers, Fl catalyst can keep a high activ-
ity?23] The ligands of FI catalysts are plenty. They are
good model compounds to study structure-activity rela-
tionship. In this paper, we study the structure-activity
relationship of FI catalysts by MM-QEq method which
has not been reported up to now.
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Figure 1 The structure of FI catalyst.

1 Computation method

UFF force field® is used in all the geometrical optimi-
zation of FI catalysts, in which success has been ob-
tained in salicylaldiminato Nickel(11) catalyst® which
has similar ligands to FI catalyst. The net charge on cen-
tral metal is calculated with QEq method. Cerius® pro-
gram is used in all the computation. The net charge on
metal is obtained as follows: distribute the net charge to
each atom and then optimize the conformer to minimize
the potential energy. These two operations are circularly
carried out until the potential energy of the conformer
remains constant.

It is worth noting that MM-QEq is only focused on
the electronic effect. However, electronic effect and
steric effect will change together when a substituent
changes. In order to reduce the interference of steric ef-

fect, we classed the complexes with similar steric hin-
drance as a group and studied their activity-net charge
relationship. In fact, the activity-net charge relationship
becomes unclear in comparing complexes with big dif-
ference in steric hindrance.

2 Results and discussion
2.1 The energies of the complex isomers

FI catalyst possesses octahedral coordination structure.
It has five isomers according to the positions of N and O
atoms, as shown in Figure 2. Two trans structures show
no activity in ethylene polymerization because the chain
propagation can not occur in the trans vacancy positions
after elimination of two CI atoms. The three cis struc-
tures could have activity. According to the crystal struc-
tures, some of FI catalysts belong to cis-1 and some to
cis-11. The isomer of a catalyst used in the computation
is the same as its crystal structure. The cis-I structure is
used in the unannounced catalysts. DFT calculation of
complex 1 (Table 1) shows that the energy follows the
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Figure 2  Five isomers of FI catalysts.

Table 1 Metal net charges and activities of complexes 1—9

Complex Ry R, R Net charge  Activity™?
1 H tBu Ph 0.7084 550
2 Me tBu Ph 0.7054 331
3 H tBu 2-Me-Ph 0.7036 40
4 H tBu 4-tBu-Ph 0.7097 271
5 H tBu 3,5-di-tBu-Ph 0.7035 244
6 Me cumyl Ph 0.6990 2096
7 Me adamantyl Ph 0.6986 714
8 H Me Ph 0.7529 0.4
H iPr Ph 0.7294 0.9
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order of cis-l<cis-lll<cis-11*. MM-QEq calculation
also has the same order (Figure 2), which supports that
MM can be used in FI catalysts.

2.2 The net charge-activity relationship of Zr com-
plexes

All the catalyst activities in this paper denote ethylene
polymerization activities. In the following tables, the
activity values cited from different references were
tested in different conditions and had different units. The
activities under the same conditions are comparable and
those under different conditions are incomparable. The
unit of activity is not listed for it is not important in
comparison. The structures of complexes 1—9 (M=Zr,
R4 = H) are showed in Figure 1 and the net charges and
activities are listed in Table 1. Complexes 1—3 is one
group, 4—5 and 6—7 are the other two groups. In each
group, the steric hindrance is similar and the catalytic
activity increases with the increasing net charge on Zr
atom. Taking complex 1 as reference, addition of a CH3
group on R; and Rz position generates complexes 2 and
3, respectively. It can be seen that the same group CH3
has different electron donating ability in different posi-
tions. CH3 shows more power in R3 position.

Comparing complexes 8 and 9, it is found that net
charge is in inverse ratio to activity, which maybe re-
sults from the steric effects of Me and iPr which affect
activity more markedly than electronic effect here. If
gathering complexes 1—9 together, the correlation be-
tween net charge and activity is poor. This phenomenon
illuminates that steric effect can not be ignored in
MM-QEq method used to find net charge-activity rela-
tionship.

In complexesl0—14 (Table 2, M=Zr, Ri=R,=tBu)
where R, is aryl, when substituents vary from electron
donor CHs, H to electron acceptor F, the net charge on
Zr atom and activity increase if considering complexes
10—12 as a group and 13, 11 and 14 as another group.
In complexes 15—17 and 18—19 (Table 3, M=Zr, R4=
H) where R; is alkyl, net charge is also in direct ratio to
activity. Comparing complexes 10 and 13, 12 and 14,
which have the same substituents Me and F respectively
at different positions, Me shows more electron-donating
ability at R; and F also shows more electron-withdraw-
ing ability at R3 than at R4. A group at R; has more elec-
tron effect than at R,.

Table 2 Metal net charges and activities of complexes 10— 14

Complex Rs R4 Net charge  Activity &
10 Ph 2-Me-Ph 0.7090 34
1 Ph Ph 0.7148 20.1
12 Ph 2-F-Ph 0.7519 216.3
13 2-Me-Ph Ph 0.7081 17
11 Ph Ph 0.7148 20.1
14 2-F-Ph Ph 0.7606 339

Table 3 Metal net charges and activities of complexes 15—19

Complex Ry R, R Net charge Activity
15 Me tBu cyclobutyl 0.6863 22.084
16 H tBu cyclobutyl 0.6876 31629
17 H tBu  cyclopropyl 0.6993 50,412
18 H tBu 3-pentyl 0.6601 102022
19 H tBu  cyclohexyl 0.6804 125020

2.3 The net charge-activity relationship of Ti com-
plexes

The activities of Ti complexes 20—22 (Figure 1, Table 4,
M=Ti, R,=H) increase with the increaseing net charges
on Ti atoms that varied with substituents on phenyl.
Comparing complexes 20—22 and 3—1 which have the
same ligand frames as different central metal Ti and Zr,
it is found that Ti has higher net charge than Zr. As in the
cases of complexes 2 and 3, in complexes 20 and 21,
CHs in R3 position has more electron donating effect.
From complexes 23 to 25 (M=Ti, R;=Rs=H, R3=2,6-di-
iPr-Ph (Table 5), and their crystal structures are cis-11),
the number of F atoms, the net charge on Ti atom and
then the activity increase consequently. From complexes
26 to 29 (M=Ti, R,=R4=H, R3=2,6-di-iPr-Ph (Table 6),
and their crystal structures are cis-11), the more the elec-
tron donating ability of the substituent, the less the net
charge on Ti atom, and the less the activity of the com-
plex. I'zn complexes 30—33 (M=Ti, R;=R,=H (Table 7)

Table 4 Metal net charges and activities of complexes 20—22

Complex Ry R, Rs Net charge Activiy!
20 H tBu  2-Me-Ph 0.9213 301
21 Me tBu Ph 0.9245 1710
22 H tBu Ph 0.9282 3240

Table 5 Metal net charges and activities of complexes 23—25

Complex R, Rs Net charge Activity?2
23 H Ph 0.9800 63
24 H 2,6-di-F-Ph 1.1491 162
25 F 2,6-di-F-Ph 1.2001 194
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Table 6 Metal net charges and activities of complexes 26 —29

Complex Ry Net charge Activity?
26 NO, 0.9156 880
27 Cl 0.9153 732
28 Br 0.9147 455
29 H 0.9080 13

Table 7 Metal net charges and activities of complexes 30—33

Complex R, Rs Net charge Activity!
30 tBu (CHy),Ph 0.9037 890
31 tBu (CHy)sPh 0.9089 1140
32 H adamantyl 0.9202 20
33 F adamantyl 0.9885 130

where 30—31 are a group and 32— 33 are another group,
and net charge is in direct ratio to activity.

With the ability or the number of electron withdraw-
ing group increasing in complexes 34—39 (Figure 3,
Table 8), the net charge on Ti atom and the activity in-
crease.

~TiCl,

”

Figure 3 The structure of complexes 34—39.

Table 8 Metal net charges and activities of complexes 34—39

Complex Rs Re R; Net charge Activity!
34 H H H 0.9283 3580
35 H F H 0.9386 3960
36 F H F 0.9568 34800
37 F F F 0.9950 43300
38 H CF; H 0.9725 3600
39 CF; H CFs 1.007 40320

The above results prove that the ethylene polymeriza-
tion activity of FI catalyst increases with the increasing
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crease the positive net charge. These result in less acti-
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tron-withdrawing group is favorable to them and their
metals are electron-poor Ti and Zr atoms. Ishii et al®!
computed the HOMO energy of ligands of complexes
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3 Conclusion

Serials of Ti and Zr FI catalysts with similar steric effect
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catalysts are in direct ratio to the net charge on central
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words, electron-withdrawing group in the ligand of a
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clusion gives a direction to design new catalysts with
higher activity.
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