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Abstract—The structures of intermediates formed upon the activation by methylaluminoxane (MAO) of a wide
range of metallocene and post-metallocene catalysts of olefin polymerization were studied by '3C, 'H, and '°F
NMR. For all metallocenes considered (L,ZrCl, and L,TiCl,), under conditions similar to real polymerization
conditions (Al/Zr > 200), two types of intermediates were identified in the reaction solution, namely, hetero-
dinuclear ion pairs [LoM(u-Me),AlMe,]* [Me-MAO]~ (III) and zwitterionic intermediates L,MMe*<—Me-
AI'=MAO (IV) (M = Zr, Ti). The relative concentration of III increases with an increase in the Al/Zr ratio. In
the post-metallocene/MAO catalytic systems, the reaction solution can be dominated either by heterodinuclear
pairs of type III (bis(imino)pyridyl iron complexes) or by zwitterionic intermediates of type IV (half-
titanocenes, complexes with restricted geometry). Both species III and species IV catalyze olefin polymeriza-

tion. Both the species initiating polymerization, [L; TiMe(S)]*[Me-MAO]", and the species responsible for
chain growth, [L [L; TiP]*[Me-MAO] (P is the polymer chain, and S is a solvent molecule), were character-

ized in the bis(phenoxyimine) titanium complex/MAO system.

DOI: 10.1134/50023158407040052

Approximately 100 million tons of polyethylene
and polypropylene are produced annually in the world.
Most of these polymers are obtained by catalytic poly-
merization. It is, therefore, clear why both academic
and applied sciences show rapt interest in new polymer-
ization catalysts, which could improve the efficiency of
the presently existing processes and afford new poly-
mers. The metallocene complexes of Zr and Hf and so-
called post-metallocene complexes, such as the zirco-
nium and titanium phenoxyimine complexes and iron
bis(imino)pyridyl complexes [1-7], have attracted the
greatest attention in recent years.

New catalysts are often discovered by a fluke. For
more rational search for polymerization catalysts, one
should know the main factors determining their activ-
ity, selectivity, and stability. As a rule, polymerization
catalysts include at least two components, namely, a
transition metal complex and an activating compound.
The role of the activator is the methylation of the ini-
tial chloride complex and the abstraction of the Me
anion from the metal to form an ion pair in which the
cation contains either a weakly coordinated counter-
ion or a solvent molecule in the vacant coordination
site. Such Lewis acids as methylaluminoxane (MAO),
B(C4Fs)s, or [CPh;]*[B(C¢Fs),]™ can be used as activa-
tors. In the present report, we summarize the results of
our studies mainly aimed at revealing how metal-
locenes and post-metallocenes are activated and deac-

tivated under the action of the most frequently used
activator MAO [8-14].

Structures of the Intermediates Resulting
from the Activation of Metallocenes by MAO

Cp,ZrMe,(Cp,ZrCL,)/MAO. MAO remains the
activator most frequently used for metallocene and
post-metallocene polymerization catalysts. It is a
poorly characterized mixture of oligomeric products of
AlMe; hydrolysis. For this reason, attempts to deter-
mine the structure of complexes resulting from the
interaction of metallocenes with MAO were long con-
sidered as having no prospects. However, 'H and '*C
NMR studies performed in the last decade have demon-
strated that the structure of the cationic moiety of the
ion pairs formed during the interaction of the metal-
locenes with MAO can be determined rather reliably
[7-14]. The structure of the Zr-I-Zr-IV intermediates
formed in the Cp,ZrMe,/MAOQO system [8] is shown in
Fig. 1. The assignment of the NMR signals of Zr-I-Zr-
IV is based on the detailed spectroscopic data obtained

for the cationic complexes L,Zr(CH;)*--H;CB(C¢F5)5,
[(L,ZrMe),(u-Me)J*[B(CgFs),], [LyZrMe*--B(CgFs), ],

and [L,Zr(u-Me),AlMe,]*[B(C¢Fs)4]~ [15-20]. The key
problem in the determination of the structure of the
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Fig. 1. Assumed structures of the Zr-I-Zr-IV intermediates
resulting from the interaction of Cp,ZrMe, with MAO [8].

Zr-IV zwitterionic intermediate is to detect the *C
NMR signals of the terminal (42 ppm) and bridging (9
ppm) methyl groups (Fig. 2). The chemical shifts for
the structurally similar complex Cp,ZrMe(u-
Me)AI(C4Fs); (40.5 ppm for the terminal methyl group
and 7.9 ppm for the bridging methyl groups) are similar
to those for Zr-IV [21]. The intermediate Zr-I is a weak
complex between Cp,ZrMe, and MAO. The Zr-I and
Zr-1I complexes are observed only at small Al/Zr ratios
(<100), whereas the Zr-III and Zr-IV complexes domi-
nate in the solution at large Al/Zr ratios. In the Zr-II and
Zr-1II complexes, the oligomeric anion [Me-MAQ]" is
in the outer coordination sphere of zirconium and,
hence, the nonuniformity of the [Me-MAQ]~ oligomers
exerts a weak effect on the width of the NMR signals
from the cationic moieties of Zr-II and Zr-1II, which
exhibit narrow NMR signals. By contrast, the interme-
diate Zr-IV exhibits broad signals due to the direct
coordination of [Me-MAO]" to zirconium (Fig. 2).

Cp,TiMe,(Cp,TiCl,)/MAO. It is natural to expect
that the ion pairs formed in the Cp,TiCl,/MAO and
Cp,ZrCl,/MAO catalytic systems have similar struc-
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Fig. 2. 3¢ NMR spectra of the Cp,ZrMe,/MAO* system
in the region of methyl groups (MAO* is MAO enriched in
the 13C isotope); [Al]y = 1.8 mol/l, Al/Zr = 100, toluene, T =
-25°C [8].

tures. In complete accord with this assumption, the inter-
action of Cp,TiCl, with MAO (AV/Ti = 5-300) afforded

the following complexes: Cp,TiMeCl, Cp,TiMe,,
[Cp,TiMe(u-Cl)Cp,TiCl]*[Me-MAO]~ (Ti-II),
[Cp,TiMe(u-Cl)Cp,TiMe]*[Me-MAO]~ (Ti-11,),

[Cp,TiMe(u-Me)Cp,TiMe]*[Me-MAO]~ (Ti-II;), the
heterodinuclear ion pair [Cp,Ti(n-Me),AlMe,]*[Me—
MAO]~ (Ti-Il), and the zwitterionic intermediate
Cp,TiMe*<—Me-AI'=MAO (Ti-1V) (Fig. 3) [11].
Under conditions close to real polymerization (Al/Ti =
100-300), the solution mainly contains the Ti-III and
Ti-IV complexes (Fig. 4). The titanium complexes Ti-
III and Ti-IV are much less stable than the correspond-
ing zirconium complexes: the latter are stable for sev-
eral weeks at room temperature, whereas the former
decompose at this temperature within a few hours. The
main pathway of the decomposition of the Ti** com-
plexes is the reduction of Ti** to Ti** (see below).

It seems of interest to continue the study of the met-
allocene/MAO catalytic systems by considering com-
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Fig. 3. Assumed structures of intermediates Ti-II-Ti-IV
formed upon the interaction of Cp,TiCl, with MAO [11].

plexes with substituted cyclopentadienyl and indenyl
ligands, which are more promising for practice.

(Cp-R),ZrCl, (R = n-Bu)/MAO. The formation of
the Zr-1III and Zr-IV complexes and other zirconium
species, which are present in the catalytic system at dif-
ferent Al/Zr ratios, was studied by recording the 'H
NMR spectra of the cyclopentadienyl ligands (Fig. 5).
The signals of Zr-1II were assigned by comparing the
observed signals with the corresponding signals of the
[(Cp—n-Bu),Zr(u-Me),AlMe, |'[B(C4¢F5)4]~  complex
[9]. The 'H NMR spectrum of the (Cp-n-
Bu),ZrCl,/MAO system in the region of cyclopentadi-
enyl protons contains narrow signals of Zr-III and sev-
eral broad signals designated as IV, IV,, and IV;,
which can be assigned to different complexes of the
Zr-1V type (Fig. 5, spectrum /). The observed spectrum
simplifies as the Al/Zr ratio is increased. The complex
Zr-1II becomes the dominant species in the reaction
solution (Fig. 5, spectra 2 and 3). Catalytic data show
that the (Cp-n-Bu),ZrCl,/MAQO system is inactive in
ethylene polymerization at Al/Zr < 200. The catalytic
activity at Al/Zr = 1000 is 13 times higher than that at
Al/Zr = 200 (Table 1). According to NMR data, the
fraction of Zr-III complexes in the reaction solution
increases with an increase in Al/Zr. Under the polymer-
ization conditions, the concentration of zirconium and
MAO is 1-2 orders of magnitude lower than that in
NMR experiments. Despite this, it is natural to expect
that the fraction of Zr-1II will increase with an increase
in the Al/Zr ratio under the polymerization conditions
as well. Thus, the observed increase in the catalytic
activity of the (Cp—n-Bu),ZrCl,/MAO system with an
increase in the Al/Zr ratio can be attributed to the
increase in the concentration of Zr-III dpecies. How-
ever, the Zr-1II species exist only at the polymerization

TALSI et al.
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Fig. 4. '"H NMR spectra of the Cp,TiCl,/MAO system in

the region of hydrogen atoms of the Cp group at Al/Ti =
(1) 10, (2) 20, (3) 40, (4) 90, and (5) 300; [Al] = 0.75 mol/l,
toluene-dg, 7=-15°C [11].

initiation stage. Later, polymerization is continued by
complexes in which one ligand is the growing polymer
chain. Unfortunately, it is impossible to study this type
of complex in this catalytic system. Evidently, an adja-
cent coordination site of zirconium should be occupied
by a weakly coordinated molecule to efficiently con-
tinue polymerization by complexes containing the
polymer chain as a ligand. At large Al/Zr ratios, only
the strongest Lewis acid sites of MAO are involved in
the abstraction of the Me anion from the zirconocene
molecule. The [Me-MAQ]™ counterions resulting from
this process can have a lowered coordinating power.
Perhaps this fact also contributes to the increase in the
activity of the catalyst with an increase in the Al/Zr
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Fig. 5. 'HNMR spectra of the (Cp—n-Bu),ZrCl,/MAO sys-
tem in the region of hydrogen atoms of the Cp group at
Al/Zr = (1) 50, (2) 200, and (3) 600; [(Cp-n-Bu),ZrCl,] =

1073 mol/l, toluene-dg, T = 20°C [9].

ratio. However, additional studies are needed to verify
this assumption.

(Cp—t-Bu),ZrCl,/MAO. At the small metal ratio of
Al/Zr =50, the initial complex (Cp—#-Bu),ZrCl, and the
monomethylated complex (Cp—-Bu),ZrCIMe are
mainly present in the reaction solution (Fig. 6, spec-
trum 7). At Al/Zr =200, the NMR spectrum contains an
intense signal from the Zr-III complex and a series of
broad signals that can be assigned to complexes of the
Zr-1V type (Fig. 6, spectrum 2). The complex Zr-III
becomes a dominant species in the reaction solution as
Al/Zr is further raised (Fig. 6, spectra 3 and 4). This
result distinguishes the (Cp—#-Bu),ZrCl,/MAO catalytic
system from the Cp,ZrMe,/MAO catalytic system. The
complexes Zr-III and Zr-IV are present in the latter in
comparable amounts even at Al/Zr = 1000. Probably,
the bulky substituent tert-butyl prevents tight cation—
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Fig. 6. "H NMR spectra of the (Cp—z-Bu),ZrCl,/MAO sys-

tem in the region of hydrogen atoms of the Cp group at
Al/Zr = (1) 50, (2) 200, (3) 600, and (4) 1000; [MAO] =

0.5 mol/l, [(Cp—t-Bu),ZrCly] = (1) 1072, (2) 2.5 x 1073,
(3)8 x 107, and (4) 5 x 10 mol/l; toluene-dg, T =
20°C [9].

anion contact in the (Cp—#-Bu),ZrCl,/MAO system and
the formation of a Zr-1II species with the outer-sphere
coordination of the anion becomes preferable. Like
(Cp—n-Bu),ZrCl,/MAO, the (Cp-t-Bu),ZrCl,/MAO
system exhibits a considerable increase in the catalytic
activity as Al/Zr is increased (Table 1). Thus, the Zr-III
heterodinuclear pairs can initiate ethylene polymerization
and are precursors of active species in polymerization.

(Cp-R),ZrCL,/MAO (R = Me, 1,2-Me,, 1,2,3-Me;,
1,2,4-Me;, Me,). The 'H NMR spectrum of the
(Cp—1,2,3-Me;),ZrCl,/MAOQO system (Al/Zr = 50) con-
tains a signal of the Zr-III complex and several weaker sig-

nals, whose origin remains unclear (Fig. 7, spectrum /).
Unlike the (Cp—R),ZrCl,/MAO systems (R = n-Bu,
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Table 1. Polymerization of ethylene in the presence of the (Cp-R),ZrCl,/MAO (R = H, Me, n-Bu, #-Bu) catalysts

Alar s JZr PE yield* Initial activity**_,
R Ao Py, atm (kg PE) (mol Zr)™!
g (kg PE)/(mol Zr) | (atm C,H,)™" min™!
H 200 2 7.7 3850 255
Me 200 5 52 2600 60
n-Bu 200 2 0.7 350 35
-Bu 200 5 0.1 50 -
H 1000 2 17.1 8550 610
Me 1000 2 14.3 7150 320
n-Bu 1000 2 234 11700 460
-Bu 1000 5 7.5 3750 92

* After 15 min.
** Calculated from the PE yield after 5 min.

Table 2. Polymerization of ethylene in the presence of the (Cp—R),ZrCl,/MAO (R = H, Me, 1,2-Me,, 1,2,3-Me;s, 1,2,4-Me;,
Me,, Me;) catalysts

Al 17r PE yield* Initial activity**_,

R m%?/?n o Py, » atm (kg PE) (mol Zr) _1

g (kg PE)/(mol Zr) | (atm C,H,)™' min™
H 200 2 7.7 3850 255
Me 200 5 52 2600 60
1,2-Me, 200 2 13.0 6500 470
1,2,3-Me; 200 5 10.0 5000 102
1,2,4-Me, 200 5 13.9 6950 134
Me, 200 5 17.1 8550 190
Mes 200 5 11.5 5750 145
H 1000 2 17.1 8550 610
Me 1000 2 14.3 7150 320
1,2-Me, 1000 2 19.0 9500 520
1,2,3-Me, 1000 5 8.6 4300 115
1,2,4-Me; 1000 2 8.7 4350 232
Me, 1000 2 11.6 5800 300
Mes 1000 2 14.1 7050 445

* After 15 min.
** Calculated from the PE yield after 5 min.

t-Bu), the (Cp-1,2,3-Me;),ZrCl,/MAO catalytic system
is dominated by the Zr-III complex already at Al/Zr = 50
(Fig. 7, spectrum /). Thus, several methyl substituents
in the cyclopentadienyl ring make the formation of the
Zr-1II complexes energetically more favorable than that
the formation of the Zr-IV complexes. At large Al/Zr
ratios, the complex Zr-1II becomes the only observable
species in the solution (Fig. 7, spectra 3, 4). According
to "H NMR data, the initial zirconium complex is quan-
titatively ~ transformed into  Zr-IIl in  the
(Cp—R),ZrCl,/MAO catalytic systems (R = 1,2,3-Me;,
1,2,4-Me;, Me,) already at Al/Zr = 200 [9]. Under the

assumption that the catalytic activity increases with an
increase in the concentration of Zr-III complexes, it
should be expected that the catalytic activity in the
Al/Zr = 200-1000 region will vary much more widely
in the (Cp—R),ZrCl, (R = n-Bu, #-Bu) systems than in
the (Cp—-R),ZrCl, (R = 1,2,3-Me;, 1,2,4-Me;, Me,)
systems. This agrees completely with experimental data
(Tables 1, 2). Thus, for most of the catalytic systems con-
sidered, the major precursors of active species of poly-
merization are Zr-1III heterodinuclear ion pairs. This con-
clusion is in good agreement with the results of similar

studies of the (Cp—R),ZrCl,/AIMe,/CPhi B(C,Fs);
KINETICS AND CATALYSIS
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Fig.7. IH NMR spectra of the (Cp-1,2,3-Me;3),ZrCl,/MAO
system in the region of hydrogen atoms of the Cp group at
AVZr = (1) 50, (2) 200, (3) 600, and (4) 1000; [MAO] =

0.5 mol/l, [(Cp-1,2,3-Me3),ZrCly] = (1) 1072, (2) 2.5 x
1073, (3) 8 x 107, and (4) 5 x 10~ mol/l; toluene-dg,
T=20°C [9].

catalytic systems (R = H, Me, 1,2-Me,, 1,2,3-Me;,
1,2,4-Me;, Me,, Mes, -Bu, n-Bu). According to 'H
NMR data, these systems contain only the
[(Cp—R),Zr(u-Me),AlMe,|"B(C¢Fs), complexes bear-
ing the same cation as the Zr-1II intermediates. The sys-
tems considered show high catalytic activities [9].

Bridged metallocene/MAOQO systems. A wide range
of L,ZrCl,/MAO and L,TiCl,/MAO catalytic systems
were studied. According to '"H NMR data, for all the
catalysts (rac-C,H,(Ind),ZrCl,, rac-Me,Si(Ind),ZrCl,,
rac-Me,Si(1-Ind-2-Me),ZrCl,, rac-C,H,(1-Ind-4,5,6,7-
H,),ZrCl,, rac-Me,Si(2-Me-Benzind),ZrCl,, rac-
Me,Si(1-Ind-2-Me-4-Ph),ZrCl,, (1-Ind-2-Me),ZrCl,,
Me,C(Cp)(Flu)ZrCl,, Me,C(Cp-3-Me)(Flu)ZrCl,,
Me,Si(Flu),ZrCl,, rac-C,H,(Ind),TiCl,, and rac-
Me,Si(2-Me-Benzind),TiMe,), the complexes
No. 4 2007
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Fig. 8. 'H NMR spectrum of [rac-C,H,(Ind),Zr(u1-
Me),AlMe,]*[Me-MAO] ™ in toluene-dg at 20°C; [Zr] = 3 X
1073 mol/l, Al/Zr = 300 [9].

[L,Zr(u-Me),AlMe, ' [Me-MAO]~  (Zr-III)  and
[L,Ti(u-Me),AlMe, " [Me-MAO]- (Ti-1II) dominate in
the reaction solution at large ratios of Al/Zr > 200.
Broad signals of complexes Zr-IV and Ti-IV are
observed only at small ratios Al/Zr = 50-100 [9, 12]. It
is likely that the substituents and the large size of the
ligands prevent the formation of Zr-IV and Ti-IV com-
plexes. The Zr-III and Ti-III complexes give rise to nar-
row NMR signals, facilitating their detection against
the background of the intense and broad signal of
MAO. By way of example, Fig. 8 shows the spectrum
of the [rac-C,H,(Ind),Zr(u-Me),AlMe,]*[Me-MAOQO]~
complex formed in the rac-C,H,(Ind),ZrCl,/MAO sys-
tem (Al/Zr = 300). The 'H NMR spectra of the type III
complexes containing [Me-MAO]~ and [B(C¢Fs),]™ as
counterions are similar. This is illustrated by the 'H
NMR  spectra of the  [rac-C,Hy(Ind),Ti(u-
Me),AlMe, | [Me-MAO]- and [rac-C,H,(Ind),Ti(u-
Me),AlMe, " [B(C4Fs),]- complexes (Fig. 9).

The Zr-1II complexes in the L,ZrCl,/MAO catalytic
systems are stable for several weeks at room tempera-
ture, whereas the NMR signals of the Ti-III complexes
in the L,TiCl,/MAOQ catalytic systems disappear in 1—
2 days. To elucidate the cause of the lower stability of
Ti-III, we studied the reaction of rac-C,H,(Ind),TiCl,
with Al,Meg ([Ti] = 0.001 mol/l, Al/Ti = 20, toluene,
T = 20°C) by the ESR method. The ESR spectrum
recorded 1 day after the beginning of the reaction con-
tains a signal with g, = 1.978 and a hyperfine structure
from Ti and Al (ap; = 12 G, a,; =2.3 G) [12]. The inten-
sity of the signal indicates the complete reduction of
Ti* to Ti**. The observed ESR spectrum, with the
hyperfine structure from both Ti and Al, is due to a het-
erodinuclear complex with the hypothetical structure
[rac-C,H,(Ind),Ti"(u-Me),AlMe,]. The similar com-
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Fig. 9. 'H NMR spectra of the systems (a) [rac-
C,Hy(Ind),TiCl, + MAO] (Al/Zr = 200) and (2) rac-
C2H4(Ind)zTiCIZ/Aleeé/CPh;r B(CgFs5), (AVZi/B =
1:20 :1); toluene-dg, 7= 20°C [12].

plex [Cp,Ti(u-Me),AlMe,] gives rise to an ESR signal
with g, = 1.977 and an unresolved structure from the
aluminum atom [22]. Triisobutylaluminum (TIBA)
possesses much stronger reducing properties than
Al,Meq. The addition of 10 equivalents of TIBA to a
solution of rac-C,H,(Ind),TiCl, results in the immedi-
ate reduction of Ti** to Ti**. The observed ESR spec-
trum contains two signals. The signal with g, = 1.978
has a hyperfine structure from aluminum (a,; = 1.8 G)
and can be assigned to a complex of the rac-
C,H,(Ind), Ti"™(u-R),AIR, type, and the other signal
(g =1.986) is a doublet (@ = 5.5 G) and belongs to a
hydrido complex of Ti** [12]. Note that, according to
ESR data, the rate of Ti* reduction in the
L,TiCl,/MAO catalytic systems is considerably higher
in the presence of the monomer (ethylene or propy-
lene). Thus, the reduction of Ti** to Ti** is the main
pathway of fast activity loss by the titanocene catalysts
of polymerization.

Summarizing the above results, we can conclude the
following. Under conditions close to real polymeriza-
tion (Al/Zr > 200), the reaction solutions of all the cat-
alytic systems considered, namely, L,ZrCl,/MAO and
L,TiCl,/MAO, contain intermediates of two types: het-
erodinuclear ion pairs [L,M(u-Me),AlMe,]*[Me—
MAO]- II) and zwitterionic intermediates
L,MMe*<—Me-AI'=MAO (IV) (M = Zr or Ti).

The relative concentration of complexes III
increases with an increase in the Al/Zr ratio. Complexes
III are characterized by narrow NMR signals, whereas
broad NMR signals are characteristic of complexes IV.
Complexes IV with different [Me—-MAQ]~ counterions
can exhibit different NMR signals, whereas the NMR
spectra of complexes III are poorly sensitive to the
change of the outer-sphere [Me—MAO]" counterions.

TALSI et al.

The polymerization activity of the catalytic systems
increases with an increase in the proportion of interme-
diates III in the reaction solution. Thus, intermediates III
can be precursors of active species of polymerization.

Methyl substituents in the cyclopentadienyl ring sta-
bilize complexes III relative to intermediates IV.

The catalytic activity of the L,TiCl,/MAO systems
decreases much more rapidly than that of the
L,ZrCl,/MAO systems due to the fast reduction of Ti*
to Ti**.

Structures of the Intermediates Resulting
from the Activation of (CsMes)TiCl;,
[(Me,Cs)SiMe,N-t-Bu]TiCl,,
M84Si2(2 -Ind-4 ,5,6,7-H4)Z”'C12,
and Me,Si,(2-Ind),ZrCl, by MAO

The metallocene catalysts considered above are pre-
dominantly transformed into heterodinuclear ion pairs
of type III upon activation by a large excess of MAO.
It might be expected that the predomination of hetero-
dinuclear ion pairs III at large Al-to-metal ratios is the
general property of the catalytic systems in which
MAQO is used as the activator. However, a later study of
polymerization catalysts based on half-titanocenes
[10], complexes with restricted geometry [11], and
complexes with disilylene bridges showed that their
activation results primarily in zwitterionic complexes
of type IV.

(CsMe;)TiMey/ MAO. The '3C NMR spectrum of
the sample obtained by the addition of *C-enriched
MAQO to a solution of (CsMes)TiMe; in toluene-dg con-
tains Ti—-Me signals from complexes of three types
(V-VII) (Fig. 10, spectrum /) [10]. No signals from
Ti—-Me groups were observed when usual MAO was
used (Fig. 10, spectrum 2). Complex V is a weak
(CsMes)TiMe; complex with Lewis acid sites of MAO
(Fig. 11). The exchange between the free
(CsMes)TiMe; complex and complex V is for the cause
of the NMR signal broadening in the spectrum of com-
plex V. The formation of a similar weak complex was
observed between Cp,ZrMe, and Lewis acid sites of
MAO [8]. The very broad signal of the Ti-Me group
(6 = 83 ppm, Av,,, = 400 Hz), which is a superposi-
tion of several narrower signals (Fig. 10, spectrum
1), belongs to complex VI. The chemical shift of this
signal is close to that for the
[(CsMes)TiMe, " [MeB(C¢Fs);]- complex (6 = 80-
81 ppm) [23]. It is most probable that complex VI is the
zwitterionic  intermediate  (CsMes)Me,Tit<—Me™—
AI=MADO (Fig. 11). Unfortunately, we failed to observe
the 13C NMR signal of the Ti-Me—Al group in complex
VI because of its large width. It seems reasonable to
identify complex VII with a narrow Ti—-Me signal as the
[(CsMes)TiMe(u-Me),AlMe, ' [Me-MAOQO]~  complex.
However, since we failed to observe [(CsMes)TiMe(uL-
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Me),AlMe,|*[B(C¢Fs),]™ in borate systems, additional
arguments in favor of this assumption are needed.

According to NMR data, under conditions close to
real polymerization (Al/Ti > 200), complex VI prevails
in the (CsMes)TiCl;/MAO and (CsMes)TiMe;/MAO
catalytic systems. This complex is considerably less
stable than the similar complexes L,ZrMe*<—
Me—AI=MAUO in the zirconocene/MAOQO catalytic sys-
tems. The NMR signals of complex VI disappear
within 3-5h at room temperature, whereas the
L,ZrMe*<—Me —AI=MAO complexes are stable for
several weeks at this temperature. The most probable
reason for the low stability of complex VI, as in the case
of the titanocenes, is the reduction of Ti** to Ti**. The
main distinction of the half-titanocene system
(CsMes)TiMe;/MAO from the titanocene system
Cp,TiMe,/MAO is that, in the latter, the [Cp,Ti(u-
Me),AlMe, | [Me-MAO]- heterodinuclear ion pairs
prevail at large Al/Ti ratios, whereas the
(CsMes)Me,Tit<—Me—AI=MAO zwitterionic inter-
mediates dominate the (CsMes)TiMe;/MAO system.

[(Me,C;5)SiMe,N-£-Bu]TiCl,/MAO and
[(Me,C5)SiMe,N-t-Bu]TiMe,/MAO. The '*C NMR
spectra of the samples obtained by the addition of 3C-
enriched MAO to solutions of [(Me,Cs5)SiMe,N-¢-
Bu]TiCl, and [(Me,C5)SiMe,N-#-Bu]TiMe, in toluene
at 20°C (Al/Ti = 100) contained a broad, nonuniformly
broadened signal of the Ti-Me group at 6 = 68 ppm
(Av,;, = 170 Hz) [11]. This broad signal is due to the
zwitterionic intermediate [(Me,C5)SiMe,N-#-
Bu]TiMe®<—Me-Al9=MAO because the heterodi-
nuclear ion pairs with the outer-sphere coordination of
[Me—MAO]" are characterized by narrow lines in the
NMR spectra. NMR signals from Ti—-Me with similar
shifts (61.99 and 60.5 ppm) were observed earlier [24]
for two diastereomers of the [(Me,C5)SiMe,N-#-
Bu]TiMe®"<—PBA® zwitterionic complex (PBA~ is
tris(2,2',2"-nonafluorobiphenyl)fluoroaluminate).
Thus, in contrast to the L,TiCl,/MAO catalytic sys-
tems, no [LTi(u-Me),AlMe,]" heterodinuclear species
were found in the systems based on the titanium com-
plexes of restricted geometry, and zwitterionic interme-
diates with the inner-sphere coordination [Me—MAQO]~
are mainly present in the solution. A similar situation
was observed for the (CsMes)TiMe;/MAO catalytic
system [10]. Probably, for the complexes more open than
the metallocenes, the tight inner-sphere coordination of
[Me-MAO]~ with the formation of type IV species is
preferential compared to the formation of type III species
with the outer-sphere coordination of [Me-MAO] .

Me,Si,(2-Ind-4,5,6,7-H,)ZrCl,/MAO and
Me,Si,(2-Ind),ZrCl,/MAO. The complexes with the
disilylene bridges Me,Si,(2-Ind),ZrCl, and Me,Si,(2-
Ind-4,5,6,7-H,),ZrCl, are more open than the metal-
locenes with one silylene bridge. Therefore, it might be
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Fig. 10. '3C NMR spectra of (CsMes)TiMe; 1 h after the

addition of MAO (/) enriched in the Bc isotope and (2)
without enrichment. Admixtures in toluene are designated
by asterisks [10]. [(CsMes)TiMe;] = 0.02 mol/l, Al/Ti = 35,
toluene, T = -10°C.

|/ MA0 @
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/ \Me
Me

MAO
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Fig. 11. Assumed structures of complexes V and VI [10].

expected that, for the activation of these complexes by
MAO, the zwitterionic complexes of type IV would
prevail in the solution even at large Al/Zr ratios. In
accordance with this assumption, only very broad sig-
nals of type IV complexes were observed even at large
Al/Zr ratios (400-1000) for the reaction of Me,Si,(2-
Ind-4,5,6,7-H,)ZrCl, with MAO. For the interaction of
the Me,Si,(2-Ind),ZrCl, complex with MAQO, both the
narrow signals of complex III and the broad signals of
the type IV complexes were observed at Al/Zr = 1000.
Thus, complexes III and IV both can be precursors of
active species of polymerization, depending on the
structure of the initial complex.

Structures of the Intermediates Resulting
from the Activation of Iron(Il) Bis(imino)pyridyl
Complexes by MAO and AIR;

In the past decade, the bis(imino)pyridyl iron com-
plexes have attracted the attention of specialists working
in the area of catalytic olefin polymerization [2, 25-44].
When activated with MAO or a trialkylaluminum, these
complexes efficiently catalyze the polymerization of
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Fig. 12. Structure of complex LFeCl, (VIII) (L = 2,6-
bis[(1-2,6-dimethylphenylimino)ethyl]pyridine).

ethylene into linear polyethylene. Several studies
aimed at elucidating the mechanism of the catalytic
effect of these catalysts were published [33-—42]. We
determined, by 'H and H NMR, the structures of the
intermediates formed upon the activation of the LFeCl,
complex (VIII) (L = 2,6-bis[(1-2,6-dimethylphe-
nylimino)ethyl]pyridine) with such activators as MAO
and trimethyl-, triisobutyl-, and trioctylaluminums [35,
37, 42]. The structure of complex VIII is presented in

TALSI et al.

Fig. 12. In order to assign the signals in the 'H NMR
spectra of the paramagnetic iron(II) complexes, we
compared the integrated intensities of the signals and
their width (the latter correlates with the distance
between the atom and the disturbing paramagnetic cen-
ter). It was found that initial complex VIII interacts with
MAQO to be converted mainly into complex IX (L = CI)
at Al/Fe = 10-200 and into complex IX (L = Me) at
Al/Fe =500-1000 (Figs. 13, 14). Compounds IX and X
are heterodinuclear iron(I) complexes in which the
AlMe, group is bonded to the initial complex. This is
unambiguously indicated by the 'H NMR signal from
the AlMe, fragment designated X in Fig. 14. The
assignment of the signal from X to the AlMe, fragment
was confirmed by H NMR data. Deuterated MAO and
Al(CD3); were used in these experiments. The ionic nature
of compound IX (L = CI, Me) was inferred from the sim-
ilarity between the "H NMR spectra of IX (L = Cl, Me)
and the complex ([LFe'(u-Me),AlMe,]*[B(C¢Fs)4]),
observed in the VIII + AlMe; + CPh;B(C4Fs), system.
The formation of ion pairs should be expected in this
system.

B B Bl B
A~ | A A Z | A
D F | \N | F D D F | \N | F D
C©/N\Ple/ N\©C [MeMAO]_ C©/N>I:Je/N C
BN, N DB B, /N pe
c D L< /MeD c D M/e /Me &k
Al \AI
X A ¢ A ¢
Me/ e Me/ Me
IX:L=CI" X:L=CIl or Me",
L=Me"
B B
NP~ | A A~ | A
D F | \N | F D D F | \N | F D
G S A e )
— —
E "/,DL / \R D" E E ',,/DL / \R D E
C R / C C R / C
\Al \Al
>I %X X M
Y z Y
7 7 7 Z Y CsHy;
CsHyy
XI: L=Cl" orR", XII: L=ClI" orR",
R = CHQCH(CH:},)Z R = CH2C7H15
Fig. 13. Assumed structures of complexes IX-XII [37].
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The 'H NMR spectra of the VIII/AlMe; system are
similar to those for other VIII/AIR; systems and differ
substantially from the spectra of complexes IX (L = Cl)
and IX (L = Me) (Fig. 14). From this fact, we conclude
that the neutral species L(Me)Fe''(u-Me),AlMe, or
L(ClFe'(u-Me),AlMe, is formed in the VIII/AlMe;,
system, whereas the ion pairs [LFe'(u-Me)(u-
ChHAIMe,["[Me-MAO]~ and [LFe(u-
Me),AlMe, ]| [Me-MAO]" are formed in the VII/MAO
system. The signals of Al(CDs), and Fe-CD;—Al (36
and 630 ppm, respectively) were observed in the 2H
NMR spectra of complex X [37]. Since the '"H NMR
spectra of the VIII/AlMe; and VIII/AIR; catalytic sys-
tems are similar (Fig. 14), it can be assumed that similar
complexes, namely, L(Me)Fe!'(u-R),AIR, or
L(CIFe''(u-R),AIR, (XI, XII), are formed in these cat-
alytic systems (Fig. 13). According to NMR data, under
conditions similar to the polymerization conditions, the
VIII/MAO catalytic system is dominated by heterodi-
nuclear ion pairs IX, like the metallocene/MAO cata-
lytic systems.

Activity data for the VIII + MAO and VIII + AIR;
catalytic systems are presented in Table 3. It can be
seen that complex VIII shows similar activities with all
activators. However, the molecular-weight distribution
of the polymer for the VIII + MAO system is much nar-
rower than that for VIII +AIR; (Table 3). Therefore,
different active species lead polymerization in the
VIII + MAO and VIII +AIR; systems, as follows from
the results of NMR studies. The stability of the
VIII +AIR; catalytic system is much lower than the sta-
bility of the VIII + MAO system. In the case of VIII +
AIR;, the activity decreases by a factor of 5 in the first
15 min after the beginning of polymerization, whereas it is
approximately unchanged over 30 min for the VIII + MAO
system.

Structures of the Intermediates Resulting
from the Activation of Titanium Bis(phenoxyimine)
Complexes by MAO and AlMe;/[CPh;]*[B(C4F's),]~

The zirconium and titanium bis(phenoxyimine)
complexes activated by MAO and
AlMe;/[CPh;]*[B(C4Fs),]™ lead the polymerization of
ethylene and other o-olefins to yield polymers with a
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Fig. 14. 'H NMR spectra of complexes IX—XII formed
upon the interaction of LFeCl, (VIII) with different activa-
tors: (/) MAO, Al/Fe = 100; (2) MAO, Al/Fe = 1000;
(3) AlLMeg, Al/Fe = 30; (4) Al(i-Bu);, Al/Fe = 30;
(5) Al(n-Oct);, Al/Fe = 30. Toluene-dg, T = 20°C.

wide range of properties interesting for practical use
[45-60]. In recent years, specialists have been greatly
interested in the “living” polymerization of olefins in
the presence of the fluorinated bis(phenoxyimine) tita-
nium complexes activated by MAO or the
Al(i-Bu);/[CPh;]*[B(C¢Fs),]~ system [50]. Using 'H,
1BC, and "F NMR spectroscopy, we determined the

Table 3. Polymerization of ethylene in the presence of LFeCl, (VIII) activated by different organoaluminum compounds

. Activity, -3 -3
Activator (kg PE) (mol Fe) (atm C,H,) min™! M, x 10 M, x10 M, /M,
MAO 490 13.5 45 33
AlMe; 450 8.9 106 12
Al(i-Bu); 375 10.7 115 10.8
Al(n-Oct)s 510 7.3 46 6.3

Note: Polymerization conditions: 7'= 35°C, toluene, reaction time of 15 min, [Fe] = 1.4 x 107> mol/l, Al (cocatalyst)/Fe = 500 (mol/mol),

and PC2H4 =2 atm.
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2.5 %1072 mol/l, toluene-dg. The signals of the #-Bu group of the LAIMe, complex (product of catalyst deactivation) are designated

by arrows (S designates the signals of the solvent).

nature of the active species initiating and continuing
ethylene polymerization in the L,TiCl,/MAO and
L,TiCl,/AlMe,/[CPh;]*[B(C¢Fs),]- catalytic systems,
where L,TiCl, is bis[N-3-tert-butylsalicylidene)-
2,3,4,5,6-pentafluoroanilinato]titanium(IV) dichloride
(XIID) [14].

The 'H NMR spectrum of initial complex XIII in a
toluene-dg—1,2-difluorobenzene (9 : 1) mixture has nar-
row, well-resolved signals (Fig. 15, spectrum 4;
Table 4). After MAO was added (Al/Ti = 15), the major
portion of complex XIII was converted into the
L,TiMeCl complex (XIV) (Fig. 15, spectra 2, 3;
Table 4). At 20°C, the signal from the imine group of
complex XIV is a broadened singlet (7.70 ppm). At
—40°C, this signal is split into two signals (7.55 and
7.34 ppm) because of the nonequivalence of the two
phenoxyimine ligands. The experiments with
3C-enriched MAO showed that the signal at & =
79.3 ppm (Av,, = 40 Hz) is due to the Ti~'3CH; group
of complex XIV.

As the Al/Ti ratio is increased in the XIII/MAO sys-
tem, complex XV appears. At Al/Ti = 50, it becomes
the dominant species in the reaction solution (Fig. 15,
spectrum 4; Table 4). The '*C NMR signal of the Ti-Me
group of complex XV is observed at 87.2 ppm (Av,), =
42 Hz, -20°C, toluene-dg—1,2-difluorobenzene). The
value 'Joy = 127 Hz, determined for the peak at 6 =
87.2 ppm, is characteristic of terminal Ti—-Me groups
(for the bridging Ti-Me-Al groups, the Ly value
would be 113-118 Hz). These data and the downfield
shift of the signal from the Ti—-Me group of complex
XV (87.2 ppm) relative to the corresponding signal of
L,TiMeCl (79.3 ppm) agree with the earlier assumption
that XV is a cationic complex containing a terminal
Ti—Me group [56]. The comparatively narrow NMR
signals corresponding to complex XV indicate that its
counterion [Me—-MAOJ is located in the outer coordi-
nation sphere of titanium and the vacant coordination
site is occupied by a solvent molecule (S). Thus, com-
plex XIII reacts with MAO at large Al/Ti ratios to form
the outer-sphere ion pair [L,TiMe(S)]*[Me-MAOQO]-
No. 4 2007
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Table 4. Chemical shifts (ppm) of '3C and "H NMR signals (linewidths Av,,, (Hz) and spin—spin interaction constants 'Jcy
(Hz)) for complexes XIII-XV in a toluene-dg + 1,2-difluorobenzene mixture

Complex AVTi T, °C '"H (N=CH) |3C (Ti-Me) | 'H (Ti-Me) | !3C (+-Bu) 'H (+-Bu)
L,TiCl, (XIII) - 20 7.56 - - - 1.35
L,TiCIMe (XIV) 15 20 7.74 79.32 1.97 29.3 1.46

(Avyp=25) | (Avyp=40) | (Avyp=T)
L,TiCIMe (XIV) 15 —40 7.55,7.34 - ~2.1° - 1.53, 1.46
[L,TiMe(S)]* 50 20 8.32 - 2.00 - 1.40
MeMAO~ (XV) (AV]/z = 13) (AV]/Z = 30)
[L,TiMe(S)* 50 -20 8.81,7.90 87.2 2.0 29.5 1.4
MeMAO™ (XV) (Avyp =42)° | (Avyp = 14) (Av,, = 40)

(Jew =127)

[L,TiP]* 50 -20 8.10 - - - 1.294
MeMAO~ (XVI) (Av,), = 35)
LAIMe, 50 20 7.38 - - - 1.46
A AL-2°C.

b Overlaps with the residual peak of toluene-dg.
¢ AV]/z =270 Hz at -2°C.

413C: 14.6 ppm (H3'*C—~(CH,),~Ti), 23.4 ppm (d, 'Joc = 34.8 Hz, H;'>C-H,'*C-H,'3C~(CH,),~H,'*C-Ti), 32.6 ppm (H;'*C-H,'3C-
H,'*C—(CH,),~H,'3C-Ti), 111.5 (H;'>C-H,'3C-H,'3C—~(CH,),~H, 3C-Ti), 'H: 1.16 ppm (H;'>C~(CH,),~Ti).

(XV). Probably, the bulky phenoxyimine ligands pre-
vent the formation of [L,Ti(u-Me),AlMe, ' [Me—-MAOQO]~
heterodinuclear complexes characteristic of metal-
locene systems.

Ion pair XV is unstable at room temperature. The
main causes of its decomposition are ligand transfer to
aluminum, yielding an LAlIMe, complex, and the
reduction of Ti** to Ti’*.

The XIII/MAO system is a “living” catalyst for eth-
ylene and propylene polymerization. After 20 equiva-
lents of ethylene were added to the XIII/'*C-MAO sys-
tem (Al/Zr = 50), the peak of Ti—'3CHj; (87.2 ppm) of
complex XV disappeared and the corresponding isoto-
pically enriched signal at 14.6 ppm of the terminal car-
bon atom “a” appeared (Fig. 16, Scheme 1).

b
e 0, 70 120H,—12CH, 12Cﬁ2—12CH2—13CﬁI3
N | € . N | C . N_®S e NOT
Ti, o T s T e Ti ol
, i= , i= , ,
N7 >l N’ | N3¢, N7 [ N3y N’ |
XIII X1V XV XVI

MAO* is 13C-labeled MAO.

Scheme 1. Formation of complexes XVI containing the polymer chain as one of the ligands.

This result indicates unambiguously that this is pre-
cisely XV that initiates ethylene polymerization. This
leads to the formation of the ion pair [L,TiP]*[Me-
MAO] (XVI) (P is the polymer chain). To obtain more
comprehensive information about the structure of com-
pound XVI, we studied the reaction of complex XV
with 13C-enriched ethylene. After 1*C,H,was added to a
solution containing complex XYV, three new '3C NMR

KINETICS AND CATALYSIS  Vol. 48

No. 4 2007

peaks were observed. Two peaks belonged to the meth-
ylenic protons b and c of the polymer chain, and the
peak at 111.5 ppm (Av,, = 70 Hz) belonged to the
Ti—CH, group of the Ti—P fragment in complex XVI
(Fig. 17, Scheme 2). This is the first direct observation
of an active species responsible for polymer chain prop-
agation with the titanium bis(phenoxyimine) com-
plex/MAO catalytic system.



502

0 ek 0
N T < N_| N_| .
i Maor gy Sl Sy
1/Ti =50
N7 e M N7 T Neh, N
NS NEY
X111 XV XVI

TALSI et al.

c b a
f\iCHzﬁ‘3CH2—‘3CH2%‘3CH2—13CH2—‘2CH3
n

Scheme 2. Formation of complexes XVI containing the polymer chain labeled with 13C isotope as one of the ligands.

Activation of Metallocenes with MAO
Modified with Al(i-Bu);

The structures of the intermediates resulting from
the reaction of MAO with different polymerization cat-
alysts were considered above. The nature of the activa-
tor remained unchanged. In addition to the variation of
the structure of the initial complexes, the modification
of the activator can also be a method for affecting the
catalytic activity and the structure of the polymers
formed. A very large excess of MAO (Al/metal > 1000)
is required for efficient activation of metallocenes and
post-metallocenes. As a result, the price of MAO con-
tributes noticeably to the cost of the resulting polymer
and, hence, it is desirable to reduce the amount of acti-
vator. This can be achieved by the replacement of part
of the MAO by triisobutylaluminum (TIBA). Relatively

Toluene-dg

BC-MAO
Impurities
in MAO

t-Bu (XV)
L

Ti-Me (XV)

e

H;"°C-(CHy),

t-Bu (XVI)

L

40

Ti-Me (XV)

) |

A A
| |

20

80 60 8, ppm

Fig. 16. '3C NMR spectra of the XIII/'3C-MAO system (/)
before and (2) after the addition of 20 equivalents of ethylene

at —20°C. [XIII] =2.5 % 1072 mol/l, AV/Zr = 50, toluene-dg.

small admixtures of TIBA ([Allpga/[AllpMao =1 : 3)
allow a smaller MAO excess to be used for the activa-
tion of metallocenes [61-64].

To elucidate the nature of the favorable effect of
TIBA on the activation ability of MAO, we compared
the Lewis acidities of MAO and TIBA-modified MAO
[13]. The stable radical 2,2,6,6-tetramethylpiperidine-
N-oxyl (TEMPO) was used as a probe to characterize
Lewis acidity. The ESR spectrum of TEMPO coordi-
nated with MAO differs from that of free TEMPO,
which makes it possible to use TEMPO in the charac-
terization of the acid sites of MAOQ. This approach is
especially convenient when the ESR spectrum of coor-
dinated TEMPO exhibits a hyperfine structure (HFS)
from the aluminum atom of the acid site. Then the HFS
constant (a,,) serves as a measure of the Lewis acidity
of the site. The larger the a,, value, the higher the Lewis
acidity. Using this approach, we found that MAO con-
tains two types of Lewis acid sites (K1 and K2). For the
K1 sites, ay; = 1.0+ 0.1 G; for K2 sites, @, =1.9+0.1 G.
Therefore, the K2 sites have a higher acidity. With an
increase in the number of alkyl substituents in the coor-
dination sphere of aluminum, its Lewis acidity
decreases: for the TEMPO - AICl;, a, = 9.8 G; for
TEMPO - AICLEt a,, = 6.9 G; for TEMPO - AICIEt,,
au = 3.7 G. Therefore, the K1 sites can be attributed to

PE Toluene-dg

1,2-Difluorobenzene

MAO

Ti-BCH, (XVI)

80

S, ppm

|
100 60 40 20

Fig. 17. BC NMR spectrum of the titanium species contain-
ing, as a ligand, the polymer chain formed in the XIII/MAO

system after the addition of 16 equivalents of ethylene-13C2
at —20°C. [XIII] =2.5 % 1072 mol/l, Al/Zr = 50, toluene-dg.

Impurity 13C2H6 is designated by arrows. Signals b and ¢
are the terminal methylenic protons of the polymer chain
(see Scheme 2).
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the coordinatively unsaturated aluminum atoms in the
AlOMe, environment and the K2 sites can be assigned
to the aluminum atoms in the A1O,Me environment.

An analysis of the ESR spectra of the TEMPO +
MAO + TIBA samples showed that TIBA-modified
MAO also contains two types of Lewis acid sites
(K1pga and K2¢,). For the Kl ppa sites, no HES was
observed on the aluminum atom, whereas for the
K21p4 sites a; = 4 G. Already small TIBA admixtures
(10% with respect to MAO) result in the complete
transformation of the K1 and K2 sites into the Klga
and K25, sites. The Lewis acid sites of TIBA-modi-
fied MAO have a higher acidity than the corresponding
MAQO sites (ay = 4 G for K2ppa and a,, = 1.9 G for
K2). The large [Al]yao/[metal] ratios required for met-
allocene activation are undoubtedly due to the necessity
to provide a sufficient number of the strong acid sites
K2. The higher acidity of the K2z, sites can explain
the fact that TIBA makes it possible to use a smaller
MAO excess for metallocene activation. The K2pz4
acid sites probably belong to aluminum atoms in the
AlO,(i-Bu) environment.

A comparison of the '"H NMR spectra of the rac-
Me,Si(Ind),ZrCl,/MAO and rac-
Me,Si(Ind),ZrCl,/MMAOQO catalytic systems (where
MMAQO is the commercial sample obtained by the com-
bined hydrolysis of AlMe; and Al(i-Bu);) showed that
the heterodinuclear ion pairs [rac-Me,Si(Ind),Zr(u-
Me),AlMe, ] [MeMAO]~ prevailed in the solution
in the first case at large ratios Al/Zr > 200,
whereas [rac-Me,Si(Ind),Zr(n-Me),Al(i-Bu),]*
[Me-(MAO)+TIBA)]- and [rac-Me,Si(Ind),Zr(-
Me),Al(i-Bu)Me]'[Me-(MAO + TIBA)]~ mixed ion
pairs were mainly present in the solution in the second
case [13, 65]. The enhancement of the activation ability
of MAO upon TIBA addition can be related to both the
higher strength of the Lewis acid sites AlO,(i-Bu)
(ay =4 G) compared to AlIO,Me (a,, = 1.9 G) and the
lower coordination ability of the [Me-(MAO+TIBA)]~
conterion compared to those of [MeMAO]".
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