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Abstract

Vanadium(lll) species formed upon reactingdiimine (1) and bis(imino)pyridine 5)
vananadium(lll) pre-catalysts with MAO, AIMEl, AlIMe,Cl/[PhsC][B(CsFs)s], and
AlMes/[PhC][B(CsFs)s]) have been characterized in detail By, ?H, and F NMR
spectroscopy; the \£CH; moiety has been observed Hy and?H NMR spectroscopy. For
complex 1, zwitterion-like species [V'"'R,"---MeMAO] and ion pairs [LV"Ry(THF),]*[A]”
(L' = 1,4-bis-3,5-dimethylphenyl-2,3-dimethyl-1,4-diuita-1,3-diene; [A] = [MeMAO] or
[B(CsFs)s]) have been identified. The outer-sphere ion paifsthe type [L(C)V'(u+
CI),AIMe,] [A], [L(Me)V" (1-Cl)AIMe,] TA] [ILV"CIATHF)]A] and
LV " (C)Me(THF)[TA]” (L = 2,6-bis[1-(2,6-dimethylphenylimino)ethyl]pyiite; [A]” =
[AIMesCl]™ or [B(CsFs)4] ) have been found in the systems based on the earBplThe nature
of the vanadium species active in ethylene polyna¢ion and the catalyst deactivation pathways

are discussed.
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Highlights

« Transient vanadium(lll) species have been idietiin V" based ethylene polymerization
catalyst systems

« The V"'-CH; moiety has been observed by NMR spectroscopy

» The nature of catalytically active sites and¢h&alysts deactivation pathways are discussed

1. Introduction

Vanadium-based olefin polymerization catalysts hdeen used since the 186dor the
production of ethylene/propylene or ethylene/prepgldiene co-polymers (EPM and EPDM
rubber). In most cases, the activity and thernmabibty of the vanadium-based catalysts is lower
than that of zirconium and titanium catalysts, thé former produce polymeric materials with
unique properties (amorphous, uniform copolymernd)ich makes them irreplaceable for the
synthetic rubber manufacture [1-5].

“Traditional” pre-catalysts for EPM and EPDM rubl@oduction are VG| VOCl; and
V(acac} complexes. In the last 10-15 years, post-metatiecanadium complexes with various
N-, O-and N,O-donor ligands have been extensivielgied as pre-catalysts of ethylene homo-
and co-polymerization [4-11].

Previously, NMR and EPR techniques were succegséyplied for the detection and
characterization of the active polymerizing speaéshe catalyst systems based on Ti, Zr, Hf,
Fe, Co, and Ni complexes [12-16]. In contrast, ¥heety of accessible vanadium oxidation
states (0, +1, +2, +3, +4, and +5, most of thenmg@aramagnetic), and low stability of the
vanadium-alkyl complexes prevented the identifamatof the active species in vanadium based
catalyst systems [2, 4, 17]. Until recently, théuna of the active species of vanadium-based
catalyst systems for olefin polymerization hasaatfremained a “black box” [3-5].

Depending on the oxidation state of the vanadiumterein the pre-catalyst, trivalent,
tetravalent and pentavalent alkyl vanadium com@exave been considered as potential active

species of polymerization, while low-valent vanadigpecies (+2, +1, 0) have been declared as
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Inactive ones [2, 4, 18-21]. Stable well-charazeli vanadium-alkyl complexes have been
rather rare in the literature [22-26]; several eglen of them are given in Scheme 1. The

majority of them are inactive toward olefin polynzation in the absence of aluminum

activators.
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Scheme 1Structures of well-defined V(lIl)-alkyl complexes.

Recently, using NMR spectroscopy, we have shown the activation of different
vanadium(lll) complexes with bidentatediimine and tridentate bis(imino)pyridine ligands
(Scheme 2) with MAO, AIMg[CPhs]*[B(CsFs)s]~, and AIMeClI leads to the formation of the
ion pairs of V(Ill) - direct precursors of the a&ispecies of polymerization [27-29]. Herewith,

we summarize the results of these studies.

2. Experimental
All solvents used were dried over 3 A and 4 A molacsieves, and were distilled in dry argon
atmosphere. Vanadium(lll) pre-catalystsand 5 were synthesized via the reaction of the

corresponding ligands with VEIlin THF media [17]. Organoaluminum co-catalystsMag,



AlMe,Cl, MAO) and [PRC][B(CsFs)4] Were purchased from Aldrich. Al(GI} was synthesized
by Dr. D. Babushkin according to the published pchae [30].

Ethylene polymerization was performed in a 0.3 kektreactor. Solid pre-catalyst
(~2 umol) was introduced into the reactor in a sealeggbmpoule. The reactor was evacuated
at 80 °C, cooled down to 20 °C and then charget Whié freshly prepared solution of the co-
catalyst in toluene or heptane. After setting updbsired temperature and ethylene pressure, the
reaction was started by breaking the ampoule vhi¢ghpre-catalyst. During the polymerization,
ethylene pressure, temperature and stirring spesd maintained constant. The experimental
unit was equipped with an automatic computer-cdietio system for the ethylene feed,
maintaining the required pressure, recording thglehe consumption and providing the kinetic
curve output both in the form of a table and asraply Weight-averagevl,) and number-
average M) molecular weights, and molecular weight distnbas (M,/M,) were obtained by
GPC measurements on a Waters-150 chromatograf® &aCl with trichlorobenzene as solvent.
Viscosity §) of the polymers was measured in decalin at 136rf@n Ubbelohde viscosimeter.
The viscosity-average molecular weighit, was calculated according to the Mark—Houwink
equationM, = (y/K)1/a, where the Mark—Hauwink coefficiers= 67.%10> o = 0.67.

The samples for NMR spectroscopy were preparechén glovebox under an argon
atmosphere'H, H, and**F NMR spectra were measured on a Bruker AvanceMid@ NMR
spectrometer at 400.130, 61.422, and 376.498 Méspectively, using 5 mm o.d. glass NMR
tubes.'H chemical shifts were referenced to the residusakpof CDHCsDs (5 2.09); °H
chemical shifts were referenced to the .DBsHs impurities ¢ 2.1) in toluene;F chemical

shifts were referenced to the 1.2-difluorobenzedieraal standardj(-139.0).

3. Results and discussion
Formation of the outer sphere and zwitter-ion like ion-pairs in the catalyst systems

1/AIMey/[CPh3]'[B(CeFs)s” and 1/MAO.



BidentateN,N-donor a-diimine ligands were successfully used for thetlsgsis of the highly
active nickel(ll) and cobalt(Il) complexes for eldaye oligomerization and polymerization [31,
32]. The ability of the V(llIl) complexes with-diimine ligands to polymerize ethylene with
moderate activity was previously demonstrated bgsGiret al. [17].

Complex1 (L'VCls, where L = 1,4-bis-3,5-dimethylphenyl-2,3-dimethyl-1,4-dahzita-
1,3-diene) is a paramagnetic high-sp®=(1) V(lll) complex (Scheme 2). Th&H NMR
spectrum ofl displays resonances of thediimine ligand A, B, C, E, A’, B, C', E'), and those
of one THF molecule, coordinated to the metal aefressonanceP andF, Figure 1a and 1b). It

is worth noting thatl shows magnetic non-equivalence of the chemicaiyivalent ligand

H ;3
7 CI\ N
\ | / R\/V\/R [B(CeFs)al

/\o
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s T |
R/\T/\R Y [MeMAO]

3

Scheme 2Structure of pre-cataly&tconsidered in this work, and of comple2e4.
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Figure 1. '"H NMR spectrum ofl (CH,Cl,, 25 °C, [V] = 0.01 M) in the 120 ppm to 20 ppm

range (a), and in the 20 ppm-tb ppm range (b). Peak assignment is given in Scltieme

Reaction ofl with the AIMey/[CPhg][B(CsFs)4]” co-catalyst ([V]:[Al]:[B] = 1:10:1.2) in
1,2-difluorobenzene/tolueng-d1:3) media leads to a complete conversionlofo a new
complex2, stable up to -20 °C. Usirftl and’H NMR spectroscopy, it has been shown thist
an ion pair of the type [V"'Ry(THF)][B(CeFs)a]” (Scheme 2) where R = Me or Cl. The
resonances of the ligand protons and two THF mddschave been detected and readily

assigned (Figure 2).
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Figure 2."H NMR spectrum <40 °C, 1,2-difluorobenzene(DFB)/tolueng{d:3)) of the sample
VAIMes/[PhsCl[B(CeFs)a] ([V]:[AI:[B] = 1:10:1.2, [V] = 0.01 M, in the rage 120 ppm to 8
ppm (a) and 8 ppm te2 ppm (b). Peak assignment is given in Figure 2.

Unfortunately, the key resonance (resonances) @fMe group, directly bound to the
vanadium center, was not detected even in the rah@@00 ppm to -1000 ppm. The absence of
this signal in NMR does not rule out the presericih® V-Me moiety in the molecule & the
dramatic line broadening can make this resonanobsgrvable by NMR. So, the exact nature of
R remained unclear, however, rapid reductio even at -20 °C clearly indicated the presence
at least one V-Me group. Unlikg the molecule oR is more symmetric, demonstrating no
magnetic non-equivalence of the ligand protonsthieurAlMe; addition (up to 50 equiv.) to the
samplel/AlMe3/[CPhg] '[B(CeFs)4]” does not lead to visible changes in the NMR spattr

Noteworthy, the systertYAIMes/[CPhy] [B(CeFs)4]” displays no ethylene polymerization
activity. This is not surprising: strongly coordied THF molecules occupy the coordination
sites of the vanadium center, thus preventing ette/coordination.

In contrast, the systemI/MAO displays moderate activity toward ethylene
polymerization (100 g PE /(mmol V-bar-min)), proehgc polyethylene with high molecular
weight M, ~ 6-16 g/mol). According to NMR data, the reactionlofvith MAO leads to a new
complex3. The NMR parameters @and3 noticeably differ: the resonangéeof 3 (Avi, ~ 1600
Hz) is much broader than that 2{Av,,, ~ 590 Hz). Only peaks of the bidentate ligand qmet
were detected; the resonances of the coordinatdd mblecule or of V-Me moiety were not

observed (Figure 3).
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Figure 3. 'H NMR spectrum of the sampl®@MAO ([V]:[Al] = 1:40, [V] = 0.01 M, 1,2-
difluorobenzene/toluenezd1:3),—40 °C) in the range 150 ppm to 8 ppm (a) and inrédmge 8
ppm to-2 ppm (b). Asterisks mark impurities of grease. Bleuasterisks mark impurities in

MAO. Peak assignment is given in Scheme 2.

The addition of THF to the samplgMAQO leads to immediate disappearance3pand
buildup of resonances of a new compkexChemical shifts and line widths of tHel NMR
resonances o and4 are almost identical, which suggests that most likely an ion pair of the
type [L'V"Ry(THF),] [MeMAO] ", where R = Me or Cl (Scheme 2).

The dramatic broadening of the NMR resonances3 afan be explained by tight
[MeMAOQO] coordination to the vanadium cent8rbeing a zwitterion-like complex of the type
[L'V'"R,"--MeMAQO] (Scheme 2). The [MeMAOQ]ligand in3 is labile, thus allowing ethylene
coordination to the vanadium center, followed by YRR enchainment.

So, two sorts of ion pairs have been observedtbyNMR in the reaction ofl with
AlMes/[CPh]*[B(CeFs)s]” and MAO co-catalysts: the outer-sphere ion paifsthe type

[L'V"RA(THF),]'[A] ~ (2 and4) and the zwitterion-like complex [L"'R,"- - -MeMAO] (3).

Formation of the ion pairs in the catalyst systems5/AlMe,Cl/[[CPh3][B(CeFs)a]”,

5/AIMe,Cl, 5/AIMey/[CPh3]*[B(CgFs)a]~ and 5/MAO.



Previously, it was demonstrated that vanadiumg@tinplexes with bis(imino)pyridine ligands
display much higher activity and stability in etbge polymerization compared withdiimine
analogs 17, 33-35].

Like complex 1, complex 5 (LVCl;, where L = 2,6-bis[1-(2,6-
dimethylphenylimino)ethyl]pyridine) is paramagneti(S=1), exhibiting broadened and
paramagnetically shifted resonances in'th&MR spectrum (Scheme 3, Figure 4). Unlikeno

magnetic non-equivalence of the chemically equividigand protons 0% was observed.
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Scheme 3Structure of pre-cataly8tconsidered in this work, and of cationic partspécies-
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Figure 4.™H NMR spectrum o6 (CDCl, 25 °C, [V] = 0.001 M). Peak assignment is given i

Scheme 3.

Reaction of 5 with AIMey/[CPhs]'[B(CeFs)s]~ and AlMe,Cl/[CPh3]*[B(CsFs)s]” in the
presence of THF

In attempt to stabilize the V(Ill) species formedpoon the activation of5 with
AlMe3/[CPhs] [B(CsFs)s]” and AIMeCI/[CPhs] [B(CeFs)s]” systems, THF donor molecule was
used. Specifically, the reaction &f with AIMe,Cl/[CPhs]*[B(CsFs)s] /THF led to complete
conversion ob to a new highly stable compléx According to*H, ?H, and**F NMR data6 was
assigned to the ion pair of the type [l'@I(THF)]'[B(CeFs)s], where L is the tridentate

bis(imino)pyridine ligand (Figures 5 and 6, Sche3he

C
| A
L a
40 30 20 10 0 -10 -20
Ph3CCH3
TH AIMEZCI
Phch CzH4
8

6, ppm

Figure 5 H NMR spectrum (toluenegd 25 °C) of the sample
5/AIMe ,Cl/[PheC][B(CsFs)a)/THE ([VI[AI:[B]:[THF] = 1:15:1.2:35, [V] = 10°M) (a, b).
Resonance assignment is given in Scheme 3.

Ar-Fp,
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Ar-Fy

-128 -136 -144 -152 -160 -168
4, ppm

Figure 6. F NMR  spectrum (toluenesd 25°C) of the sample
5/AIMeCl/[PhC][B(CsFe)a THF ([VI:[AT:[B]:[THF] = 1:15:1.2:35, [V] = 10 M).
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The addition of AlMg to the systenb/AlMe,Cl/[CPh] [B(CeFs)s] /THF led to the
formation of a new complek, much less stable th@h Using*H and®H NMR spectroscopy, it
was shown thal contains one V-Me group (Figure 7d). To the béstur knowledge, this is the
first example of théH and?H NMR spectroscopic detection of Me-group dirediiyund to

V(II1). So, 7 can be formulated as ion pair [I"YCI)Me(THF)['[B(C¢Fs)a]” (Schemes 3 and 4).

c(6)
A(6)
c() l A7)
A M a
7‘5 65 5;5 -é5 f;’O f;’5 40

Ph3CCH3
A|M62C|

THF
J I o UW UU -
'H NMR V-CHj 2H NMR { V-CDs
of 7 of 7
650 630 610

590 650

o, ppm

Figure 7. H NMR  spectrum (toluenegd -20°C) of the sample
5/AIMe,Cl/[PhsC][B(CesFs)a)/ THF/AIMes ([V]:[AIMe ,CI]:[B]:[THF]:[AIMe 3] = 1:15:1.2:35:15,
[V] = 10°M) (a, b, c, d(left)).’H NMR spectrum (toluene, -20 °C) of the sample
5/AIMe,Cl/[PhsC][B(CeFs)4)/ THF/AI(CD3)3 ([V]:[AIMe CIJ:[B]:[THF]:[AI(CD 3)3]=
1:15:1.2:35:15) (d(right)). Asterisks mark peaks mfsidual protons in tolueng-dPeak

assignment is given in Scheme 3.
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The reaction ob with AlMes/[CPh] [B(C¢Fs)]” in the presence of THF also led to the
appearance of complexés and 7; fully methylated [LV'Mey(THF)]'[B(CeFs)s]~ was not
observed, probably due to its insufficient stapiéiten at low temperatures.

The systems/AlMes/[CPhg]'[B(CeFs)s] /THF and 5/AlMe,Cl/[CPhs][B(CgFs)4] /THF
are inactive toward ethylene. Like in the caseheflfAIMes/[CPhs]‘[B(CeFs)4]” system, strongly

coordinating THF blocks the access of ethylen&¢ovanadium center.

Reaction of 5 with AlMey/[CPh3]"[B(CeFs)s]” and AlMe,Cl/[CPh3]*[B(CeFs)s]” in the
absence of THF

Practical catalyst systems of ethylene polymemratontain no THF. So, the reactions between
5 and AlIMe/[CPhs]*[B(CsFs)s]” and AIMeCI/[CPhs][B(CeFs)s]” co-catalysts were studied in
the absence of THF. The reaction Bf with AlMe,Cl/[CPhy]’[B(CsFs)s  leads to the
paramagnetic comple®, stable at room temperature. When THF was addef] tbe latter
immediately converted to speci@sOn the other hand, when an excess (15 equiAIMé,Cl
was added to the resulting samleonverted back t8.

According to the NMR data (Figure &,contains the bis(imino)pyridine ligand and one
AlMe,Cl molecule. One can conclude th@&tand 6 differ in the nature of the additional
coordinated molecules: THF in the cas&a@ind AlMeCl in the case 08. So,8 can be assigned
to a heterobinuclear ion pair of the type 4CI)(u-Cl),AIMe;] [B(CeFs)s]” where L is the

tridentate bis(imino)pyridine ligand (Schemes 3 dhd

*

AlMe,CI
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Figure 8. H NMR spectrum (toluenesd 25 °C) of the sampl&/AlMe,Cl/[Ph:C][B(CsFs)4]
(IVI:[AIMe .CIJ:[B] = 1:15:1.2, [V] = 10° M). Asterisks mark peaks of residual protons in

toluene-d. Peak assignment is given in Scheme 3.

'H NMR spectra of the samp&AlMey/[CPhs]*[B(CeFs)a]” display resonances of a new
complex9 (Figure 9a). Unlike3, this complex displays low stability and can beesleed in the
reaction mixture only at low temperatures (belovd °€). The addition of AIMgCl to the
sample containin@ converts the latter int8. On the contrary, the addition of excess of AiMe
converts8 back into9. When THF was added to the solution containfthgormation of a
mixture of 6 and 7 was observed. Th&H NMR spectrum of9 displays resonances of the
bis(imino)pyridine ligand and the AlMemoiety. To justify the assignment of the resonaaice
-2.9 to the AlMe group, the sampl&/Al(CD3)s/[CPh]*[B(CeFs)s]” was studied byH NMR
spectroscopy. As it was expected?H NMR spectrum of the sample
5/AI(CD3)3/[CPhe]'[B(CeFs)al” ([VI[AI:[B] = 1:15:1.2), recorded at -20 °C, ditayed the
resonance at -2.9, corresponding to the AlMenoiety (Figure 9b). This experiment indicates
that the resonance at-2.9 belongs to the AlMaroup, and supports the assignmen® od the
heterobinuclear ion pair [L’\'/(Me)(u-Cl)zAlMez]+[B(C6F5)4]‘ where L is the bis(imino)pyridine
ligand (Schemes 3 and 4). The low stabilitypa$ caused by the presence of the V-Me group.

Possible transformations o upon reaction with AIMgCI/[PhsC][B(CeFs)s] and

AlMe3/[PhsC][B(CeFs)4] in presence and absence of THF are summariz8dheme 4.
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Figure 9. 'H NMR spectrum (toluenegd -20 °C) of the sampl&/AlMes/[PhC][B(CeFs)4]
(IVIAI:[B] = 1:15:1.2, [V] = 102 M) (a). °H NMR spectrum (toluene, -ZC) of the sample
5/AI(CD3)s/[CPh] '[B(CeFs)al ([VI:[AI:[B] = 1:10:1.2, [V] = 10 M). Asterisks mark peaks of
residual protons in toluengzdouble asterisks mark peak of ¢ZdH,D.

AN X
| THF |
AlMeCl NG N,
[CPh3][B(CeFs)d] L e N—VE—N
CI/I\CI Cl (l)CI
S} AlMe,Cl < 7
| N
X 8 6
| -
AlMe
'N_/\',\_N' AlMe,Cl! || AlMe, THE l 3
|
cr’del
AlMe,
~ \
5 | /
| N
AlMe; N—/\(®—N Ve
[CPhS][B(CoFs).] Ve CIC' c«g) ™
AlMe,Cl
9

Scheme 4 Transformations of compleXx during reactions with AIM£Il/[PhsC][B(CeFs)4] and
AlMe3/[PhsC][B(CsFs)s4] in the presence and absence of THF. Only catipaits are shown,

anionic parts are omitted for clarity.

Reaction of 5 with AIMeCl
14



'H NMR spectrum of the systens/AlMe,Cl (Figure 10) displays resonances of two
paramagnetic complex@s (major product) an®’ (minor product). The NMR spectra 8fand
8’ are almost identical, which clearly reflects thmikarity of their structures. The same is true
for complexes9 and 9'. Plausibly, 8" and 9’ are heterobinuclear ion pairs of the types
[LV " (C)(u-Cl).AIMe,] [AIMesCl]™ and  [LV" (Me)(u-Cl),AIMe,] [AIMesCl]”, respectively
(Scheme 5). The ratio betwe8hand9’ can be manipulated by the addition of AlMe the

reaction mixture.

X X X
| » B
N AMoCl N N
Vot Ny, L AN ' W ot
ChelCl cl§ CI§
Al AI
AN [\
5 8' (major product) 9" (minor product)

Scheme 5.Transformations of compleX into 8’ and9’ upon reaction with AIMgCl. Cationic

part are shown, anionic part is omitted for clarity

C (8"
B (8)
. A (9)
€O e A -
80 60 40 -8 100 120
E@®)
DandF
of 8'and 9'
AIMez of 8'and 9'
E (9) E (9
2 3 4
o, ppm

Figure 10.'H NMR spectrum (toluenesd-20 °C, expanded regions) of the sanfpielMe,Cl
([VI:[Al] = 1:15, [V] = 1072 M). Asterisk marks peak of the residual protonsinene-g.

Reaction of 5 with MAO
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The highest activity 0ob in ethylene polymerization was achieved using Ma®a co-catalyst
(Table 1). Therefore, it is important to obtainadah the structure of vanadium species formed
in the systenb/MAO.

Table 1.

Ethylene polymerization over compléwith different co-catalysts.

i P(GHy), Activity, Mn,  Mw,
Entry Co-catalyst [Al)/[V] bal gee/(mmok-h)  a/mol a/mol Mw/Mn
1 MAO 500 1 15 600 1 6004 300 2.7
AlMes/
2 1 2 1 7 2.1
(PhCI[B(CeFe)d] o]0 3300 800 3 700
A||\/|€2C|/
2 2 - - - -
3 [PheC][B(CeFs)4] oc
4 AlMe,ClI 200 2 - - - -

# Conditions: toluene (entries 1, 2, 3, 50 mL) opthee (entry 4, 100 ml); polymerization temperature
60 °C; 2umol of V; polymerization time 60 min (30 min fortey 1)
® The molar ratio [V]/[PEC][B(C¢Fs)4] is 1:1.2.

TheH NMR spectrum of the samp®MAO ([V]:[Al] = 1:20), recorded at -20C, is presented

in Figure 11. Some of thiH resonances of a new vanadium comp@xormed in this sample
are obscured by the intense peaks of MAO and telu@olvent of commercial MAO).
Nevertheless, the key resonanceslOfcan be detected. These resonances coincide wath th
corresponding resonances®and9’ (Table 2). So, complex0 can be reasonably assigned to
the ion pair [L(Me)\' (1+Cl),AIMe;] [MeMAO]~ (Scheme 6). This is the first reported example
of characterization of such species in catalysttesys of the type LVCI/MAO (L =

bis(imino)pyridine ligand).
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80

Figure 11.*H NMR spectrum (toluenesd—20°C) of the sampl&/MAO ([V]:[Al] = 1:20, [V] =

1072 M).

Table 2

SelectedH NMR parameterss( ppm andAvy,, Hz) of complexes 9,’9and 10 at -20 °C.

complex C B AlMe,
9 o) 80.9 46.9 -2.9
Avypp 1270 670 350
o 0 79.0 47.6 -2.7
A\ 1060 550 ~360
o) ~81 ~47 ~-2.9
10
Avy), ~100 ~600 not measured

10, single product

Scheme 6.Formation of compleX0 in the systenb5/MAO. In 10, anionic part is omitted for

clarity.

Ethylene polymerization over catalyst 5 and possiklnature of the active species

As it was mentioned abovey displays high ethylene polymerization activity @@0 g

PE/(mmol V-bar-h)) upon the activation with MAO pla 1). The resulting polyethylene has

low molecular weight M, =4 300 g/mol) and narrow molecular-weight digitibn

(Mw/M, =2.7), characteristic of nearly single-site cgtd. The model catalysts system
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5/AIMe;/[CPh][B(CeFs)4] displays much lower activity (3 3G@PE/(mmol V- h)) but produces
PE with similar molecular weight{,, =3 700 g/mol) and MWDM,/M, = 2.1). The catalyst
systems based on complgxlisplays much higher stability, than those basedamplexl.

Only traces of polymeric product were obtained gdime catalyst systen&AlMe,Cl
and 5/AIMe,Cl/[CPh[B(CeFs)s). The systems 5/AIMes/[CPh][B(CesFs)4)/THF and
5/AIMe ,Cl/[CPh][B(CsFs)4)/ THF did not display ethylene polymerization adiyv

These results agree with the NMR data. In the aafs¢he systems5/MAO and
5/AIMe3/[PhsC][B(CeFs)4], the major part of vanadium exists in the reatsgolution in the form
of the heterobinuclear ion pairs of the ty®eand10, [L(Me)V" (u-Cl).AIMe ] [A] ™ (9: [A] =
[B(CeFs)a]~, 10: [A]” = [MeMAO]). These complexes containVCH; moiety and can be the
closest precursors of the active species of polyaton.

On the contrary, in the systerBAIMe Cl/[PhsC][B(CeFs)s] and 5/AIMeCl, the major
part of vanadium exists in the form of the hetemoblear ion pairs of the type® and &,
[L(CV " (u-CI)2AIMe,] TA] ™ (8: [A]” = [B(CsFs)a] ™, 8" [A]™ = [AIMesCl]). Species8 and &’
contain no vanadium-alkyl bond and thus are untbfgomote ethylene enchainment; in effect,

the corresponding catalyst systems display verydatalyst activity.

Discussion of deactivation pathways of the catalystystems studied

There are several deactivation pathways of thedianmabased catalyst systems postulated in the
literature. The major ones are the following: (apuction of the vanadium(lll) center to
polymerization-inactive low-valent state (ll, I, @hd (b) ligand transfer from V to Al [2, 4, 5,
17]. Thein situ *H NMR investigation of the catalyst systéstAIMes/[PhsC][B(CeFs)4] in the
presence of ethylene has shown that PE formati@dempanied by the emergence of a new
diamagnetic complex [LAIM&'[B(Ce¢Fs)s]” - the product of the bis(imino)pyridine ligand
transfer to aluminum (Figure 12, Scheme 7). Tigard transfer from V to Al is apparently the

predominant deactivation pathway for comptex
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On the other hand, warming the catalyst syst&lMes/[PhC][B(CsFs)s] up to room
temperature in the absence of ethylene leads taiappearance of compléx At the same
time, *H NMR spectra show the emergence of the eth@n®.§6) and methane’ (0.17)

""_CHs, resulting in the formation of

resonances, which indicates the homolytic splittofigy
catalytically inactive V/ species [2]. The structure of the low-valent vamadspecies present in

the reaction remains unclear.

CsDsCHD;

. PhsCCHj
D
JJJJ C
1 19 17

23 2.

A|M83

8.0 7.6
CH
|
AlMeZ
T T T T T T
9.5 7.5 55 3.5 15 -0.5

o, ppm

Figure 12. '"H NMR spectrum (toluenesd 25 °C) of the complex [LAIM&[B(CsFs)s]”
observed in the catalyst systeBiAIMes/[PhsC][B(CeFs)a)/CoHs ([V][AI:[B] = 1:15:1.2;
N(V):N(CzH.) = 1:50).

Me~ Me

Scheme 7The structure of complex [LAIMEB(CeFs)4]” (cationic part, anionic part is omitted

for clarity).

4. Conclusions
The ion pairs formed upon the reactions @fdiimine (1) and bis(imino)pyridine )
vanadium(lll) pre-catalysts with MAO, AIMEI, AlMe,Cl/[PhC][B(CesFs)s, and

AlMe4/[PhsC][B(CeFs)s], were characterized in detail B, °H, and*°F NMR spectroscopy,
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including theH and®H NMR observation of the ¥-CH;, moiety. For complex, zwitterion-
like complexes [IV"R,"---MeMAO] and ion pairs [IV"Ry(THF),]'[A]” (L' = 1,4-bis-3,5-
dimethylphenyl-2,3-dimethyl-1,4-diazabuta-1,3-diep®] - = [MeMAO] or [B(CsFs)4] ) have
been identified. In the systems based on the comfldon pairs of the type [L(CHV(u-
Cl),AlMe ] *[A] -, [L(Me)V" (1-Cl),AIMe ] '[A] [ILV"ClL(THR)][A] and
[ILV"(CHMe(THR)]TA]” (L = 2,6-bis[1-(2,6-dimethylphenylimino)ethyl]pyiite; [A]” =
[AIMe 3Cl]™ or [B(CsFs)4] ) were detected.

The proposed structure of the ion-pairs formedhia tatalyst systems studied readily
explain their catalytic properties. Indeed, catafystems exhibiting ion pairs incorporating v
Me moieties display high ethylene polymerizatiotivdiy, whereas catalyst systems displaying
predominantly intermediates containing nd'-Wle moieties are virtually inactive toward
ethylene.

Formation of the aluminum complex of the type [LAMY[B(CsFs)s™ (L =
bis(imino)pyridine ligand) in theb/AlMes/[PhsC][B(CeFs)4)/CoH,4 in the course of ethylene
polymerization, formed upon ligand transfer fromovAl, reflects the importance of this catalyst

deactivation pathway.
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Highlights

» The species formed upon activation of vanadiuimngie-catalysts were detected by NMR
* The structures of these species were proposed

» The nature of the active sites and deactivatathyways are discussed



