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Ethylene Homo- and Copolymerization Activity of a Series of [ONNO]-Type
Amine Bis(phenolate) Based Vanadium(1i—v) Catalysts
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The synthesis and structural characterization of new para-
magnetic amine bis(phenolate) [ONNO]-vanadium(i) and
-vanadium()  complexes, V%(acac)[ONNO], VI(CI)
(THF)[ONNO], and VY(TMEDA)[ONNO], is described.
These compounds complete the family of [ONNO]-vanadi-
um(1v/v) complexes previously reported. The members of the
[ONNO]-vanadium family at various oxidation states that
range from vanadium(i) to vanadium(v), in association with

EtAICl, cocatalyst, were studied in the polymerization of eth-
ylene and in the copolymerizations of ethylene-1-hexene and
ethylene-norbornene. Poly(ethylene-co-1-hexene) and poly(-
ethylene-co-norbornene) were produced with co-monomer
content of up to 11 mol-% and 29 mol-% for 1-hexene and
norbornene, respectively.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

Introduction

In the past decade, a tremendous amount of effort has
been devoted to the design of new “non-metallocene” group
4 transition metal complexes because of their importance
as u-olefin polymerization catalysts.[!] Particularly, chelating
diamide,'#2>4  dialkoxide,['#>-¢ or phenoxyimine!”-® [i-
gands have been extensively studied as rigid supporting en-
vironments for titanium and zirconium complexes, which
has resulted in the emergence of a great deal of novel and
useful chemistry, including the discovery of highly active
olefin polymerization precatalysts. Among these new li-
gands, chelating, dianionic [ONNO]-type amine bis(phen-
olate) ligands associated with group 4 metal complexes!
have proven to be highly active 1-hexene polymerization
catalysts, and in some cases, even isospecific living polyme-
rization was possible.’al Recently yttrium-[ONNO] com-
plexes have been reported for their catalytic activity in the
ring-opening polymerization of e-caprolactone.l’]

Vanadium-based catalysts in homogeneous Ziegler—
Natta polymerization have been known for about half a
century.l' Although generally less active, their use presents
a number of interesting advantages over group 4 metal cata-
lysts:['1 (i) the synthesis of high molecular weight polymers
with narrow polydispersity, (ii) the preparation of ethylene/
a-olefin copolymers with high a-olefin incorporation, and
(iii) the preparation of syndiotactic polypropylene. The
major reason for the low activity of these systems is their
deactivation during the polymerization process, probably
due to reduction of the catalytically active vanadium species
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to low-valent, less active or inactive species. Nevertheless,
V(acac)s is currently employed in the synthesis of EP (ethyl-
ene—propylene) and EPDM (ethylene—propylene—diene
monomer) elastomers.

As part of an ongoing study of vanadium chemistry with
various supporting ligands,l'?! and in particular of vana-
dium complexes for olefin polymerization, we have recently
used ancillary diamido ligands with sterically demanding
protecting groupst!3! or imido ligands!'¥l on vanadium(1v)
complexes as a way to overcome the problem of catalyst
deactivation by stabilization of the formal oxidation state of
the vanadium center. Following this approach, we recently
described the synthesis of a series of oxo-vanadium(v)!'!
and vanadium(v)['® complexes with the ancillary amine
bis(phenolate) [ONNO]-type ligand (Figure 1) that are of
the type VY(=0)(X)[ONNO] {X = OiPr (1), N3 (2), ClI (3)
and VIV(Y)[ONNO] (Y = OiPr (4), Cl (5)}, and we demon-
strated interesting features in the solution and the solid-
state structure of these unprecedented complexes. To com-
plete our study on this new family of complexes, we wish
to report here on the synthesis, and structural characteriza-
tion, of new vanadium(mr) and vanadium(ir) complexes sup-
ported by [ONNO]-type bis(phenoxy)amine ligand, and to
compare their ethylene homo- and copolymerization ac-
tivity with other members of the vanadium(ii—v) complex
family.

Results and Discussion

In previous articles we have described the synthesis of
[ONNO]-type amine bis(phenolate) complexes of oxo-vana-
dium(v) [1-3] and vanadium(1v) [4-5].['>-1¢] Although vana-
dium complexes with oxidation numbers from +3 to +5 are
known to catalyze ethylene polymerization, the active spe-
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Figure 1. Structure of [ONNO]-type bis(phenoxy)amine ligand and
designation of Vanadium-[ONNO] complexes used in this study.

cies is probably a vanadium(ir) complex. Vanadium(ir) spe-
cies are generally considered inactive. To verify this point,
we decided to prepare vanadium(ir) and vanadium(ir) com-
pounds containing the [ONNO] ligand and to test the
whole family of [ONNO]-vanadium complexes as olefin po-
lymerization catalysts.

Synthesis of the Vanadium(1ir) and Vanadium(1r) Complexes

Reacting V(acac); with 1 equiv. of [ONNO]JH, in toluene
at 80 °C for 14 h afforded, after workup, the desired vanadi-
um(1) complex V(acac)JONNO] (6) as an orange solid with
87% yield (Scheme 1). Accordingly, 6 is a d>-paramagnetic,
NMR-silent compound with an effective magnetic moment
Uer Oof 2.91 pg at 20 °C.

toluene, 80°C

V(acac); + [ONNO]H, V(acac)[ONNO]

— 2 acacH 6

Scheme 1. Synthesis of trivalent complex V(acac)ONNO].

When 1 equiv. of K,JONNO] was slowly added to a THF
solution of VCI3(THF); at ambient temperature there was
an immediate reaction (Scheme 2). After careful workup
and recrystallization in THF/toluene—pentane, yellow crys-
tals of V(CI)(THF)[ONNOJ] (7) were obtained (yield 31%).
As for 6, complex 7 is NMR-silent, and room temperature
magnetic susceptibility measurements gave a g of 2.87 pp.

THF, r.t.

VCI3(THF); + K[ONNO] KA

V(CI)(THF)[ONNO]
7

Scheme 2. Synthesis of trivalent complex V(CI)(THF)[ONNO].

An entry to the [ONNO]-vanadium(1) chemistry was
successfully achieved by reacting the vanadium(ir) precursor
VCly(tmeda), [tmeda N,N,N’,N’-tetramethylethylenedi-
amine] with 1 equiv. of K;JONNO] at room temperature
whilst stirring in THF for 2 h to give red crystals of com-
plex V(tmeda)[ONNO] (8) (Scheme 3). Complex 8 is a high-
spin d3-paramagnetic, NMR-silent compound with a g of
3.90 pp at 20 °C.
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Scheme 3. Synthesis of divalent complex V(tmeda)[ONNO].

X-ray Structure Determination

During the course of our investigation, crystals of
[ONNOJH, were obtained from a cold dichloromethane/
pentane solution (20 °C), and we report its molecular
structure with an ORTEP diagram shown in Figure 2.!]
The main features of the solid-state structure is the tripodal
configuration that adopts the ligand framework; this ar-
rangement seems to arise from three intramolecular hydro-
gen-bond interactions between OI1-HOI-N1 (2.05A,
146.0°), O1-HO1-+02 (2.54 A, 130.4°), and O2-HO2-+-N2
(2.03 A, 151.6°).

C19

Figure 2. Ortep drawing of the molecular structure of [ONNO]H,
showing 50% probability ellipsoids. Hydrogen atoms are omitted
for clarity. Selected parameters (bonds, A; angles, °): N1-C12
1.467(3), N1-C1 1.482(3), N1-C22 1.473(3), C18-0O1 1.371(2), C7-
02 1.367(2), N2-C23 1.462(3), N2-C24 1.467(3), N2-C25 1.465(3),
O1-H-*N1 2.05, O1-H1--02 2.54, O2-H2-+N2 2.03, O1-H-N1
146.0, O1-H1-02 130.4, O2-H2-N2 151.6.

Crystals of all three complexes (6-8) were obtained: red-
orange crystals of 6 were obtained by careful layering a tol-
uene solution of 6 with pentane, yellow crystals of 7 by low-
temperature crystallization in THF/toluene—pentane solu-
tion, and red crystals of 8 by layering a toluene solution of
8 with pentane. The thermal ellipsoid plots are depicted in
Figure 3, Figure 4, and Figure 5, with a comparison of se-
lected bond lengths and angles in Table 1. Complex 8 pres-
ents two independent molecules in the cell with very similar
structural parameters; therefore only one of these molecules
will be described here. The solid-state structures confirm
our first formulations: complexes 6-8 are mononuclear
complexes, containing an octahedrally coordinated vanadi-
um(1) center surrounded by a tetradentate [ONNO] ligand
and one acac ligand (6), a chlorine atom and a THF solvate
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molecule (7), and tmeda ligand (8). With regard to the
[ONNO] ligand, in all complexes, the two phenolate rings
have a trans configuration, and both amino-nitrogen donor
atoms are coordinated to the metal center; these features
are ones that they share with their group 4- and other vana-
dium-[ONNO)] analogues.>b->4£:15.161 Bonding distances be-
tween the metal center and the O and N donors of [ONNO)]
are in the range typically observed for such complexes: (i)
V-O(phenoxide) distances are ca. 1.9-2.0 A, which is
slightly longer than those of higher oxidation state
[ONNOJ-vanadium(v/1v) analogues by about 0.1 A,[14.15]
(i) the two vanadium-nitrogen bonds formed between the
metal center and the tripodal amino-N atom and the di-
methylamino sidearm N atom have distances that range
from 2.13 to 2.32 A. Bonds formed by vanadium and the
additional ligands are typical: V-O(acac) approximately
2.00A (in 6), V-CI1 = 2.377(2) A (in 7), V-O(THF) =
2.1314) A (in 7), and V-N(TMEDA) = 2.302(8) and
2.383(8) A (in 8).

Figure 3. Ortep drawing of the molecular structure of 6 showing
50% probability ellipsoids (except on C atoms for clarity) and par-
tial atom-labeling schemes. Hydrogen atoms are omitted for clarity.

The crystals of 7 contain the isomer with the chlorine
atom trans to the dimethylaminoethyl sidearm and the THF

Figure 4. Ortep drawing of the molecular structure of 7 showing
50% probability ellipsoids (except on C atoms for clarity) and par-
tial atom-labeling schemes. Hydrogen atoms are omitted for clarity.

Figure 5. Ortep drawing of the molecular structure of molecule A
of 8 showing 50% probability ellipsoids (except on C atoms for
clarity) and partial atom-labeling schemes. Hydrogen atoms are
omitted for clarity.

ligand trans to the tripodal nitrogen atom of [ONNO].
However, because of the paramagnetism of the complex
and the impossibility of recording its NMR spectrum we
cannot exclude the presence of the other isomer (with the
Cl atom trans to the tripodal N atom) in solution.
Interestingly, the configuration of the [ONNO] fragment
in the crystal structure of 6 is very different from that of 7
and 8. The configuration of the [ONNO] ligand in 7 and 8

Table 1. Selected structural parameters for complexes 6-8 (distances are given in A and angles in °).[4

V(acac)]ONNO] (6)

V(CI)(THF)[ONNO] (7)

V(tmeda)[ONNO] (8)I"!

V-0l 1.9179(12)
V-02 1.9317(12)
V-NI 2.2020(14)
VN2 2.2147(14)
VX1 1.9761(13) (03)
V-X2 1.9979(12) (04)
01-V-02 170.15(5)
NI-V-N2 82.62(5)
X1-V-X2 90.34(5)
V-0 17Cphenolate 135 4( 1 )
Vfozfcphenolate 11 62( 1 )

ol +132

1.895(4) 2.060(7)
1.906(4) 2.065(7)
2.126(4) 2.215(8)
2.233(5) 2.322(8)

2.377(2) (ClI)
2.131(4) (03)

2.302(8) (N3)
2.383(8) (N4)

173.90(18) 174.1(3)
82.29(17) 79.3(3)
91.73(12) 80.5(3)
132.7(4) 130.3(7)
132.9(3) 130.1(6)
142 150

[a] X1 = X2 = Ogeac (6) or Nypeqa 8); X1 = Cl, X2 = Oryr (7). [b] For independent molecule A. [c] Angle defined by the two planes
containing the two phenolate aromatic rings; the + sign refers to a folding away from the NMe, sidearm, whereas the — sign refers to a
folding towards the NMe, sidearm.
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is symmetry related [the two aromatic rings of the bis(phen-
olate) framework (without the sidearm)]; the phenolate
groups of the [ONNO] framework fold in towards the pen-
dant (dimethylamino)ethyl sidearm, and the angle between
the two planes of the aromatic rings are approximately
—142° (7) and —151° (8) [the minus sign refers to a folding
towards the NMe, sidearm; in contrast, the folding away

from the NMe, sidearm has a positive sign]. In contrast, X Y X Y
the phenolate groups of the [ONNO] ligand of 6 fold back - ﬁ: : 8'-,':: :y'Pr 1
away from the pendant (dimethylamino)ethyl sidearm; the OPr cl Ousc  Oacac 6
angle 0 between the two planes of the aromatic rings is now SL ﬁ: s
about +116° with a molecular structure that has two non- One G 7

NTMEDA NTMEDA 8

symmetry-related phenolate rings. Such a helicoidal distor-
tion of the tripodal amino nitrogen donor atom induces a
lower symmetry in the ligand framework of 6, as already
observed in the solid-state structure of two other [ONNO]-
vanadium complexes,!'>'® and seems to arise from the pres-
ence of an O-ligated anionic ligand (alkoxo, oxo, acac) in a
trans position to the (dimethylamino)ethyl sidearm nitrogen
donor atom. Figure 6 presents a summary of the geometry
of all the [ONNO]-vanadium compounds that we have pre-
pared.

Homopolymerization Studies

Together with the [ONNO]-vanadium complexes that
present oxidation states of +5 and +4 reported by us in
previous articles,'>!'®l we are now introducing a family of
vanadium complexes that are supported by the same ancil-
lary ligand and that stabilize four oxidation states of the
metal center (from +2 to +5), which allows us the opportu-
nity to evaluate their activity toward the homopolymeriza-
tion of ethylene, propene, and 1-hexene.

Ethylene Polymerization

Preliminary studies conducted on 6 with MAO cocatalyst
(500 equiv.) under 1 bar of ethylene failed to produce poly-
ethylene. We had already observed such behavior with other
vanadium catalysts that do not possess V—Cl bonds.['4l

Figure 6. Symmetrical and non-symmetrical geometry in [ONNO]-
Vanadium(i-1v) complexes.

Moreover, it is well known that vanadium catalysts give
higher polymerization activities or polymers with lower
polydispersity indices upon activation with simple chloroal-
kylaluminum reagents (such as EtAICl, or Et,AlICI) rather
than MAQ.I!b-1e1418.191 Ag 3 result, all of our further
studies were conducted with EtAICl, as cocatalyst.

The catalyst activity of the vanadium(ii—v) complexes 1—
8 of the [ONNO] ligand for the polymerization of ethylene
has been evaluated under the same set of conditions of
10 equiv. of EtAICI, under 1 atm of ethylene at 20 °C in
toluene (except for catalysts 2 and 3 that are not soluble in
toluene, and these reactions were thus conducted in dichlo-
romethane). The results are summarized in Table 2 and are
classified by the oxidation states of the catalysts; a compari-
son with standard V-based catalysts VCl,, VCl;-DME, and
V(acac)s tested in our hands under the same experimental
conditions is also presented.

Under these conditions, [ONNO]-vanadium(v) com-
plexes 2 and 3 exhibit modest activities ranging from 17 to
22 kgpgmol 'y1h ™!, a number comparable to other vana-
dium systems described in the literature.'®!1-1418] Thijs
modest activity may be attributable to the use of dichloro-
methane as solvent; catalyst 1 gives a much higher produc-

Table 2. Ethylene polymerization promoted by various vanadium catalysts [conditions: catalyst (about 10 mg, ca. 0.01 mmol) in 10 mL
of solvent; EtAICI, cocatalyst (10 equiv.); ethylene (1 bar); time of polymerization 15 min run, except when the solution solidifies to give
a polymer gel, the asterix (*) denotes such a reaction].

Catalyst Solvent ~ Time  Yield  Activityl® T M, M, MM,
[min]  [mg] [°CI®T [g/molx 1031 [g/mol x 1073]t]
VYO(O'Pr)[ONNO] (1) toluene 5% 227 272 134.0 118 44 2.65
VYO(N;3)[ONNO] (2) CH,Cl, 15 55 22 138.7 146 32 4.60
VYO(CDH[ONNO] (3) CH,Cl, 15 42 17 136.4 716 190 3.76
VIV(O'Pr),JONNO] (4) toluene 3% 237 474 138.7 677 338 2.00
VIV(CI),[ONNOY] (5) toluene 15 156 62 139.0 889 438 2.03
VCl, toluene 10* 373 22 135.1 152 19 8.13
VCl,-DME toluene 4* 250 200 137.5 152 48 3.19
Vl(acac)[ONNO] (6) toluene 3* 218 436 1334 673 202 3.33
V(acac)[ONNO] (6) pentane 5* 268 322 128.5 1003 381 2.63
VII(CI)(THF)[ONNO] (7) toluene 15 129 52 135.2 458 204 224
V(acac); toluene 10* 141 85 135.8 176 72 243
V!(tmeda)[ONNO] (8) toluene 15 4 1 - 2259 745 3.03

[a] In kgpgmol 'h Tatm™'. [b] Determined by DSC. [c] Determined by SEC in 1,2,4-trichlorobenzene at 140 °C versus polystyrene stan-
dards.
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tivity of 272 kgprmol '(y;h™!. Polymer properties are typi-
cal of high molecular weight (M, = 1.18-
7.16 X 10° gmol ™), high density polyethylenes [HDPE] (T,
=134-139 °C), and a reasonably narrow, unimodal polydis-
persity indice, M, /M, = 2.65, is observed with 1.

Under the above conditions, the activities of the vanadi-
um(1v)-[ONNO] catalysts 4 and 5 are much higher;
474 kgpemol 'yh ! (4) and 62 kgppmol 'yh ! (5). Mean-
while, polydispersity indices are very low (2.00 and 2.03,
respectively), which suggests that the active species is well
defined, and the [ONNO] ligand remains coordinated to the
metal during the catalytic process. Melting temperatures are
again very high (ca. 139 °C) corresponding to HDPE.

Vanadium(m)-[ONNO] catalyst 6 is a particularly ef-
ficient catalyst; as with 4, a rapid initial polymerization oc-
curs, which results in the solidification of the solution with
formation of a gel of PE in less than 2 min (activity =
436 kgppmol~'jy;h"). This problem could be partly re-
solved by conducting the reaction in pentane. We then ob-
serve a slightly lower productivity, but a gain in the polydis-
persity (3.33 in toluene versus 2.63 in pentane), and a high
molecular weight polymer (M,, = 1.00 x 10° gmol ™). Inter-
estingly, ethylene polymerization with the other vanadi-
um(1) catalyst 7 is a little bit slower than with 6, although
the low polydispersity (2.24) suggests again a well-defined
active species.

Finally, vanadium(ir) complex 8 gives poor yields of PE.
As expected, this confirms that this reduced oxidation state
of the vanadium center gives only inactive or less active
polymerization catalysts. Nevertheless, one cannot exclude
that the absence of activity is due to the presence of the
chelating TMEDA ligand at the metal center, and ad-
ditional polymerization experiments with vanadium(i—v)
catalysts in the presence of TMEDA will be necessary to
address this point.

Although clear trends are not easily apparent (except for
the VI state that is inactive), the following conclusion can
be drawn: (i) catalysts 2, 3, 5, and 7 with V-CI or V-Nj;
bonds give lower activities relative to catalysts 1, 4, and 6
that have alkoxide or acac ligands, (ii) the activities and
quality of the polyethylenes obtained with catalysts 1, 4,
and 6 (with oxidation states +5 to +3) are very similar. This
could suggest that these different systems involve a similar

catalytically active species that is most probably a [ONNO]-
vanadium(i) complex (in the case of 1 and 4, resulting
from the reduction of the VY or VIV center by the aluminum
cocatalyst). Clearly, further studies will be needed to clarify
these points.

Propene and 1-Hexene Homopolymerization

Unfortunately, none of the [ONNO]-vanadium com-
plexes could catalyze propene polymerization at 20 °C, even
under 4 bar propene, using EtAICl, as cocatalyst (V/Al =
1:10). This is surprising as the V(acac)s/EtAICl, system is
known to initiate living propene polymerization,?” but this
may result from the strong steric hindrance of the tetraden-
tate dianionic [ONNO] ligand.

Less surprisingly, we were unable to polymerize 1-hexene
with our catalysts, even at high temperatures (70 and
135°C). To the best of our knowledge, V-based catalysts
reported for such a reaction are very rare.l?!]

Ethylene Copolymerization Studies

The copolymerization of ethylene with a-olefins is a com-
mon means of generating polyethylenes with controlled
crystallinity and density. These polymers are known as lin-
ear low-density polyethylenes (LLDPE). The introduction
of short-chain branches originating from the co-monomer
decreases the crystallinity and melting temperature of the
copolymer as the co-units interfere with crystallization and
reduce the size of crystallites. Preliminary studies of the co-
polymerization of ethylene with 1-hexene and norbonene
with our new vanadium compounds are described below.

The copolymerization of ethylene with 1-hexene was con-
ducted at ambient temperature in toluene with complexes 1
and 4-7 in the presence of EtAICl, cocatalyst (V/Al = 1:10),
under 2 bar ethylene with a ratio of 1:800 for catalyst/1-
hexene, and was compared to that of V(acac); (see Table 3).

Although 7 did not produce any polymer, a white poly-
meric material was obtained with the other catalysts 1 and
4-6. The '3C NMR spectra (370 K) of the resulting poly-
mers reveals that these catalysts produced poly(ethylene-co-
hexene)s (EH) typical of EH block copolymers, and the
polyethylene sequences are separated by isolated hexene
units (no HH dyads are observed; Figure7 shows a

Table 3. Results of ethylene—1-hexene copolymerization [conditions: catalyst (0.01 mmol) in 10 mL of toluene; EtAICl, cocatalyst
(10 equiv.); ethylene (2 bar); 1-hexene (8 mmol); time of polymerization 30 min run].

Catalyst  Yield Activityl® T 1-Hexene M, M, Mo/ M,
[mg] [eC]t®! content [mol %] [g/mol x 10314 [g/mol x 103]

1 354 78 73.5, 83.6, 92.7, 96.8, 104.2, 120.7 4.0 32 7.6 4.26l

4 60 12 62.5,72.1, 81.1, 91.6, 102.2, 111.2 3.5 73 21 3.53

5 192 38 63.0, 72.6, 82.8, 92.5, 96.1, 105.6, 4.2 - - -

117.9

6 600 120 63.5, 73.0, 83.0, 93.1, 107.3 7.4 71 41 1.70

6! 702 140 63.3,72.9, 82.4, 92.6, 103.0, 109.6 3.6 149 72 2.07

6Ll 303 61 62.3,72.2, 81.9, 91.3, 102.5, 107.1 10.6 33 17 1.90

V(acac); 838 167 63.6, 73.2, 83.2, 92.9, 103.1, 119.8 7.5 2882 13 225.52

[a] In kgpgmol 'h™!. [b] Determined by DSC. [c] Determined by '3C NMR spectroscopy (370 K). [d] Determined by SEC in 1,2.4-
trichlorobenzene at 140 °C versus polystyrene standards. [e] Bimodal distribution. [f] Ethylene (4 bar). [g] Ethylene (1 bar).
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www.eurjic.org Eur. J. Inorg. Chem. 2005, 28502859



Ethylene Homo- and Copolymerization Activity of a Series of Vanadium(ui-1v) Catalysts

FULL PAPER

Cp Co CHy, Co Cp
—(CHQ),,-CHQ-CHz-(|3H—CH2-CH2"(CH2)n" (CHy),
4B CH,
_—
2B CH,
1B éHg
CH,, C“4B 3B Cp 2B 1B
[ TN | VO L

44 42 40 38 36 34 32 30

!|\1X|\\1!‘\!ll‘r\v\‘1\»\[11\\‘\\!\[lll\‘||1!‘\|!!‘\\|1‘\\X\‘\\\\‘lww\‘\lwr) T 1T

28

26 24 22 20 18 16 14 12

Figure 7. 3C NMR spectrum [370 K, 1,2,4-trichlorobenzene/[D,]tetrachloroethane] of the ethylene—co-1-hexene polymer made using

6/EtAICI,.

3BC{'H} NMR spectrum of an EH copolymer obtained
using 6/EtAICI,).

The integration of the signals of 1-hexene versus ethylene
in the '3C NMR spectra of these EH copolymers allowed
us to determine the 1-hexene incorporation ratio into the
copolymers.[*? This value was found to be relatively mod-
est, ca. 4 mol%, with catalysts 1, 4 and 5, and slightly
higher with 6 (7.4 mol%). Increasing the ethylene pressure
to 4 bar (with catalyst 6) resulted in a decrease in catalyst
productivity, whereas (logically) the 1-hexene content di-
minished to 8.8 mol%. Conversely, lowering the ethylene
pressure to 1 bar decreased the activity with incorporation
of more 1-hexene units (10.6%). These conditions have not
been optimized; in particular, we have also noticed an in-
crease in the 1-hexene content and productivity of 6 by
working in a pentane solution.

In all cases, the EH copolymers have a low molecular
weight M, of 32x10° (with 1), 73x10% (with 4) and
71 x 103 (with 6), but with different molecular weight distri-
butions; the EH copolymers produced by 1 and 4 have a
broad molecular weight distribution [PDI = 4.26 (bimodal),
and 3.53 for 1, and 4, respectively], whereas narrow uni-
modal polydispersity indices are obtained with 6 at various
ethylene pressures [PDI = 1.90 (1 bar), 1.70 (2 bar), and
2.07 (4 bars)].

The effect of the incorporation of 1-hexene into the co-
polymer on the melting behavior of the EH copolymer is
illustrated in Figure 8, which shows the DSC endotherms
obtained after step-crystallization of the copolymers made
using 6/EtAICl,. Furthermore, it has been established that
1-hexene does not enter the crystal lattice of PE, therefore,
a DSC analysis can give an idea of the heterogeneity in the
co-monomer distribution.?*?4 The DSC thermograms of
the EH copolymers show five to six melting temperature

Eur. J. Inorg. Chem. 2005, 2850-2859 www.eurjic.org

values ranging from ca. 63 °C to ca. 111 °C. According to
these endotherms, and those found in the literature,[?3-24
separations based on different populations of crystalline la-
mellae have occurred, depending on the amount and distri-
bution of 1-hexene units in the molecular chain (“intrachain
heterogeneity”). Long polymer segments recrystallize into
larger crystals, which melt at higher temperatures, whereas
short segments form small crystals, which melt at lower
temperatures. Each peak of the DSC curve corresponds to
one type of polymer fraction, which could have a different
amount and distribution of short-chain branching in the
PE chain.

83.0

-1 . T
36 76 116
Temperature [C]

Figure 8. DSC thermogram obtained for an ethylene—co-1-hexene
polymer made using 6/EtAICl,.
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Figure 9. '*C NMR spectrum [370 K, 1,2.4-trichlorobenzene—[D,]tetrachloroethane] of the ethylene—co-norbornene polymer made using

6/EtAICl, (ethylene 1 bar).

As materials, poly(ethylene-co-norbornene)s possess
rather interesting properties (high glass transitions, good
chemical and heat resistance, and excellent transparency)
that make them promising, in particular, for their potential
applications in optoelectronics. Under the above conditions
used to produce the poly(ethylene-co-hexene) [room tem-
perature, and 1-4 bar ethylene, in the presence of norbor-
nene]|, preliminary studies show that 6 associated with Et-
AICI, (V/Al = 1:10) presents an interesting catalytic activity
for ethylene-norbornene copolymerization (Table 4): ac-
tivity = 292 kg opotymermol 'h™! at 2 bar ethylene. The re-
sultant polymer was poly(ethylene-co-norbornene) with a
similar overall 3C NMR spectrum (see Figure 9), high nor-
bornene content (14-29 mol%),*! and a microstructure
that possesses no norbornene repeat units and contains
both meso and racemo alternating ethylene-norbornene se-
quences as well as isolated norbornene units. More details
on the copolymerization behavior of these systems will be
described elsewhere.

Table 4. Results of ethylene-norbornene copolymerization [condi-
tions: catalyst (0.01 mmol) in 10 mL of toluene; EtAICI, cocatalyst
(10 equiv.); ethylene (1-4 bar); 1-hexene (8 mmol); time of polyme-
rization 15 or 30 min run].

Catalyst P Time  Yield Activity® Norbornene
[bar]  [min] [mg] content [mol %]

6 1 30 329 66 29

6 2 15 730 292 18

6!l 4 15 868 347 14

[a] In kgpgmol 'h™!. [b] Norbornene content in mol% determined
by 3C NMR spectroscopy (370 K). [c] Toluene (20 mL).

Conclusions

We described the synthesis and molecular structure of
three new amine(bisphenolate) complexes of vanadium(ir)
and (11). We used the whole family of [ONNO]-vanadium
complexes, from vanadium(i) to vanadium(v), as ethylene
polymerization catalysts in association with the EtAICl, co-
catalyst. To the best of our knowledge, this is the first com-
prehensive study of a catalytic polymerization system with
a single ancillary ligand set to stabilize such a broad scale
of oxidation states of the metal center.

2856 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Preliminary studies show that some of these new com-
plexes are efficient catalysts for ethylene-a-olefin copoly-
merization, producing poly(ethylene-co-1-hexene) and poly-
(ethylene-co-norbornene) with high a-olefin content. These
promising results still need to be optimized, and future
studies are in progress to determine the best catalytic condi-
tions (temperature, ethylene pressure, co-monomer and co-
catalyst concentration), as well as the effect of halogenated
compounds as activity enhancers.[>s! These studies will ap-
pear in due course. From our preliminary polymerization
results, and because it is easily prepared from commercially
available V(acac);, VI!(acac)JONNO] appears as the most
interesting complex for further studies. Our study also con-
firms the importance of the vanadium(ii) as the active spe-
cies in V-based catalytic systems.

Experimental Section

General Remarks: Starting materials for ligand synthesis were pur-
chased from Aldrich Inc. or Fluka Inc. and used as received. All
experiments requiring a dry atmosphere were performed using
standard Schlenk line or drybox techniques under argon. Solvents
were refluxed and dried over appropriate drying agents under ar-
gon, collected by distillation, and stored in the drybox over 4 A
molecular sieves. The ligand [ONNO]H, was prepared according
to a known synthesis.’*! K,JONNO] was prepared by adding excess
K into a THF solution of [ONNOI]H,, filtering and evaporating to
dryness. V(acac); was purchased from Fluka. EtAICIl, (25 mol-%
in toluene) was purchased from Aldrich. All vanadium precursors
VCI3(THF); and VCly(tmeda), were prepared as published pre-
viously.?”-?81 [ONNO]-vanadium(v) and -vanadium(iv) complexes
were prepared according to published syntheses.I'>!1 NMR spec-
troscopic data were recorded with a AMX-400 spectrometer, and
referenced internally to residual protonated-solvent ('H) reso-
nances and are reported relative to tetramethylsilane (0 = 0 ppm).
Pseudo-quantitative '3C NMR spectra of the copolymers were ob-
tained at 370 K in 1,2,4-trichlorobenzene/[D,]tetrachloroethane
containing approximately 3 mg of Cr(acac); to reduce 7 (inverse-
gated, d1 = 5s). Co-monomer incorporation was measured by inte-
gration of characteristic signals. Elemental analyses were per-
formed at the Laboratoire de Chimie de Coordination (Toulouse,
France). Magnetic susceptibility data were collected on powdered
samples of the different compounds with use of a homemade Fara-
day-type automatic magnetometer with mercury tetra(thiocyanato)
cobaltate susceptibility at 20 °C, 16.44x 10°° cm3>mol!). Diamag-
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netic corrections were applied by using Pascal’s constants as de-
scribed previously.l'?®! Size exclusion chromatography (SEC) analy-
ses were carried out at the CNRS-LCPO laboratory (Bordeaux-
Pessac, France) and at Polimeri Europa (Milan, Italy) in 1,2,4-
trichlorobenzene at 140 °C relative to polystyrene standards. DSC
thermograms of the polymers were measured on a DSC 204
Netzsch apparatus using a modified method.?*”! The polymer sam-
ple was melted in a DSC crucible at 170 °C under nitrogen (10 °C/
min). It was then successively annealed under nitrogen at descend-
ing temperature stages, starting from the melt by steps of 10 °C to
reach 20 °C (with isotherms of 2 h between 110 and 60 °C). The
cooled sample was then heated at 5 °C/min from 20 to 200 °C (the
melting temperature values Ty, and the heat of fusion (4H;) were
taken from the second heating curve).

Synthesis of V(acac) ONNO] (6): To a solution of V(acac)s
(100 mg, 0.29 mmol) in toluene (2 mL) was added [ONNO]H,
(102 mg, 0.29 mmol) in portions at room temperature. The reaction
mixture was heated at 80 °C for 14 h, after which the volatiles were
removed under vacuum. The resulting orange solid was washed
with pentane (3X5mL) and dried under vacuum. Yield: 128 mg,
87%. tterr (20 °C) = 2.91 pp. Cy7H37N,04V (504.54): caled. C 64.27,
H 7.39, N 5.55; found C 64.02, H 7.24, N 5.69.

Synthesis of VI'(CI)(THF)[ONNO] (7): K,[ONNO] (174 mg) was
slowly added in portions to a solution of VCI3(THF); (150 mg,
0.41 mmol) in THF (2 mL). The solution was left at ambient tem-
perature whilst stirring overnight. Volatiles were removed under
vacuum. The resulting solid was extracted with toluene, the solu-
tion was filtered through Celite and dried in vacuo. The solid was
washed with pentane and dried under vacuum. Crystallization from
a THF/toluene—pentane solution (room temperature and then at —
20 °C) afforded yellow crystals of 7. Yield: 65 mg, 31%. u.s (20 °C)
= 2.87 pp. CysH3gCIN,O3V (512.99): caled. C 61.87, H 7.47, N
5.46; found C 62.07, H 7.15, N 5.11.

Synthesis of V'(tmeda)lONNO] (8): K,JONNO] (366 mg) was
slowly added in portions to a solution of VCI,(TMEDA), (300 mg,

0.84 mmol) in THF (4 mL), whilst stirring. After 2 h at room tem-
perature, the volatiles were removed under vacuum. The resulting
solid was extracted with toluene (5 mL), the solution was filtered
through Celite and slowly layered with pentane (7 mL). Red crys-
tals of 8 were obtained and dried under vacuum. Yield: 200 mg,
46%. terr (20 °C) = 3.90 pp. CosHyN4O,V (521.63): caled. C 63.47,
H 8.89, N 10.74; found: C 63.40, H 8.70, N 10.66.

Typical Ethylene Polymerization Catalyses: A 10 mL toluene solu-
tion of catalyst (5mg) was flushed under 1 bar ethylene. The
AIEtCl, (10 equiv. of a 1 m solution in toluene) cocatalyst dissolved
in toluene (1.5 mL) was added to initiate the polymerization, and
the ethylene pressure was maintained constant during the polymeri-
zation. The polymerization was stopped by adding methanol
(5 mL), and the polyethylenes were filtered, washed with methanol,
water and acetone, and dried for 48 h at 80 °C.

Typical Ethylene-a-olefin Copolymerization Catalyses: A 10 mL tol-
uene solution of catalyst (5 mg) and 1-hexene (680 mg) [or norbor-
nene (760 mg)] was flushed under 2 bar ethylene. The AIEtCl,
(10 equiv. of a 1 m solution in toluene) cocatalyst dissolved in tolu-
ene (1.5 mL) was added to initiate the polymerization, and the eth-
ylene pressure was maintained constant during the polymerization.
The polymerization was stopped by adding methanol (5 mL), and
the polyethylenes were filtered, washed with methanol, water and
acetone, and dried for 48 h at 80 °C.

Crystal Structure Determination of [ONNOJH, and 6-8: (Table 5)
For the four compounds, data were collected at low temperature
(T =180 K) with a Stoe Imaging Plate Diffraction System (IPDS),
equipped with an Oxford Cryosystems Cryostream Cooler Device
and using a graphite-monochromated Mo-K,, radiation (1 =
0.71073 A). Final unit cell parameters were obtained by means of
a least-squares refinement of a set of 8000 well-measured reflec-
tions, and the crystal decay was monitored during data collection
by measuring 200 reflections by image; no significant fluctuation
of intensities was observed. Structures were solved by means of

Table 5. Crystal data and structure refinement parameters for [ONNO]H, and 6-8.

[ONNO]JH, 6 7 8
Chemical formula C22H32N202 C27H37N204V C26H38C1N203V C56H92N804V2
Formula weight 356.50 504.53 512.97 1043.26
Crystal system orthorhombic monoclinic monoclinic monoclinic
Space group P2,2,2, P2, P2/c P2/c
a[A] 8.457(5) 7.780(2) 11.660(5) 13.135(5)
b[A] 14.127(5) 20.859(4) 20.125(5) 13.516(5)
¢ [A] 17.023(5) 8.596(2) 11.737(5) 32.246(5)
a [°] 90 90 90 90
L1° 90 112.780(3) 102.444(5) 91.517(1)
y [1 90 90 90 90
VAP 2033.7(15) 1286.2(5) 2689.5(18) 5724(3)
VA 4 2 4 8
Deared. [gem 3] 1.164 1.303 1.267 1.201
1 (Mo-K,) [mm1] 0.074 0.420 0.496 0.377
F(000) 776 536 1088 2248
26 range [°] 5.6-52.6 5.1-51.8 4.0-46.5 4.00-46.6
Measured reflections 15550 11887 15570 30871
Unique reflections/ Ry, 2371/0.0715 4747/0.0209 3849/0.0967 7893/0.1393
Parameters/restraints 243/0 315/1 313/3 648/21
Final R indices [/>a2(])] R; = 0.0409, R; = 0.0238, R, = 0.0576, R, =0.1391,
wR, = 0.0929 wR, = 0.0621 wR, = 0.1328 wR, = 0.3381
Final R indices all data R; = 0.0524, R; = 0.0246, Ry =0.1135, R, = 0.1587,
wR, = 0.0981 wR, = 0.0626 wR, = 0.1581 wR, = 0.3518
Flack parameter - -0.003(11) -
Goodness of fit 1.025 1.025 0.920 1.141

Apmax - Apmin [6A3]

0.150 and —0.170

0.177 and —0.203

0.468 and —0.327

0.750 and -0.919
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direct methods with the programs SIR92/97,13% and subsequent dif-
ference Fourier maps and models were refined by least-squares pro-
cedures on F? by using SHELXL-9783" integrated in the package
WINGX version 1.64,3%1 and empirical absorption corrections
were applied to the data.3 All hydrogen atoms were located on
differences Fourier maps and introduced in the refinement as fixed
contributors using a riding model with an isotropic thermal param-
eter fixed at 20% higher than those of the C sp? atoms and 50%
for the C sp? atoms to which they were connected. Methyl groups
they were refined with the torsion angle as a free variable. For the
three compounds, all non-hydrogen atoms were anisotropically re-
fined, and in the last cycles of refinement, weighting schemes were
used, where weights are calculated from the following formula: w
= 1/[6X(F,?) + (aP)* + bP], where P = (F,> + 2F.2)/3. In the case
of compound 6, with a polar space group (P2;), SHELXL auto-
matically generates floating origin restraints to fix the X-ray ‘centre
of gravity’ of the structure in the polar axis direction (in the case
of P2, with unique axis b, the polar axis is Y). Complex 8 presents
two independent molecules in the cell with very similar structural
parameters. The crystal structure of 8 refined to a high R factor
because of poor quality, probably as a result of multilayer-type
crystals (considering the reciprocal), which could not be treated as
twin crystals. The resulting R;,, was very high (13.93%), which ex-
plains the poor final R value. The final residues (with low values
+0.90 < Q < -0.95) are all located close to the metal centers.

CCDC-263761, 263762, -263763 and CCDC-263764 contain the
supplementary crystallographic data for this paper. These data can
be obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccde.cam.ac.uk/data_request/cif.
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