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ABSTRACT: A novel complex dichlorobis(2-ethyl-3-hydroxy-4-pyrone)zirconium(IV)
(ZrCly(ethylpyrone)s) was synthesized. Complexation of the pyrone ligand to the zir-
conium was confirmed by UV, 'H and *C-NMR, and electrochemical studies. NMR
showed the presence of four isomers and density functional theory calculations indi-
cated that the main isomer had a cis configuration. The catalyst was shown to be
active in ethylene polymerization in the presence of the cocatalyst methylaluminox-
ane. The highest catalyst activity for the zirconium complex was achieved at Al/Zr =
2500, 70 °C and when a small concentration of catalyst was used (1 umol). © 2008
Wiley Periodicals, Inc. J Polym Sci Part A: Polym Chem 46: 3830-3841, 2008
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INTRODUCTION

Olefin polymerization catalysis has been increas-
ingly under research interest to develop new
catalytic systems capable of competing with Zie-
gler-Natta and, more recently, with metallo-
cenes. A new generation of postmetallocene cat-
alysts has been proposed in the literature,! and
some molecules based on bidentate [O,0] ligands
have been shown to be active in ethylene poly-
merization. Flisak and Szczegot®? studied the
strength of co-ordinate bonds in titanium(IV)
complexes with three different bidentate ligands
of the type [0O,0]: tetrahydrofurfurol, tetrahy-
drofurfuroxo anion, and ethylene glycol dimethyl
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ether and a complex with the monodentate
ligand tetrahydrofuran. The energy required to
break one of the bonds of a complex with multi-
dentate ligands with two chemically identical
oxygens (such as ethylene glycol dimethyl ether)
is almost equal to half of the formation energy.
In the complex with the tetrahydrofurfurol
ligand (with two different oxygen atoms), the
energy required to break the weaker bond is
only a small fraction of the total energy of com-
plexation. It may be concluded that the alkoxide
anion is a strong donor of electrons that satu-
rate the titanium atom and lower the Lewis
acidity of the metal. The easy breakage of one of
the alkoxide bonds leads to the formation of
complexes with monodentate dangling ligands,
which seem vital in the process of polymeriza-
tion. Moreover, these complexes present the
highest catalytic activity in the ethylene poly-
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merization, with a higher activity than those of
the catalysts with bidentate ligands with equal
donor power.

In 1995, Schaverien and coworkers® published
a study with several titanium and zirconium
complexes with sterically hindered chelating
phenoxide ligands as catalysts for the olefin po-
lymerization. Recently, Eisen and coworkers*
synthesized a dimeric titanium complex with
ethoxide group bridges; this complex was tested
for ethylene and propylene polymerizations in
the presence of methylaluminoxane (MAO). The
propylene obtained presented an intermediate
tacticity and high molecular weight. Eisen and
coworkers® also synthesized various complexes
of group 4 metals with the ligand acetyl aceto-
nate with different substituents and tested for
the polymerization of propylene in the presence
of MAO. All the complexes were active and pro-
duced elastomeric polypropylene.

Other bidentate alkoxide ligands are the deri-
vates of maltol, also known as 3-hydroxy-2-
methyl-4-pyrone (maltol) and 2-ethyl-3-hydroxy-
4-pyrone (ethylmaltol). When maltol is desproto-
nated (pKa = 8.38), an anionic system is formed,
which is capable of acting as a chelating, biden-
tate ligand of the type [O,0]. As such, this
ligand has two different oxygen donors and can
be considered as an anionic AB bidentate
ligand.® Titanium complexes based in maltolato
and guaicolato ligands with an octahedral coor-
dination were synthesized by Sobota et al.” and
tested for ethylene polymerization. In all com-
plexes the titanium atoms were surrounded by
four oxygen atoms from the chelating maltolato
or guaicolato ligands and by two mutual cis
chlorine or ethoxide groups. Electrochemical
studies showed that the maltolato ligand
behaves as a weaker electron donor than the
guaicolato ligand and forms mononuclear com-
plexes of Ti(IV) that are less stable in electro-
Iytic solutions (dimerization occurs with maltol
liberation) but more stable in the Ti(III) com-
plexes derived on reduction. With regard to eth-
oxide and chloride ligands electrochemical stud-
ies show that these complexes exhibit identical
electron-donor abilities as indicated by their
identical reduction potentials or by their reversi-
ble cathodic waves in the mononuclear com-
plexes; however, the substitution of chlorine
with ethoxide ligands decreases the catalytic ac-
tivity of these complexes. In a previous study®
we obtained bidentate zirconium complexes of
maltol and naphtoquinone that presented a coor-
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dination of the two oxygen atoms with the metal
to produce a chelating ring of five members.
Both complexes were shown to be active in the
ethylene polymerization producing high-molecu-
lar-weight polyethylene. In another study® the
titanium complex of maltol was grafted on to
different inorganic supports attaining higher
catalytic activities than those obtained with
the homogeneous complex. In the present work,
we synthesized the complex, dichlorobis(2-ethyl-
3-hydroxy-4-pyrone)zirconium(IV) (ZrCly(ethyl-
pyrone)s) and investigated its reactivity and
stability by cyclic and pulse voltammetry. In ad-
dition, the catalytic activity in this complex was
determined during ethylene polymerization in
the presence of MAO and compared with the
catalyst dichlorobis(3-hydroxy-2-methyl-4-pyro-
ne)zirconnium(IV) (ZrCly(methylpyrone)s).

EXPERIMENTAL

General Procedures

All experiments were performed under argon
atmosphere using the Schlenk technique. All the
solvents were dried by usual methods existing
in the literature. Acetonitrile was refluxed for 6
h followed by distillation and kept under molec-
ular sieve. Tetrabutylammonium tetrafluorobo-
rate (Merck or Fluka) was purified through suc-
cessive extractions with ethyl acetate at 78 °C.
The crystals were collected by filtration and vac-
uum-dried. MAO (Witco, 12.9% w/w Al in tolu-
ene solution) was employed as received. The
ligand 2-ethyl-3-hydroxy-4-pyrone (Aldrich) and
ZrCly (Merck) were used without further purifi-
cation.

Synthesis of Dichlorobis(2-ethyl-3-hydroxy-4-
pyrone)zirconium(IV)

The complex was synthesized by three methods
that differ in the preparation of the ZrCl, sus-
pension in tetrahydrofuran (THF). Method 1:
THF was added drop wise to ZrCl,. Method 2:
Little portions of ZrCl, were added to THF.
Method 3: An adduct of ZrCl, and THF was pre-
pared in the following way: 10 mL of THF were
added drop wise at room temperature, to a
stirred suspension of 8.8 g (37.8 mmol) of ZrCl,
in 100 mL of dichloromethane in a Schlenk sob
inert atmosphere. After 2 h, the white solution
was transferred with a syringe to other Schlenk
with a fritted disk. 80 mL of hexane were added
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to the filtered solution and the white solid
obtained was washed three times with 15 mL of
hexane and dried under vacuum.

Preparation of the Complex

The ligand 2-ethyl-3-hydroxy-4-pyrone (1.00 g,
7.14 mmol) in solution of THF was added drop
wise to a stirred suspension of ZrCly (0.83 g,
3.56 mmol) in THF (methods 1 and 2) or to the
adduct (method 3). The mixture was stirred at
room temperature for 60 min, then filtered, and
washed with diethyl ether (3 X 5 mL). The prod-
uct was dissolved in CH5Cl, (10 mL) and hexane
(40 mL) was added to give a yellow precipitate,
which was filtered, washed with hexane (3 X 5
mL), and dried under vacuum. The yield of the
complex was 82% (method 1), 91% (method 2),
and 92% (method 3). Anal. Found: C, 38.19; H,
3.18. Caled. for C14H1404CloZr: C, 37.27; H,
3.75. 'TH-NMR (300 MHz, DMSO-dg): 6 = 8.56
ppm (d, 2Ha, Jgiy = 5 Hz, Ha - isomer A), 6 =
8.51 ppm (d, 2Ha, Juyun = 5 Hz, Ha - isomer B), 6
= 8.42 ppm (d, 2Ha, Jyg = 5 Hz, Ha - isomer
C), 0 = 8.36 ppm (d, 2Ha, Jyzg = 5 Hz, Ha - iso-
mer D), 6 = 6.81 ppm (d, 2Hb, Jgg = 5.1 Hz,
Hb - isomer B), 06 = 6.76 ppm (d, 2Hb, Jzgg = 5.1
Hz, Hb - isomer A), 6 = 6.72 ppm (d, 2Hb, Jyuyg
= 5.1 Hz, Hb - isomer D), 6 = 6.63 ppm (d, 2HbD,
Juu = 5.1 Hz, Hb - isomer C); 6 = 2.68 ppm (q,
4H, JHH = 6HZ, CHQ), 0 =261 Ppm (q, 4H, JHH
= 6 Hz, CHy); 6 = 1.08 ppm (t, 6H, Jgg = 6Hz,
CHj3), 0 = 1.04 ppm (t, 6H, Jyg = 6Hz, CHj).
13C.NMR (300 MHz, DMSO-dg): 6 = 180.97 ppm
(C,—C=0, isomer C), 6 = 180.19 ppm (C.,—
C=0, isomer B), 6 = 179.91 ppm (C,—C=0, iso-
mer D); 6 = 158.06 ppm (C,), 6 = 157.08 ppm
(Cp); 6 = 156.10 ppm (Cy), 6 = 155.22 ppm (Cy);
0 = 153.65 ppm (C,), 6 = 153.26 ppm (C,); 6 =
110.16 ppm (Cy), 6 = 109.88 ppm (Cy); 6 = 21.77
ppm (CHy), 6 = 21.63 ppm (CHy), 6 = 21.49 ppm
(CHy); 0 = 11.66 ppm (CHs).

Complex Characterization

The NMR spectra of the complex were recorded
on a Varian Inova 300 spectrometer, using
DMSO-dg as solvent. The UV spectra of the
ligand and the complex were recorded on a UV-
Vis spectrophotometer UV-1601PC Shimadzu,
using a special cell with inert atmosphere. The
analysis were performed using a concentration
of 5.5 X 10~* M in toluene as solvent. Elemental

analysis (C, H) was made with a Fisons EA
1108 microanalyzer.

Cyclic Voltammetry

The cyclic voltammetry (CV), differential pulse
voltammetry (DPV) and controlled potential
electrolysis (CPE) (coulometry) measurements
were taken with a potentiostat/galvanostat
(PARC, model 273). All experiments were car-
ried out using a conventional three electrodes
cell. Glassy carbon was used as working elec-
trode for CV and platinium gauze for coulome-
try. An Ag/AgCl electrode was used as the refer-
ence electrode and a platinum wire as the auxil-
iary electrode. Ag/AgCl electrode was calibrated
by ferrocene, used as an internal reference.
These measurements versus the ferrocene (Fc'/
Fc°) redox couple (+0.50 V in acetonitrile solu-
tions) and were reported versus an Ag/AgCl
electrode. Electrochemical data were obtained
using 0.1 mol L~! solutions of tetrabutylammo-
nium tetrafluoroborate in acetonitrile as sup-
porting electrolyte. In the cyclic voltammograms
or differential pulse, neither anodic nor cathodic
peaks were observed in the absence of titanium
or zirconium complexes in the potential range
studied. All solutions were deaerated by bub-
bling high purity argon. The cocatalyst solutions
were prepared with different Al/Zr molar ratios
between 0 and 10 and the cyclic voltammograms
were recorded with scan rate of 100 mV s .
The electronic absorption spectra were recorded
using Hewlett-Packard Modeles 8453. Succes-
sive spectra were recorded during the redox pro-
cess of the complexes.

Theoretical Calculations

The energy of all calculated species was
obtained by full geometry optimization without
any constrain. The calculations were performed
with the Gaussian 98 Program,'® at a HF/
B3LYP''2 level of theory, using a Dunning-
Huzinaga DZ95'® basis set complemented with
polarization functions for the nonmetal atoms
and a DZ valence basis set plus an effective core
potential'*~'® for the zirconium.

Polymerization Reactions

Ethylene polymerizations were performed using
a 0.3L of toluene in a 1.0L Pyrex glass reactor
connected to a constant temperature circulator,
with an internal temperature indicator,
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Figure 1. UV-vis spectra in toluene at ambient tem-
perature using a concentration of ligand and of the
zirconium complex of 5.5 X 10~* M. [Color figure can
be viewed in the online issue, which is available at
www.interscience.wiley.com.]

equipped with mechanical stirring and inlets for
argon and the monomer. MAO was used as coca-
talyst in a Al/Zr molar ratio of 1000, 2500, 3500,
and 4500. For each experiment, a mass of cata-
lyst system corresponding to 1 or 10 umol of Zr
was suspended in toluene and transferred into
the reactor under argon. The polymerization
reactions were carried out under 1.6 bar of eth-
ylene pressure, at 30, 40, 60, 70, or 80 °C during
60 min. The reagents were introduced in the re-
actor in the following order: solvent, cocatalyst,
ethylene, and catalyst solution. Acidified (HCI)
ethanol was used to quench the process, and
reaction products were separated by filtration,
washed with distilled water, and dried under
reduced pressure at room temperature.

Polymer Characterization

The melting points (7',) of the polymers were
determined using a differential scanning calo-
rimeter (Perkin—Elmer, DSC-4), at a heating
and cooling rate of 10°C min ' in the tempera-
ture range of 30-160 °C. The heating cycle was
performed twice, but only the results of the last
scan were considered. Molar masses and molar
mass distributions were measured by high tem-
perature gel permeation (GPC) using a 150C
Waters instrument, equipped with a differential
refractometer and HT Styragel columns (HTS,
HT4 and HT6). 1,2,4-Trichlorobenzene was used
as mobile phase at a flow rate of 1 mL min .
The analysis was performed at 135 °C.
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Scheme 1. Synthesis of dichlorobis(2-ethyl-3-

hydroxy-4-pyrone)zirconium(IV).

RESULTS AND DISCUSSION

The ligand 2-ethyl-3-hydroxy-4-pyrone is an o,f-
unsaturated enone, whose n—n* electronic tran-
sition absorbs at 286 nm (gmax = 4900 mol ' L
ecm 1), as can be seen in Figure 1(a). The UV
spectrum of the zirconium complex shows [Fig.
1(b)] the disappearance of this band, due to the
loss of conjugation of the enone, demonstrating
the complexation of the metal by the carbonyl
group. In contrast, another absorption peak
appears in the UV spectrum at 320 nm (gpax =
1360 mol ! L em '), which may be attributed to
a ligand-to-metal charge transfer from = type or-
bital of the pyrone ligand to the d° orbital of the
zirconium.'” The low intensity of this band can
be attributed to a low superposition between the
metal and ligand orbitals.'®!® The complex
obtained is demonstrated in Scheme 1.

Figure 2(a,b) shows the 'H-NMR spectra of
the ligand and the complex respectively. The
resonance of the hydroxyl group ligand disap-
pears at 8.83 ppm in the complex spectrum
showing the desprotonation of the ligand due to
the metal insertion. The shift of Ha and Hb pro-
tons in the complex to higher frequencies in
relation to the resonance ligand demonstrates

b}
._./U . I N | S A U

T T T T T T 1
s 8 7 6 5 4 3 2 1 P

Figure 2. 'H-NMR spectra of (a) the ligand 2-ethyl-
3-hydroxy-4-pyrone and (b) the zirconium complex.
*DMSO.
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Figure 3. '3C-NMR spectrum of the zirconium com-
plex (the aliphatic region is not shown).

the desblindage of the aromatic protons due to
the donation of electronic density to the metal.

The '®C-NMR of the complex (Fig. 3) shows
the carbonyl signal (Cc) at 180 ppm and a series
of signals in the aromatic region. To assign all
the carbon atoms Heteronuclear Correlation
Spectroscopy (HETCOR) was performed and the
spectrum is shown in Figure 4. This technique
permits the identification of unmistakable pro-
tons a and b. Carbons d and e do not show sig-
nals in HETCOR since they are quaternary car-
bons, carbon d appears at higher frequencies
than carbon e because of the influence of the
carbonyl directly bonded to it.

The 'H-NMR, as well as the *C-NMR, spec-
tra show the presence of isomers. The 'H-NMR
shows the presence of four isomers that vary in
proportion depending on the method of synthe-
sis. In fact, Figure 5 shows the expanded spec-
tra of the Ha and Hb proton region for the com-
plexes obtained with the different methods of
synthesis. The resonance of proton Ha in the
'H-NMR was quantified to study the proportion
of the isomers and their stability. In a previous
study, the dichlorobis(3-hydroxy-2-methyl-4-
pyrone)zirconium(IV) complex showed an inter-
convertion between isomers in DMSO0.%° Studies
on the stability of the dichlorobis (2-ethyl-3-
hydroxy-4-pyrone)zirconium(IV) isomers in DMSO
showed that the isomers are stable after more
than 16 h in solution. The proportion of these
different isomers was calculated from the inte-
gral of protons a, as shown in Table 1. The first
synthesis produced two main isomers almost in
the same proportion, while the other two syn-
theses resulted in one main isomer, indicating

that by changing the synthetic path it is possi-
ble to modify the isomer proportion. As such,
isomer proportion appears to be related to the
kinetics of the synthesis. In fact, in the first two
methods, the ligand is reacted with a suspension
of ZrCl, in THF that probably has a kinetic con-
trol and in the third synthesis the ligand is
reacted with the adduct that is soluble in THF,
with this reaction being controlled thermody-
namically to give the most stable isomer.

The complex was formed as a powder and de-
spite a number of attempts, it was not possible
to obtain a single crystal to achieve an X ray dif-
fractogram to elucidate the complex’s structure.
As such, a theoretical study was performed on
the complex by the density functional theory
(DFT) method, which demonstrated 10 possible
isomer/conformers, 6 with the cis configuration
and 4 with the trans configuration with respect
to the position of the chlorine atoms. These dif-
ferent possibilities are shown in Figure 6. The
cis 11, 12, and 13 structures are conformers, as
are structures cis 21, 22, and 23. The trans iso-
mers also have conformers trans 11 and 12 and
trans 21 and 22. Table 2 presents the relative
energies of the isomer/conformers and the rela-
tive population considering a temperature of 298
K and a distribution in the vacuum. Given the
proportion of isomers given by NMR with the
energies depicted in Table 2 and taking into con-
sideration that the conformers are not distin-
guishable by NMR at room temperature, it may
be speculated that the main isomer is cisl
(isomer B), the second most abundant isomer is
cis2 (isomer D), and the less abundant isomers
are transl (isomer C) and trans2 (isomer A).

‘01
HE)

Ly Ch

=0-..] e
CaCd ‘(%Lo/c\:\m
Ce

il

{ppm}

F1 (ppm)

Figure 4. HETCOR spectrum of the zirconium com-
plex (the aliphatic region is not shown).
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Figure 5. 'H-NMR spectra (expanded region) of the zirconium complex obtained by

(a) method 1, (b) method 2, and (c) method 3.

Electrochemical Behavior

The electrochemical behavior of dichlorobis(2-
ethyl-3-hydroxy-4-pyrone)zirconium(IV) was in-
vestigated through CV and DPV and CPE. The
cyclic and pulse voltammograms were run over
a potential range of between 0.2 V and —2.6 V
with a scan rate of 100 mV s !. Figure 7(a,b)
shows the pulse voltammograms with cathodic
and anodic scans for the complex ZrCly(ethyl-
pyrone)s and the pyrone ligand, which demon-
strated the reversibility of each reduction pro-
cess. The curves show the pyrone ligand ca-
thodic and anodic processes at —2.0 e —2.6 V
versus Ag/AgCl, and the complex at —1.3 (asym-
metric signal) and at -1.95, —-2.6 and a
shoulder at —1.6. Comparing the curves of cur-
rent versus potential of the ligand and the com-
plex it can be seen that the signals at —1.95
and —2.6 V in the complex voltammogram cor-
respond to the redox processes of the ligand, L/

L~ and L /L%". The other signals are due to the
redox processes of the metal center. These
results are similar to those obtained with the
ZrCly(methylpyrone), analog complex,?’ which
demonstrated cathodic waves at —1.3, —1.8, and
—2.1 V. Comparing the results obtained with
both ZrCly(pyrone); (methyl or ethyl) com-
plexes, it may be concluded that the nature of
the alkyl group has no influence on the elec-
tronic density of Zr(IV), since the reduction
potentials of the metallic center are similar in
both complexes (Fig. 8). It is worth noticing
that, in the —1.3 V region of the complex
ZrCly(ethylpyrone); there is a nonsymmetric
signal, with the appearance of two cathodic
waves at —1.25 V and —1.35 V. This asymmetry
may be due to the presence of a higher number
of isomers or conformers for the ZrCly(ethylpyr-
one); complex than for the ZrCly(methylpyr-
one), complex, which is in accordance with the
NMR results.?®

Table 1. Proportion of Different Isomers of Complex Dichlorobis(2-ethyl-3-hydroxy-4-pyrone)zirconium(IV)
Obtained by the Integral of the "H NMR Spectrum of Proton a

% Isomer A % Isomer B % Isomer C % Isomer D

(8.56 ppm) (8.51 ppm) (8.42 ppm) (8.36 ppm)
Method 1 ~0 47.7 6.8 45.5
Method 2 7.1 67.5 3.6 21.8
Method 3 5.4 81.6 0 13.0

Journal of Polymer Science: Part A: Polymer Chemistry
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Figure 6. Structures of the 10 possible isomers/con-
formers of complex dichlorobis(2-ethyl-3-hydroxy-4-
pyrone)zirconium(IV).

The results obtained for the ZrCly(ethylpyr-
one); complex at controlled potential (—1.7 V)
with the consumption of 2 F mol ! suggest that
charge-transfer process involves two electrons.
These results were important for attributing the
cathodic and anodic signals centered in the ligand
and in the zirconium and the electrode mecha-
nism. Thus, considering the bi-electronic process
the waves at —1.3 Vand —1.6 V can be assigned
to Zr™V"™ and Zr"™" reduction processes.

The CPE results indicate that the electrode
processes of the ZrCly(ethylpyrone)s; complex are
reversible with a chemical coupled reaction.
Data suggest that, after the reduction of Zr(IV),
there is a labilization of the ethylpyrone ligand.

The differential pulse voltammogram for
ZrCly(ethylpyrone)s recorded after electrolysis
shows the disappearance of the redox processes
centered at the metal as shown in Figure 9, as a
consequence of the chemical reaction concomi-
tant with the reduction of Zr(IV) in the original
complex. In this curve, the existence of cathodic
signals (—2.1 e —2.5 V) corresponding to the
reduction of the noncoordinated ligand can be

seen [Fig. 9(b)l. The signal around at —0.7 V
[Fig. 9(b)] probably results from a Zr(II) complex
coordinated to a Lewis base, acetonitrile or py-
rone. For a more accurate explanation of the
electrolysis product, further studies will be nec-
essary.

All the previous data for the ZrCly(ethylpyr-
one)y complex permits the proposal of the equa-
tions listed in Scheme 2 for the electrode mecha-
nism. Equations 1, 2, and 4 are related to the
redox processes at the metallic center and eq 3
refers to the redox process of the ligand.

To investigate the electrochemical behavior of
ZrCly(ethylpyrone)s in the presence of MAO, we
carried out differential pulse and cyclic volta-
metric measurements under an ethylene atmos-
phere, using an Al/Zr molar ratio of 5. The dif-
ferential pulse (Fig. 10) and cyclic voltammo-
gram (Fig. 11) profiles of the complex
ZrCly(ethylpyrone)s, in the presence of MAO,
show the disappearance of the anodic and ca-
thodic waves centered at the zirconium; how-
ever, there are no other signals that could be
attributed, definitely, to the substitution of Cl™
by —CHg. In the presence of ethylene a signal
appears at around —0.8 V, which can be attrib-
uted to the methylated active species. This
result indicates that the active specie seems to
be stabilized by the ethylene atmosphere. The
successive cyclic voltammograms recorded with
scan rate 200 mV s ! (Fig. 11) show that the
current peak at —0.8 V for Al/Zr = 5 decreases
with time, probably due to the inability of these
active species in solution. The best results for
the CV in the presence of MAO, were observed
when the Al/Zr ratio was 5, since below this ra-

Table 2. Relative Energies and Populations of the
10 Possible Isomers/Conformers of the Complex
Dichlorobis(2-ethyl-3-hydroxy-4-pyrone)zirconium(IV)

Relative Population
Isomer/Conformer Energy (kcal/mol) (%)
Cisll 0.000 27.62
Cisl2 0.072 48.94
Cis13 0.150 21.43
Cis21 2.324 0.55
Cis22 2.454 0.88
Cis23 2.659 0.30
Trans1l 5.669 <0.01
Trans12 5.652 <0.01
Trans21 3.552 0.11
Trans22 3.501 0.14

Journal of Polymer Science: Part A: Polymer Chemistry
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Figure 7. Pulse voltammograms of complex ZrCly(ethylpyrone)s: (a) cathodic scan
of the complex and the ligand; (b) anodic scan; v = 100 mV s *. [Color figure can be
viewed in the online issue, which is available at www.interscience.wiley.com.]

tio the signal at —0.8 V could not be appreciated
and at higher ratios the modification of the sig-
nal was too fast. The increase in the Al/Zr ratio
did not present a modification of the redox
potential of Zr'V"™ in the active specie at —0.8 V,
thus it can be deduced that in the coordina-
tion sphere of Zr(IV), methyl and ethylene are
present.

Ethylene Polymerization

The effect of the polymerization temperature on
the catalytic activity of the dichlorobis(2-ethyl-3-
hydroxy-4-pyrone)zirconium(IV) complex was
evaluated and the results are shown in Figure
12. The catalytic activity increased when the
temperature was increased from 30 to 60 °C for
both Al/Zr ratios used. The catalytic activity

decreased above 60 °C when 10 umol of Zr and a
ratio of Al/Zr of 1000 were used but when a
higher amount of MAO was used, the catalytic
activity only decreased above 70 °C. The pres-
ence of higher amounts of MAO helps to stabi-
lize the active species at higher temperatures.
In general, postmetalocene catalysts are easily
deactivated by temperature;>' however, the di-
chlorobis(2-ethyl-3-hydroxy-4-pyrone)zirconium(I'V)
complex showed the best performance at 70 °C,
demonstrating a high stability of this complex.
The effect of the Al/Zr ratio on the catalytic
activity of the 1 umol of zirconium complex dur-
ing ethylene polymerization was also studied at
60 °C. The results are shown in Figure 13. The
complex showed the best catalytic activity when
the Al/Zr ratio was 2500. The increase from
2500 to 4500 decreased the catalytic activity,

0
[ZrCla(ethylpyrone) ] b
54 E o a 304
e
104
45 20\ / [ZrCl (methylpyrone). ]
€ -204 1 '
- ZrCl (methylpyrone) ) Cl (et
[ZrC] (methylpyrone), il ; [ZrCl (ethylpyrone), ]
=304 ,
35 g
40— T T T T T o T T T T T
25 20 45 -0 05 00 -2,0 1,5 -1,0 -0.5 0,0

E (V' vs Ag/AgCl)

E (V' vs Ag/AgCl)

Figure 8. Pulse voltammogram of complexes ZrCly(methylpyrone)s and ZrCly(ethyl-
pyrone)s: (a) cathodic scan of the complex and the ligand; (b) anodic scan; v = 100
mV s 1. [Color figure can be viewed in the online issue, which is available at www.

interscience.wiley.com.]
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Figure 9. Cyclic voltammograms of the complex
ZrCly(ethylpyrone)s: (a) initial; (b) electrolyzed
(Eappliea = —1.7 V). [Color figure can be viewed in
the online issue, which is available at www.
interscience.wiley.com.]

suggesting that high amounts of MAO can com-
pete with the olefin for the active site of the
complex, decreasing the activity.??

The complexes obtained by the three syn-
thetic methods were compared in the ethylene
polymerization under the same reaction condi-
tions. The results of catalytic activity are shown
in Figure 14. Method 3, in which the complex is
obtained from the zirconium adduct, presented
the best result, probably due to the fact that the
complex is formed mainly by the cis isomers and
contain the lowest number of trans isomers,
which are not expected to be active in olefin po-
lymerization. This catalytic activity result con-
firms that the isomer determination performed
by NMR and DFT is correct.

The '®C-NMR analysis of the polyethylene
obtained in the polymerization reactions showed
a single resonance at 30 ppm, indicating that

[Zr'VClz(ethy]pyrone)z] ﬂ’ [Zr“'Clz(ethylpyrone)z]’ (Eq. )

E--13V

[Zr"'Clz(ethylpyrone)z]‘ 4+a__ [Zr'[Clz(ethylpyrone)z]z' (Eq. 2)
E~-1,6V

[Z"'CL(ethylpyrone),] = [Zr"'Cl,(ethylpyrone)] + ethylpyrone (Eq. 3)

+e

[Zr"[Clz(ethy]pyrone)] [Zr”Clz(ethylpymne)]z' (Eq. 4)

_e’
li~22V

Scheme 2. Redox process of the complex ZrCl,
(ethylpyrone)s.
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Figure 10. Pulse voltammogram of complex ZrCl,
(ethylpyrone)s in the presence of MAO (Al/Ti = 5) and
in ethylene atmosphere. [Color figure can be viewed
in the online issue, which is available at www.
interscience.wiley.com.]

the polymers are linear and that no branching
is observed. The set of evaluated polymerization
conditions, as well as polymer melting tempera-
tures and molecular weights, are presented in
Table 3. The results were obtained with the
complex synthesized by method 2. The best ac-
tivity obtained was 310 kgPE/molZr.h.atm when
Al/Zr = 2500 was used and a temperature of
70 °C (entry 9).

The complex was shown to be more active
when a smaller amount of catalyst was used, as
can be seen for entries 3 and 11 or 5 and 8. A
similar finding has also been reported in the lit-
erature for other catalytic systems.??

20
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-3,0 -2.5 -2.0 -1,5 -1,0 -0.5 0,0 05
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Figure 11. Successive cyclic voltammograms of com-
plex ZrCly(ethylpyrone); at Al/Zr = 5 in ethylene
atmosphere. v = 200 mV s~ and T = 25 °C.
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Figure 12. Influence of the polymerization tempera-
ture in the catalytic activity of the complex dichlorobis
(2-ethyl-3-hydroxy-4-pyrone)zirconium(IV) (method 2).

The DSC results showed that the polymers
obtained have melting points of between 130
and 134 °C, typical of high density polyethylene.
GPC results showed high-molecular-weight poly-
ethylene with a narrow distribution of molecular
weight. However, the products had to be filtered
to perform the GPC analyses and some of them
did not solubilize at all. In fact, the molecular
weight (Mw) of the soluble part was very high,
suggesting that the polyethylene could have a
fraction with an ultra high molecular weight.
The dicholorobis(3-hydroxy-2-methyl-4-pyrone)-
zirconium(IV) complex produced polymers that
were so insoluble that it was not possible to
obtain the molecular weight by GPC.

300+
250+
200 4

1504

Catalytic activity
(kgPE/molZr.h.atm)

tﬂ:{]ﬂ 2000 3000 4000 5000
AlfZr

Figure 13. Influence of the Al/Zr ratio in the cata-
Iytic activity of the complex dichlorobis(2-ethyl-3-
hydroxy-4-pyrone)zirconium(IV) (method 2).
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Figure 14. Comparison of the catalytic activities in
the ethylene polymerization with the ethyl pyrone zir-
conium complex obtained by the three synthetic meth-
ods. ([Zr] = 1 umol, Al/Zr = 2500, T = 60 °C, Petileno =
1.6 atm, solvent = toluene, and ¢ = 60 min)

The comparison between the catalytic activ-
ities of the ZrCly(ethylpyrone);] (I) and
[ZrCly(methylpyrone)s] (IT)) complexes (Fig. 15)
showed that the complex (I) is much more
active. The increase in catalytic activity can be
attributed to the presence of the ethyl group in
the 2-ethyl-3-hydroxy-4-pyrone ligand. Since the
electrolysis studies, showed that there is no elec-
tronic effect when the methyl group is changed
by the ethyl group in this kind of complex, the
difference can be attributed to a steric effect.
Morokuma and coworkers?* studied the effect of
substituents in zirconium catalysts with alkoxy
bidentate ligands and concluded that the steric
effect, due to bulky substituents, significantly
change the geometry of the n-complexes (present
in the polymerization mechanism) and produce
changes in the electronic energies. The steric
interaction produces a greater change in the
energy of the m-complex than in the transition
state, resulting in a decrease in the energy of
the ethylene insertion, increasing the catalytic
activity of the system. Another hypothesis that
may justify the increase in activity from complex
II to I is that since the ZrCly(ethylpyrone), is
more soluble in toluene than ZrCly(methylpyr-
one)y this will favor the diffusion of the species
to the active center.

CONCLUSIONS

A new zirconium complex dichlorobis(2-ethyl-3-
hydroxy-4-pyrone)zirconium(IV) with bidentate
alkoxide ligands was synthesized and character-
ized by 'H and 'C-NMR, HETCOR, UV, and
electrochemistry. UV showed the complexation
of the ligand. NMR studies showed the presence
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Table 3. Catalytic Activity and Properties of the Ethylene Polymerization Catalyzed by Dichlorobis (2-ethyl-3-

hydroxy-4-pyrone)zirconium(IV)

Entry  [Zr] (umol) AVZr T (°C)  Polymer (g)  Activity® T, (°C) M, (103 gmol™  M./M,
1 10 1000 30 0.29 18 131 400 1.9
2 10 1000 40 0.38 24 134 i i
3 10 1000 60 0.89 56 130 150 4.2
4 10 1000 70 0.34 21 134 nd nd
5 10 2500 60 2.98 186 133 503 1.4
6 1 2500 30 0.34 213 132 i i
7 1 2500 40 0.41 255 132 428 2.0
8 1 2500 60 0.45 281 132 317 2.6
9 1 2500 70 0.50 310 132 nd nd

10 1 2500 80 0.20 128 134 nd nd
11 1 1000 60 0.16 96 132 i i
12 1 3500 60 0.39 242 133 nd nd
13 1 4500 60 0.37 230 134 nd nd

i, insoluble; nd, not determined; Pggnylene = 1.6 atm; solvent = toluene; time = 1 h.

# kgPE/molZr.h.atm.

of four isomers, with the cis configuration being
the most abundant and stable. The results of
the electrochemical studies showed that the na-
ture of the alkyl group (methyl or ethyl) in the
pyrone ring did not influence the electronic den-
sity of Zr(IV) and that the active species are sta-
bilized by an ethylene atmosphere. The complex
was active for ethylene polymerization, cocata-
lyzed by MAO, giving the best catalytic activ-
ities at 70 °C, Al/Zr = 2500 and [catalyst] =
1 mmol. Complex I showed a better performance
in ethylene polymerization that the complex
with a methyl group.

Taking into account the electrochemical stud-
ies of the complex, it is reasonable to conclude
that the high catalytic activity of ZrCly(ethylpyr-
one)y is related to the fact that Zr(IV) is stable.
Furthermore, cyclic and differential pulses illus-
trated the necessity of the coordination of the

300 O

N

250 \\\s

Catalytic 2001 - \§

activity 150 . \s
(kgPE/molZr.h - ”
.atm) 1001

N

P

50" V

30 40 et

Temperature (°C)

0 Catalytic

complexes

Figure 15. Comparison of the catalytic activities of
complexes ZrCly(ethylpyrone); (I) and [ZrCly(methyl-
pyrone)s] (II) in the following reaction conditions: [Zr]
= 1 umol, Al/Zr = 2500.

monomer (ethylene) to stabilize the zirconium
active specie formed by the reaction of ZrCl,
(ethylpyrone), and MAO.
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