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Abstract

The substituted pyrazole palladium complexes, (3,5-' Bu,pz),PdCl, (1) (3,5-Me,pz),PdCl, (2), (3-Mepz),PdCl, (3) and (pz),PdCl,
(4) (pzH = pyrazole), can be prepared from the reaction of (COD)PdCI, with the appropriate pyrazole. The chloromethyl derivative,
(3,5-'Buspz),PdCl(Me) (5), was prepared from (COD)PdCIMe and ‘Bu,pzH. X-ray crystal structure determination of 1 and 5
established their structures in the solid state to be the trans-isomer. After activation of 1-4 and 5 with methylaluminoxane (MAOQ)
the resulting palladium complexes were used as catalysts in ethylene polymerization, yielding linear high-density polyethylene
(HDPE). The highest activity was observed for (3,5-'Bu,pz)PdCIMe. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Since the first report by Rix and Brookhart that late-
transition metal a-diimine complexes dimerize or oligo-
merize olefins [1], there has been an intensive search for
other nitrogen ligand complexes of late-transition metals
which can also catalyze olefin oligomerization or poly-
merization reactions [2]. High molecular weight poly-
olefins have been reported by Brookhart et al. using
palladium(IT) and nickel(IT) a-diimine complexes [2d].
This has resulted in the exploration of various nitrogen
compounds as ligands for late-transition metal com-
plexes, which could be used as catalysts for olefin
polymerization. These include bipyridine-type alkene
oligomerization catalyst [2d], pyridinylimine ligands [3]
and alkylnitrile ligands [4] complexes. Recent patent
applications have also reported similar ligand systems in
preparing polymerization catalysts [5—7]. In spite of
numerous reports on nitrogen ligand complexes of
palladium(II) and nickel(II), very little is known about
pyrazole and pyrazolyl late-transition metal complexes
as catalysts for olefin polymerization. Pyrazoles and
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their derivatives are attractive ligands as their steric and
electronic properties can be fine-tuned by the appro-
priate choice of substituents on the 2-N, 3-C, 4-C, and 5-
C atoms of the pyrazole. This enables the researcher to
optimize the electrophilic property of the metal center in
an olefin polymerization catalyst.

A report by Jordan et al. on the polymerization of
ethylene by [R,C(3-'Bu,pz),]PdCl, (R = Me, Ph) [8] is
one of the few examples that involve the use of a
pyrazolyl ligand, though pyrazole [9] and pyrazolyl [10]
ligand—metal compounds abound in the literature. We
have recently embarked on a program that involves the
use of pyrazole and pyrazolyl compounds as ligands for
complexes that could catalyze olefin and acetylene
polymerization. The current report presents results of
our studies of pyrazole adduct of Pd(II) complexes as
olefin polymerization catalysts.

2. Experimental
2.1. Materials and instrumentation
All solvents were analytical grade and used as received

except toluene, which was dried over sodium-benzophe-
none, distilled and stored under a nitrogen atmosphere.
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Ethylene (99.9%) was purchased from AFROX (South
Africa) and used as received. Methylaluminoxane
(MAO) (10 wt.%) in toluene was purchased from
Aldrich and transferred in a glove box. The starting
materials 3,5-di-tert-butylpyrazole [11], (COD)PdCl,
[12] and (COD)PdCIMe [13] were synthesized according
to literature procedures. All manipulations of air- and/
or moisture-sensitive compounds were performed under
a dry, deoxygenated nitrogen atmosphere using stan-
dard high vacuum or Schlenk techniques. High-pressure
polymerization reactions were performed in a mechani-
cally stirred 300 ml Parr autoclave.

IR spectra were recorded as KBr pellets on a Perkin—
Elmer, Paragon 1000 PC FTIR spectrometer. NMR
spectra were recorded on a Gemini 2000 instrument ('H
at 200 MHz, '>C at 50 MHz). Chemical shifts are
reported in (ppm) referenced to residual protons and '*C
signals of deuterated chloroform as internal reference.
I3C-NMR spectra of polyethylene were recorded in
1,2,4-trichlorobenzene at 115 °C. The number- and
weight-average molecular weights (M, and M,,) and
polydispersity (M/M,) of polymers were determined by
high temperature gel permeation chromatography
(GPC) (trichlorobenzene, 145 °C, rate=1.000 ml
min~'). Thermal analyses were performed on a Uni-
versal V2.3H TA or a Waters 2000 instrument. Ele-
mental analysis was performed in-house at the
department of chemistry, University of the Western
Cape. High temperature GPC was performed at the
Group Technologies Research and Development la-
boratory of SASOL Polymers.

2.2. (3,5-IBMZPZ)2PdCZQ (1)

To a solution of 3,5-di-tert-butylpyrazole (0.58 g, 3.22
mmol) in 40 ml toluene, was added (COD)PdCl, (0.46 g,
1.61 mmol). The mixture was refluxed until a homo-
geneous solution was formed. The solvent was evapo-
rated to give a yellow residue, which was recrystallized,
from CH,Cl,—hexane to afford reddish yellow crystals
suitable for X-ray analysis. Yield: 0.53 g (61.3%). 'H-
NMR (CDCl): ¢ 11.68 (br s, 2H, pyrazole N—H); 5.84
(d, 2H, *Jyu = 2.40 Hz, 4-Pz); 1.78 (s, 18H, 5-'Bu); 1.02
(s, 18H, 3-'Bu). IR (KBr): v =3224 cm ™ !, ven =
1567 cm ~'. Anal. Calc. for Cy,HaoN4PdCly: C, 49.12;
H, 7.50; N, 10.42. Found: C, 49.40; H, 7.31; N, 10.15%.

2.3. (3,5-M62pz)2PdC12 (2)

The procedure is the same as for (3,5-'Bu,pz),PdCl,.
Yield: 75.4%. '"H-NMR (CDCl5): § 11.84 (br s, 2H, N—
H); 5.70 (d, 2H, *Jyy = 2.20 Hz, 4-Pz); 2.67 (s, 6H, 5-
Me); 1.92 (s, 6H, 3-Me). IR (KBr): vn_p1 = 3201 cm ',
veon = 1579 em ', Anal. Calc. for C,oH;¢N4PdCl,: C,
32.50; H, 4.36; N, 15.16. Found: C, 33.05; H, 5.11; N,
14.18%.

2.4. (3-Mepz),PdCl, (3)

The procedure is the same as for (3,5-'Bu,pz),PdCl.
Yield: 98.3%. 'H-NMR (CDCls): 6 11.24 (br s, 2H, N—
H); 7.90-7.92 (dd, 2H, *Jy = 3.10 Hz, *Jy3y = 1.80 Hz,
5-Pz); 6.05 (br s, 2H, 4-Pz); 2.31 (s, 6H, 3-Me). IR
(KBr): vagp=3297 ecm ™', ve_n=1561 cm~'. Anal.
Calc. for CgH,N4PdCl,: C, 28.14; H, 3.54; N, 16.41.
Found: C, 29.37; H, 3.10; N, 16.03%.

The procedure is the same as for (3,5-"Bu,pz),PdCl,.
Yield: 95.7%. "H-NMR (CDCls): 6 11.69 (br s, 2H, N—
H); 8.12—8.14 (m, 2H, 5-Pz); 7.58—7.61 (dd, 2H, *Jyy =
1.90 Hz, *Jy31; = 0.80 Hz, 3-Pz); 6.37—6.40 (m, 2H, 4-Pz).
IR (KBr): vy =3303 cm ™!, ve_n = 1515 cm 1. Anal.
Calc. for CgH[,N4PdCl,: C, 22.99; H, 2.57; N, 17.87.
Found: C, 24.74; H, 2.41; N, 17.86%.

2.6. (3,5-'Buypz),PdCIMe (5)

A solution of 3,5-di-tert-butylpyrazole (1.00 g, 5.56
mmol) in diethyl ether (60 ml) was added to a solution of
(COD)PdCIMe (0.8 g, 2.78 mmol) in diethyl ether (60
ml). A light yellow precipitate was formed after 30 min
and the reaction was stirred for a further 2 h. the
precipitate was filtered and washed with ether. The
yellow solid was recrystallized from CH,Cl, at —15 °C
to give yellow crystals suitable for X-ray analysis. Yield:
1.20 g (83.5%). '"H-NMR (CDCls):0 12.47 (br's, 2H, N—
H); 5.80 (d, 2H, 3Jun = Hz, 4-Pz); 1.67 (s, 18H, 5-'Bu);
0.99 (s, 18H, 3-'Bu); —0.14 (s, 3H, Pd-Me). *C{'H}-
NMR (CDCly): ¢ 162.9, 155.1, 100.4, 32.1, 30.9, 30.8,
30.1, —4.7.

2.7. General procedure for polymerization of ethylene
with substituted pyrazole Pd(II) complexes as catalyst
precursors

Polymerization was carried out in a 300 ml stainless
steel autoclave, which was loaded with the catalyst and
co-catalyst, MAO, in a nitrogen purged glove box. This
was done as follows: the autoclave was charged with a
palladium complex in dry toluene (150 ml), and appro-
priate amount of MAO (10% in toluene) (Al-Pd =
250:1000) was added in glove box. The reactor was
sealed and removed from the glove box. The autoclave
was flushed three times with ethylene and heated to the
polymerization temperature. Ethylene was continuously
supplied to maintain constant pressure during the
polymerization. After the set experiment time, excess
ethylene was vented and the polymerization quenched
by adding ethanol. The polymer was filtered, washed
with 2 M HCI followed by ethanol. It was dried in an
oven overnight at 50 °C under vacuum.
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2.8. X-ray structural determination

Crystals of 1-CH,Cl,, 1-1/2Et,0 and 5 suitable for X-
ray crystallography were grown by layering the CH,Cl,
mother liquor with either hexane or ether. Crystals of 1
and 5 suitable for X-ray crystallography were selected
under oil at ambient conditions and attached to the tip
of a glass capillary. Crystal evaluation and data collec-
tion were performed on a Bruker CCD-1000 diffract-
ometer with Mo-K, (4=0.71073 A) radiation and the
diffractometer to crystal distance of 4.9 cm. The initial
cell constants were obtained from three series of w-scans
at different starting angles. The reflections were success-
fully indexed by an automated indexing routine built in
the sMART program. The absorption correction was
based on fitting a function to the empirical transmission
surface as sampled by multiple equivalent measurements
[14]. The structures were solved by direct methods and
refined by least-squares techniques using SHELXTL
program [15]. All non-hydrogen atoms were refined
with anisotropic displacement coefficients. All hydrogen
atoms were included in the structure factor calculation
at idealized positions and were allowed to ride on the
neighboring atoms with relative isotropic displacement
coefficients.

In the case of 1-CH,Cl,, there are two symmetry
independent molecules of the complex in the asymmetric
unit. In each molecule one zert-butyl group is disordered
over two positions. In the Pd(1) molecule the disorder
ratio is 60:40, while in the Pd(2) molecule the ratio is
50:50. There are also two molecules of solvate dichlor-
omethane in the asymmetric unit. In the case of 1-1/
2Et,O, the asymmetric unit contains two symmetry
independent molecules of the complex and one solvate
molecule of diethyl ether. In one molecule, the fert-butyl
group at atom C(41) is disordered over two positions in
a 72:28 ratio. This disordered group and the tert-butyl
moiety at C(8) were refined with soft restraints.

3. Results and discussions
3.1. Synthesis

Bis(substituted-pyrazole)palladium(II) chloride com-
plexes were readily prepared according to Scheme 1

from the reaction of four different pyrazole compounds
with (COD)PdCl,. The complexes were isolated in
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Scheme 1.

moderate to high yields and fully characterized by IR
and "H-NMR spectroscopy as well as by elemental
analysis. Complex 1 was further characterized by X-ray
crystallography (Fig. 1, Table 2). By a similar route to
the above, complex 5 was prepared using
(COD)PdCIMe in place of (COD)PdCl,. It was similarly
characterized by the above analytical techniques, in-
cluding X-ray crystallography (Table 3). It was essential
to prepare 5 in a solvent in which the starting materials
are soluble but the product is insoluble. This is due to
the instability of 5 in solution at room temperature. In
contrast, 1-4 was stable in CH,Cl, and toluene over
several days without showing any signs of decomposi-
tion.

3.2. Molecular structures of 1 and 5

The crystallographic data for 1-CH,Cl,, 1-1/2Et,O
and 5 are presented in Table 1. The relevant bond
distances and angles are tabulated in Tables 2—4, while
the representative molecules of 1 and 5 are shown in
Figs. 1 and 2, respectively.

The three palladium complexes share similar struc-
tural features. The Pd atom in each complex is in a
slightly distorted square-planar environment with the
pyrazole ligand trans to each other. In all complexes, the
pyrazole NH groups are on the same side of the Pd
coordination plane. The angles about the central metal
range between 85.78(13) and 95.08(8)° while the average
Pd—N(pz) distance is calculated to be 2.026(10) A and
fall in the usual range of Pd—N interactions [16].

The Pd—Cl distances in 1-CH,Cl, and 1-1/2Et,O are
different from those in 5 due to different coordination
arrangements in the complexes. In the structures of 1-
CH,Cl, and 1-1/2Et,O, there is no trans-influence
among the ligands, but one Pd-Cl bond distance
(average 2.286(3) A) is considerably shorter than the
other one (average 2.341(8) A). This is not surprising
since the latter participates in two types of hydrogen
bonding interactions that cause the elongation of the
Pd-Cl distance. In 5, the chloride ligands are also

Fig. 1. A molecular drawing of 1 shown with 30% probability
ellipsoids. The hydrogen atoms are omitted for clarity.
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Table 1
Crystal data and structure refinement for complexes 1 and 5
1-CH,Cl, 1-12E,0 5
Empirical formula C23H42C14N4Pd C24H45C12N400.5Pd C23H43C1N4Pd
Formula weight 622.81 574.94 517.46
Temperature (K) 173(2) 173(2) 173(2)
Wavelength (A) 0.71073 0.71073 0.71073
Crystal system Triclinic Triclinic Monoclinic
Space group P1 P1 P2i/n
a (A) 13.9501(7) 10.8930(5) 12.8489(11)
b A) 15.0175(7) 15.2871(7) 15.5426(13)
¢ (A) 15.8089(8) 18.0632(8) 14.0218(12)
o (%) 79.462(1) 92.295(1) 90
B (©) 65.622(1) 107.404(1) 110.059(1)
y () 80.652(1) 92.365(1) 90
V(A% 2951.7(3) 2863.4(2) 2630.4(4)
V4 4 4 4
Deare Mg m—?) 1.401 1.334 1.307
Absorption coefficient (mm ~ 1) 1.008 0.854 0.822
F(000) 1288 1204 1088
Crystal size (mm?) 0.40 x 0.40 x 0.40 0.40 x 0.40 x 0.30 0.23 x 0.23 x 0.23
0 Range for data collection (°) 1.39-26.37 1.83-26.38 2.14-26.37
Index ranges —15<h <17, —18<k <18, —13<h <12, —19<k <19, —l6<h<150<k <19,
0</<19 0</<22 0</<17
Reflections collected 26299 15401 16718

Independent reflections
Completeness to 0 =26.37° (%)
Absorption correction
Max/min transmission
Refinement method
Data/restraints/parameters
Goodness-of-fit on F*

Final R indices [I > 20(])]

R indices (all data)

Largest difference peak and hole (e 0.770 and —0.677

11984 [R;y, = 0.0242]

99.2

Empirical with SADABS

0.6885 and 0.6885

Full-matrix least-squares on F*

11984/30/605
1.056

R; =0.0316, wR, = 0.0722
R; =0.0451, wR, = 0.0760

10957 [Rin, = 0.0234]

93.5

Empirical with SADABS

0.7837 and 0.7263

Full-matrix least-squares on F*

10957/18/566
1.026

R; =0.0405, wR, = 0.1073
R; =0.0540, wR, = 0.1146

1.110 and —1.024

5352 [Rine = 0.0434]

99.5

Empirical with SADABS

0.8463 and 0.8463

Full-matrix least-squares on F*

5352/0/276
1.050

R; =0.0380, wR, = 0.0896
R; =0.0545, wR, = 0.0966

1.380 and —0.809

A=)
involved in hydrogen bonding and coupled with trans-
influence of the opposite ligand, the Pd—Cl bond
o separation is even greater averaging to 2.506(16) A.
Table 2

Selected bond lengths (A) and angles (°) for complex 1-CH,Cl,

Bond lengths

Pd(1)-N(3) 2.013(2)
Pd(1)-CI(1) 2.2822(7)
N(1)-C(1) 1.345(3)
N3)-C(12) 1.338(3)
Pd(2)-N(5) 2.013(2)
Pd(2)-CI(3) 2.2866(8)
N(5)-C(23) 1.342(3)
N(7)-C(34) 1.341(3)
Bond angles

N(3)-Pd(1)-N(1) 171.91(09)
N(1)-Pd(1)-CI(1) 88.03(6)
N(D)-Pd(1)-CI1(2) 93.47(6)
C(1)-N(1)-Pd(1) 136.99(18)
C(12)-N(3)-Pd(1)  136.82(18)
N(5)-Pd(2)-N(7) 173.19(9)
N(7)-Pd(2)-CI(3) 87.03(7)
N(7)-Pd(2)-Cl(4) 93.06(7)
C(23)-N(5)-Pd(2)  136.46(18)
C(34)-N(7)-Pd(2)  135.85(19)

Pd(1)-N(1)
Pd(1)-CI(2)
N(1)-N(2)
N(3)-N(4)
Pd(2)-N(7)
Pd(2)-Cl(4)
N(5)-N(6)
N(7)-N(8)

N(3)-Pd(1)-CI(1)
N(3)-Pd(1)-CI(2)
CI(1)-Pd(1)-CI(2)
N(2)-N(1)-Pd(1)
N(4)-N(3)-Pd(1)
N(5)-Pd(2)-CI(3)
N(5)-Pd(2)-Cl(4)
CI3)-Pd(2)-Cl(4)
N(6)-N(5)-Pd(2)
N(8)-N(7)-Pd(2)

2.020(2)
2.3485(7)
1.357(3)
1.361(3)
2.020(2)
2.3318(7)
1.365(3)
1.363(3)

87.13(6)
90.96(6)
176.09(3)
113.97(16)
112.41(16)
87.53(6)
92.04(6)
175.45(3)
114.42(16)
112.98(15)

While the three types of Pd—Cl bonds observed in the
three structures are diverse and the difference is
statistically significant, they are in the expected span
of the terminal Pd—Cl interaction [17-19]. The afore-
mentioned hydrogen bonding was also anticipated a

Table 3

Bond lengths (A) and angles (°) for 1-1/2Et,0

Bond lengths
Pd(1)-N(3)
Pd(1)-N(1)
Pd(1)-CI(1)

Bond angles

N(@3)-Pd(1)-N(1)
N(3)-Pd(1)-CI(1)
N(1)-Pd(1)-CI(1)
N(3)-Pd(1)-Cl(2)
N(1)-Pd(1)-Cl(2)
CI(1)-Pd(1)-CI(2)

2.024(3)
2.024(3)
2.2895(9)

170.35(11)
88.80(8)
87.06(8)
91.54(8)
92.40(8)

178.60(3)

Pd(2)-N(5)
Pd(2)-N(7)
Pd(2)-Cl(4)
Pd(2)-CI(3)

N(5)-Pd(2)-N(7)

N(5)-Pd(2)-Cl(4)
N(7)-Pd(2)-Cl(4)
N(5)-Pd(2)-CI(3)
N(7)-Pd(2)-CI(3)
CI(4)-Pd(2)-CI(3)

2.019(3)
2.01903)
2.2854(10)
2.3462(9)

172.12(11)
87.72(9)
87.11(9)
92.27(9)
92.53(9)

176.57(4)
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Table 4

Selected bond lengths (A) and angles (°) for complex 5

Bond lengths

Pd-C(1) 2.027(3) Pd-N(1) 2.035(3)
Pd-N(3) 2.041(3) Pd-Cl 2.5165(9)
N(1)-C(6) 1.340(4) N(1)-N(2) 1.364(3)
N@3)-C(17) 1.340(4) N(3)-N@) 1.363(3)
Bond angles

C(1)-Pd-N(1) 86.08(13)  C(1)-Pd—N(3) 85.78(13)
N(1)-Pd-N(3) 170.15(10)  C(1)-Pd—Cl 174.72(11)
N(1)-Pd-Cl 92.53(8) N(3)-Pd-Cl 95.08(8)
C(6)-N(1)-N(2)  106.1(3) C(6)-N(1)-Pd 138.1(2)
N(2)-N(1)-Pd 113.14(19) C(17)-N(3)-N(4) 105.7(3)
C(17)-N(3)-Pd 137.6(2) N(4)-N(3)-Pd 113.99(18)

O
Ci23)

Fig. 2. A molecular drawing of 5 shown with 30% probability
ellipsoids. The hydrogen atoms are omitted for clarity.

priori as the pz ligands were expected to retain their 1-H
hydrogen atoms which, in turn were to interact with the
Cl ligands. Each CI atom participating in hydrogen
bonding forms one inter- and one intra-molecular
hydrogen bond.

3.3. Polymerization of ethylene

We conducted a preliminary investigation into the
suitability of these substituted pyrazole palladium com-
plexes as catalyst precursors for ethylene polymeriza-
tion. The main catalyst precursor for most of the
ethylene polymerization experiments conducted was
(3,5-"Buypz),PdCl,. The results of the polymerization
using different catalyst precursors under varying condi-
tions of temperature, ethylene pressure, catalyst pre-
cursor concentrations and AI-Pd ratio are listed in
Table 5. Catalyst concentration was found to have a
pronounced affect on the efficiency of the polymeriza-
tion process. It was found that catalytic activity dropped
when the polymerization is performed at concentrations
higher than 4.2 x 10 7% M. This is most likely due to
diffusion effects as well as to deactivation via agglom-
eration of catalyst particles at the higher concentrations.
It also appears that at higher catalyst concentration, a

lower Al-Pd ratio is more effective. Thus for example
slightly higher activity was obtained using an Al-Pd
ratio of 250:1 as opposed to 1000:1 when operating at
the higher palladium concentration of 12.5 x 10~ ¢ M.
At lower palladium concentrations, optimal activity is
achieved when an Al-Pd ratio of 1000:1 is employed.

As expected temperature has a marked effect on the
polymerization activity. For example the activity is
almost doubled when the temperature is raised from
30 to 70 °C. However, the molecular weight of the
polymer produced at higher temperature is considerable
lower than that produced at 30 °C (entries 4 and 5,
Table 5). This is probably due to an increase in the rates
of chain transfer and chain termination processes at the
higher temperature.

Pressure also affected the polymerization process.
Attempts to carry out the reactions at lower pressures
than 5 atm did not result in any polymer formation. In
some cases only oily—waxy materials were isolated.
These are presumably oligomers of ethylene. We are
currently investigating reactions at higher pressures.

Of the catalyst precursors evaluated,
(3,5-'Bu,pz),Pd(Me)Cl, (5) showed the highest activity.
A most probable explanation is that this species already
has a Pd—Me bond, while all the other precursors are
dichlorides. In the case of the latter complexes, MAO
would first have to alkylate the Pd—Cl bonds before the
active cationic species is formed. This is not the case
with the palladium methyl complex, 5. The overall order
of catalyst activity for the different catalyst precursors is
5>2>4>3>1.

From our preliminary results it also appear that
longer reaction times also have a detrimental effect on
catalyst reactivity. Catalyst precursor 1 for example,
deactivation seems relatively rapid with activity being
optimal during the first half hour of reaction, after
which polymer production fall off to about half its
original value after 3 h of reaction time. The deactiva-
tion could be related to the relative instability of the
activated species in solution.

The polymers produced were characterized by diffuse
reflectance Fourier transform infrared spectroscopy
(DRIFTS), high temperature '*C-NMR as well as high
temperature GPC. The infrared spectra clearly showed
saturated alkane peaks at 2929, 2853, 1473, 1463, 1367,
and 1349 cm~'. Other peaks observed at 730 and 719
cm ! are associated with long chain alkanes and suggest
no branching in the polymer. Further support for only
linear polymers was found from '*C-NMR (only one
peak at 33 ppm), which also showed the polymer is an
ultra-high-molecular-weight polyethylene (UHMWPE)
[20]. Molecular weights of selected samples were deter-
mined using high temperature GPC and are listed in
Table 5. A high average molecular weight, ca. 5.53 x 10°
and low polydispersity polymer was obtained when the
catalyst precursor 1 or 2 was used. Our observation is



Table 5
Effect of different reaction conditions on the ethylene polymerization

Experiment Cat Reaction conditions TON (kg mol ' h™!) Melting point (°C) (DSC) M, (x 10°) M, (x 10°) MM,

[Pd] (mol 17" (x 107% Al-Pd ratio Temperature (°C) Pressure (atm) Time (h)

1 1 12.5 1000 25 5 3 174.7 137.07 4.49 5.18 1.15
2 2 12.5 500 25 5 3 214.4 145.01 4.67 5.53 1.19
3 1 12.5 250 25 5 3 197.5 145.79 4.58 9.65 2.10
4 1 42 1000 70 5 23 1034.5 133.65 1.57 2.78 1.76
5 1 4.2 1000 25 5 3 503.0 137.02 5.53 11.89 2.15
6 1 4.2 1000 30 5 0.5 1005.7 138.81 5.09 10.24 2.01
7 2 4.2 1000 30 5 0.5 1234.9 136.87 4.42 9.43 2.13
8 3 4.2 1000 30 5 0.5 1108.6 137.84 4.48 9.23 2.06
9 4 4.2 1000 30 5 0.5 1131.9 136.87 4.96 9.94 2.01
10 5 4.2 1000 30 5 0.5 1768.1 138.25 5.08 10.15 2.00

SIT=801 (200Z) 099 Lusnuay) dnyprowounsiQ) fo (puinof | v 3o 17 -y

€l



114

K. Li et al. | Journal of Organometallic Chemistry 660 (2002) 108—115

40
100
TGA
80 A 30
0.2
)
£
3
601 e g
L £
- g o £
S 1] <
s 5 £
- (] c
£ £ 014 K=
2 40 ) ©
2 0 =
2 L 2
& o 2
g 0
20 £
(0]
'—
0 -
Fo
0 -
-20 T T T -10
30 230 430 630

Temperature (°C)

Fig. 3. TGA and DTA of a polyethylene sample.

that at low pressures, low molecular weight polymer
with small polydispersity indices was isolated.

To gain insight into the thermal properties of the
polyethylene produced in these reactions, we character-
ized the polymers by differential scanning calorimetry
(DSC) as well as thermogravimetric analysis—differen-
tial thermal analysis (TGA-DTA). A TGA-DTA
thermogram of a polymer (Fig. 3) represents the
decomposition of a typical polyethylene [21], which
generally occurred from 446 to 500 °C. DSC data of
selected polyethylene isolated in this study, together
with polymerization conditions are also listed in Table 5.
The polymers were found to exhibit melt transition
temperatures (7,,) between 132 and 146 °C, which is
typical of high-density polyethylene (HDPE). Increasing
Al-Pd ratio or temperature gave lower Ty, polymers.

4. Conclusions

Four simple pyrazoles have been used to synthesize
dichloropalladium and chloromethylpalladium com-
plexes. The chloromethylpalladium complexes are un-
stable in solution and decomposed within 24 h. All four
complexes catalyze the polymerization of ethylene to
polyethylene. The structure of the catalyst in solution
has a strong effect of the ability of these complexes to
polymerize ethylene; with cis-isomer being the preferred
one. High pressure, high temperature and high co-
catalyst to catalyst ratio all increase polymerization.
The formation of high density linear polyethylene is

confirmed by the results of NMR, DRIFTS and thermal
analysis experiments.
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