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The cobalt(II) complex (1) of the didentate nitrogen ligand N,N'-1,2-
ethanediylidenebis[2,6-bis( 1-methylethyl )phenylamine] (L) was synthesized and
tested in ethylene polymerization. The solid state structures of 1 and L were
determined by single-crystal X-ray diffraction. After activation with mcthyl-
aluminoxane complex 1 produced mainly branched oligomers with clearly lower
activity than observed for the corresponding nickel compound (2).

Alkene polymerization processes catalyzed by transition
metals have become of great importance to the polyolefin
industry, and therefore the evolution of these systems
has been rapid, especially during the past 15 years.! The
development of single-site catalysts, such as Group 4
metallocenes,?> with well defined active centers and
catalyst structures has provided a tool to tailor polymer
properties through fine-tuning of the catalyst precursor.®

Traditionally late transition metal compounds were
considered to be able to produce only short-chain alkene
oligomers with not more than 40 carbon atoms owing to
the highly competitive chain termination step.” This
feature, however, is utilized in the Shell Higher Olefin
Process (SHOP) where nickel-catalyzed oligomerization
of ethylene is followed by conversion via isomerization,
metathesis and hydroformylation to primary C,;~-C,s
alcohols, which serve as feedstock for the detergent
industry.!® Production of long-chain polyethylene had
not been accomplished with late transition metal based
catalysts until in 1995, when the group of Brookhart
reported the discovery of nickel and palladium complexes
bearing sterically demanding a-diimine-type diazabutadi-
ene ligands.!! Depending on the ligand substitution pat-
tern and process parameters these catalysts can produce
ethylene homopolymers varying from linear high-density
material to highly branched, amorphous polyethylene,
which has similar properties as low-density polyethylene
(LDPE). Such catalyst systems may prove to provide a
cost-effective alternative to the currently used, energy-
intensive radical process which requires high temperature

*To whom correspondence should be addressed.

968 © Acta Chemica Scandinavica 53 (1999) 968-973

(above 160°C) and pressure (ca. 2000 bar)!? for LDPE
production. With simple precursor modifications the
product distribution can be shifted to the direction of
linear oligomers'? or the incorporation of polar comono-
mers, such as alkyl acrylates, into the polymer chain'*
can be achieved. Resulting industrial interest'® has led
to an extensive patent application covering the syntheses
of numerous diazabutadiene-based transition metal com-
pounds and their use as polymerization catalysts.'®

In this article we present the synthesis and characteriza-
tion of dibromo-N,N'-1,2-ethanediylidenebis[2,6-bis(1-
methylethyl) phenylamine]cobalt(II) (1), the cobalt
analog of the reported catalyst precursors,' and compare
its ethylene polymerization behavior with the correspond-
ing nickel complex (2).

Scheme 1.

Results and discussion

Synthesis of catalyst precursors. The ligand L can be
readily synthesized by acid-catalyzed coupling of 1,2-



Table 1. Ethylene polymerization with complexes 1 and 2/MAO.?

EFFECT OF METAL ON POLYMERIZATION

Entry  Catalyst  T,/°C®  ng/uwmol®  p/bar?  Yield/g  Activity®  M,/10°gmol™'  M,/M, Tm/°C
1 1 0 10 3.0 0.46 1040° 1.2¢9 N.d oil

2 1 20 10 4.3 0.45 5407 0.59 N.d Oil

3 1 40 10 5.5 0.17 2507 0.6¢9 N.d. Oil

4 2 0 25 3.0 1.4 2290 530 2.0 133

5 2 20 25 4.3 35 5570 350 1.9 132

6 2 40 2.5 5.5 5.8 9330 260 25 123

a[Al]:[M1=2000, M=Co, Ni. ?Polymerization temperature. “Molar amount of the catalyst precursor. “Ethylene pressure.
°Activity in kg PE [mol (catalyst) h]~". fCalculated from observed ethylene consumption due to the loss of volatile products

during isolation. 9Based on 'H NMR analysis of the isolated fraction. "Peak melting temperature.

ethanedial with  2,6-di(1-methylethyl)phenylamine.
Owing to the relatively good solubility of anhydrous
cobalt(IT)bromide into organic solvents, the direct reac-
tion of the metal halide and the ligand in dry THF could
be performed, producing the cobalt complex 1 in good
yield (83%). Preceding synthesis of the solvent adduct-
based metal precursor as in the case of the nickel analog
2 was not, therefore, necessary. The disappearance of
the ligand nitrogen signal at —13 ppm in the N NMR
spectrumt together with the observed changes in chem-
ical shifts in the !3C spectrum indicates complex forma-
tion, which was also confirmed by crystallographic
analysis.

Polymerization behavior. The polymerization conditions
and results with catalysts 1/MAO and 2/MAO are sum-
marized in Table 1. The behavior of 2/MAO, which was
used as a reference system, followed the trends reported
in the literature!!!7 with high catalytic activity, narrow
molecular weight distribution, and high molecular weight
for the produced polymer. The cobalt complex 1 could
also be activated with MAO for the polymerization of
ethylene, but three notable differences were observed in
comparison with the nickel analog.

Changing the metal center from nickel to cobalt leads
to a drastic decline in catalytic activity (Fig. 1). At 0°C
the decrease is 55%, from 2290 kg (polymer) (mol
catalyst)~! h™! (Table 1, entry 4) to 1040 kg (polymer)
" (mol catalyst)™* h™! (entry 1), but at 40 °C the drop is
even more dramatic (97%) from 9330 kg (polymer) (mol
catalyst) "* h ™! to 250 kg (polymer) (mol catalyst) "' h*
(entries 6 and 3, respectively). An interesting feature is
the contrast between the two systems in trends of activity
development at different temperatures. The nickel cata-
lyst loses activity with decreasing polymerization temper-
ature, as observed also previously,'**® while the cobalt
system proves to be more active at lower temperatures.
In fact, the polymerization activity of 1/MAQO quadruples
as the temperature is dropped from 40 to 0 °C. As shown
in Fig. 2, which displays the ethylene consumption as a
function of time for both catalysts 1/MAO and 2/MAO,
for the nickel catalyst 2/MAO a relatively steady con-

t The chemical shift for the cobalt complex could not be seen
in N NMR, which apparently results from the broadening
effect caused by the associated metal.
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Fig. 1. Catalytic activity of 1/MAO (M) and 2/MAO (A) at
different polymerization temperatures.

sumption rate is reached after the initial peak except at
40 °C, when following a 4-min period of high activity the
consumption drops significantly. Similarly, the highest
activity for the counter-ion-activated nickel complex has
been reported at 20 °C, after which a sudden decline was
observed.!'® With the cobalt-based system 1/MAO at
40 °C the activity is lost completely after 5 min, and even
at 0°C the consumption of ethylene declines constantly.
This behavior may be attributed to the thermal instability
of the alkyl-containing species, which at least in the case
of nickel(II) are relatively temperature sensitive.'®

Also product patterns for the two catalysts are remark-
ably dissimilar. While solid, long-chain polyethylene (M,
up to 530000 gmol~!) is produced with the nickel
catalyst, 1/MAO yields mainly branched oligomeric oils.
Polymerization attempts even at — 15 °C did not provide
any solid material. This is an indication that the benefit
of bulky ligands, which enhance chain growth by
retarding the chain termination processes,?® is counter-
balanced by the unfavorable electronic effect of the
cobalt center, thus steering the product distribution
towards lower molecular weights. However, addition of
even further steric protection and an auxiliary nitrogen
donor, as in triimine-type 2,6-bis(arylimino)pyridyl com-
plexes of cobalt(11) and iron(II), which display distorted
square-pyramidal-type coordination, seems to compens-
ate for this effect and enables the production of polymers
with higher molecular weights.?!:22
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Fig. 2. Observed ethylene consumption during poly-
merization at 40 (———-), 20 ( ), and O (-+eeoer ) °C with

the catalyst: (a) 1/MAO, (b} 2/MAO.

Single-crystal XRD studies. Crystal data, together with
the data collection and structure refinement parameters,
are presented in Table 2. Selected bond lengths and
angles are given in Table 3. The cobalt complex 1 crystal-
lizes in the monomeric form, in which the cobalt atom
lies on a two-fold rotation axis and the asymmetric unit
is therefore formed only by a half of the molecule. Owing
to this symmetry both cobalt-bromine bonds (Co-Br

Fig. 3. Molecular structure of complex 1 showing the labeling
scheme. Displacement ellipsoids are drawn at the 40% prob-
ability level.
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and Co-Bra) are identical (2.34 A), as are also the
cobalt-nitrogen bonds (Co-N1 and Co-Nla, 2.05 A).

The cobalt center, Co, is coordinated to two bromine
atoms (Br and Bra) and two nitrogen atoms (N1 and
Nla) of the didentate ligand, forming a tetrahedral
coordination sphere around the metal (Fig. 3). The small
N1-Co-Nla angle 80.8(4)° distorts the tetrahedron as
observed in other diimine cobalt compounds.?*?* The
five-membered metallacycle (Co-N1-Cl14-Cl4a-Nla) is
nearly planar, the maximal deviation from the plane
being only 0.003 A for atoms C14 and Cl4a. The two
phenyl rings adopt a position almost perpendicular to
the metallacycle plane, with the phenyl-metallacycle
angle 88.9(2)°, and thus shield the metal center.

Complex formation affects bond lengths in the diaza-
butadiene bridge (N1-Cl14-Cl4a-Nla) by decreasing
the C-C bond (C14-Cl4a) from 1.467(5) A for the
ligand to 1.33(2) A for the complex and lengthening the
C=N double bonds (N1-C14 and Nla-Cl4a) from
1.266(3) to 1.340(12) A. This indicates partial delocaliz-
ation of the double bonds in the bridge owing to back-
bonding from the metal to the ligand (for a similar iron
complex. see Ref. 25). The introduction of alkynes and
other electrophilic components to the metal coordination
sphere overrides this effect.?® Also, when the phenyl
groups are replaced by alkyl groups, such as tert-butyl,
the C=N bonds retain their double bond character even
after complexation.??

Crystallographic data (excluding structure factors) for
the structures reported in this paper have been deposited
with the Cambridge Crystallographic Data Centre as
supplementary publications nos. CCDC-101588 (com-
pound L) and CCDC-101589 (compound 1).}

Conclusions

The cobalt o-diimine complex dibromo-N,N'-1,2-
ethanediylidenebis[2,6 - bis(1 - methylethyl) phenylamine]-
cobalt(II) (1) can be activated for ethylene poly-
merization with MAO in a similar fashion as the ana-
logous nickel precursors.!*!7 Industrial applicability of
the cobalt compound suffers, however, from three appar-
ent weaknesses: (i) Polymerization activity of the cobalt
system was only moderate and clearly lower than
observed for the corresponding nickel-based system.
(ii) At polymerization temperatures above 0°C a rapid
loss of activity occurred with the cobalt species after the
initial peak of ethylene consumption. (iii) 1/MAO yielded
exclusively short-chain products, while solid, high molec-
ular weight material was produced with the nickel system.

Experimental

Materials. All complex preparations were carried out
under an argon atmosphere using standard Schlenk

+ Copies of the data can be obtained on application to CCDC,
12 Union Road, Cambridge CB2 1EZ, UK; Fax: +44-1223-
336 033; e-mail: deposit@ccdc.cam.ac.uk.



Table 2. Crystallographic data for L and 1.

EFFECT OF METAL ON POLYMERIZATION

L 1
Empirical formula C26H36N2 C26H3GBr2CON2
Formula weight 376.57 595.32
Crystal color and form Yellow, plate Brown, prismatic
Crystal system Monoclinic Monoclinic
Space group P2,/c C2/c
a/A 8.624(2) 20.864(6)
b/A 12.710(3) 6.882(4)
c/A 10.868(2) 19.890(6)
B/ 92.89(3) 106.77(4)
V/A3 1189.7(5) 2735(2)
V4 2 4
D,/Mgm™3 1.051 1.446
Absorption coefficient yu/mm ™! 0.061 3.565
F(000) 412 1212
Crystal size/mm 0.30x0.25x0.25 0.25x0.10 x0.08
Scan mode ®-260 -20
Omax/’ 24.98 25.01
No. of unique reflections 1713 2038
No. of observed reflections [/>2c(/)] 1222 1414
No. of reflections used in refinement 1698 2013
No. of parameters 127 145
Goodness-of-fit on F22 1.045 1.009

Final R-indices [/>2c(/)1°
R-indices (all data)®
Largest differential peak and hole/e A~3

R=0.0613, wR=0.1413
R=0.0935, wR=0.1588
0.155 and —0.222

R=0.0793, wR=0.1892
R=0.1190, wR=0.2183
1.911° and —0.657

2S=[ZIw(F2 — F2)?1/(n— p)'?, where n=data and p=parameters. "R=X||F,| — |F;||/Z| Fy| with F>4Z(F); function minimized
is WR=I[ZIW(F,2—F.2)?]/ZIw(F,2)?]1"2. °Maximum residual electron density 1.911 e A~3; peak coordinates x=0.4701, y=

0.5027, z=0.1466; distance to nearest atom (Br) 1.22 A.

Fig. 4. X-Ray crystal structure of the ligand L with the
labeling scheme. Displacement ellipsoids are drawn at the
40% probability level.

techniques. Solvents were dried by refluxing with a drying
agent (P,Os for dichloromethane and sodium/
benzophenone for the non-halogenated solvents) and
distillation under argon. Dibromo(1,2-dimethoxy-
ethane)nickel(11) [(DME)NiBr,] was prepared accord-
ing to the literature.?’” Anhydrous CoBr, (Aldrich, 99%),
1,2-ethanedial (Fluka, 40% solution in water) and 2,6-
di(1-methylethyl) phenylamine (Aldrich, 90%) were used
as received.

Product analysis. Synthesis products were characterized
with a Varian Gemini 200 (*H NMR) or a Bruker DPX-
400 (3C and N NMR) spectrometer. 'H and !“N
spectra were recorded in CDCl; (TMS as internal stand-
ard at 0 ppm) and tetrahydrofuran (N, as internal stand-
ard at —72 ppm), respectively. 1*C NMR measurements
were performed in tetrahydrofuran without internal
standards scaling the spectra with the two solvent peaks.
Elemental analyses were carried out at the University of
Ulm, Germany. For polymer molecular weights and
molecular weight distributions a Waters 150-C GPC
chromatograph was used operating at 135 °C with 1,2,4-
trichlorobenzene solvent and polystyrene calibration
standards. Melting points were determined by differential
scanning calorimetry using a Perkin Elmer DSC-2
calorimeter.

N,N'-1,2-ethanediylidenebis| 2,6-bis( I-methylethyl) pheny!-
amine] (L). The ligand was synthesized by literature
methods.?® Crystallization from ethanol yielded bright
yellow plates ready for X-ray analysis. Found: C 82.88;
H 9.60; N 7.17. Calc. for C,cH36N,: C 82.92; H 9.64; N
7.44. '"H NMR (CDCl,): 8 1.21 (d, 12 H, Hy), 2.92 (m,
2 H, CHMe,), 7.03-7.25 (m, 3H, H,,.,), 8.10 (s, 1 H,
CHprigge) ppm. °C NMR (THF): 8 22.5 (Cy.), 27.8
(CHMe,), 122.7 (Cyrom,m)> 124.6 (Corom,p)s 136.1 (Carom,o0)»
148.4 (NC,;om), 163.2 (C=N) ppm. *N NMR (THF):
6 —13 ppm.
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Table 3. Selected bond lengths (in A) and angles (in °) for L
and 1.

L

Bond lengths

N1-C2 1.433(3)
N1-C14 1.266(3)
C14-C14a’ 1.467(5)
Bond angles

N1-C2-C3 118.6(2)
N1-C2-C7 119.1(2)
N1-C14-C14a’ 120.2(3)
C2-N1-C14 119.5(2)

1

Bond lengths

Co-Br 2.343(2)
Co-N1 2.049(6)
N1-C2 1.453(10)
N1-C14 1.340(12)
C14-C14a" 1.33(2)
Bond angles

Br-Co-Bra" 113.0(1)
N1-Co-Br 114.2(2)
N1-Co-Bra" 115.5(2)
N1-Co-N1a" 80.8(4)
N1-C2-C3 119.2(7)
N1-C2-C7 117.5(7)
N1-C14-C14a" 119.6(5)
C2-N1-C14 120.3(7)

Symmetry transformations used to generate equivalent
atoms: ' —x+1, —y+1, —2." —x+1,y, —z+1/2.

Dibromo-N,N’-1,2-ethanediylidenebis[ 2,6 - bis( 1 -methyl-
ethyl) phenylamine] cobalt(1I) (1). To a solution of
anhydrous CoBr, (1.40 g, 6.40 mmol) in 15 ml THF was
added the yellow ligand solution (2.49 g, 6.63 mmol in
15ml THF). The resulting green-brown solution was
stirred for 24h at room temperature. After solvent
evaporation the greenish brown (moss green) powder
was washed with hexane (4 x 20 ml), filtered, and dried
in vacuo. Yield 3.15 g (83%). Brown crystals for X-ray
measurement were obtained by slow evaporation of the
solvent mixture THF-pentane (2:1). Found: C 52.39; H
6.15; N 4.74. Calc. for C,4H;34Br,CoN,: C 52.46; H
6.10; N 4.71. 3C NMR (THF): 8 18.6 (Cy.), 26.1
(CHMeZ)s 116.4 (Carom,m)’ 120.8 (Carom,p)i 132.2 (Carom‘o)9
144.8 (NC,;om), 158.6 (C=N) ppm.

Dibromo-N,N'-1,2-ethanediylidenebis[ 2,6 - bis( I - methyl-
ethyl) phenylamine]nickel(II) (2). The nickel complex
was prepared from [(DME)NiBr,] and L as described in
the literature.!! Found: C 52.23; H 6.06; N 5.19. Calc.
for C,H;Br,N,Ni: C 52.48; H 6.10; N 4.71.

X-Ray crystallography. The crystals were mounted on a

glass fiber using the oil-drop method.?® Crystal data
obtained with the ®-26 scan mode were collected on
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an automated four-circle Rigaku AFC-7S diffracto-
meter using graphite monochromatized Mo Ka radi-
ation (A=0.71073A) at 193K. Three standard
reflections were monitored after every 200 intensity
scans. The intensities were corrected for Lorentz and
polarization effects. For compound 1 V{-scans were
used for absorption correction. Data sets were com-
pressed to reflection files with TEXSAN Single Crystal
Structure Analysis Software.3® The structures were
solved with the SHELXTL PC 4.1 program package®'
using direct methods, while further refinement with
full-matrix least-squares on |F|?> was carried out with
SHELXL 93.*? All non-hydrogen atoms were refined
anisotopically. Hydrogen atoms were introduced to
calculated positions (riding model) with 1.2 times the
displacement factors of the host carbon atoms.

Ethylene polymerization experiments. Methylalumin-
oxane (30 wt% solution in toluene) was acquired from
Witco. Toluene (Lab Scan, analytical grade) was refluxed
with metallic sodium and distilled under argon.
Polymerization-grade ethylene was purchased from AGA
and used without further purification.

Polymerization runs were performed at a constant
monomer concentration (0.55mol dm~3)3® in a Biichi
1.0 dm3 glass or stainless steel autoclave equipped with
a Julabo ATS-3 or Lauda RK 20 temperature controlling
unit, respectively. Mechanical stirring was applied at the
stirring speed of 800 r.p.m. During polymerization the
partial pressure of ethylene was maintained constant by
an electronic controlling system. Ethylene consumption
was measured with a calibrated mass flow meter and
monitored on line together with the temperature and
pressure inside the vessel using the Genie® computer
program for data acquisition.?

Toluene (300 cm?) and the cocatalyst were introduced
to the argon-purged reactor. Once the polymerization
temperature had been reached the vessel was charged
with ethylene to the appropriate pressure. Polymerization
was commenced by pumping 20cm® of the catalyst
precursor solution (125 and 500 pmol dm~? solution in
toluene for Ni and Co, respectively) into the reactor.
After 15 min polymerization was quenched by pouring
the contents of the vessel into methanol acidified with a
small amount of aqueous hydrochloric acid. The solid
polymer was collected by filtration, washed with meth-
anol and dried under vacuum. If no precipitation was
observed the whole mixture was washed with water, the
separated organic phase was dried with MgSO, and
solvents were evaporated yielding a colorless oil, which
was dried in vacuo.
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