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Abstract

A novel nitro—anilido—imino nickel complex (Ar'N=CHC¢H;(-5-NO,)NAr?)NiBr (Ar' = Ar* = 2,6-dimethylphenyl) was designed, synthe-
sized, and characterized to investigate ligand electronic effect on late transition metal olefin polymerization catalysts. As a catalyst for ethylene
polymerization, neutral anilido—imino nickel complex with an electron-withdrawing nitro group showed good activity (442.1 kg (mol Ni h)~")
with MAO as cocatalyst. The catalytic activity and molecular weight of the obtained products were significantly affected by electronic effect of
the anilido—imine ligand. Theoretical calculations suggested that ligand electronic effect led to different charge distribution on the nickel metal
atom, and the catalytic activity predominantly increased with an increase in electrophilicity of the nickel metal center.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

In late transition metal olefins polymerization catalyst de-
sign, ligand steric effect plays an important role in determining
the catalytic activity and polymer molecular weight [1—5]. To
suppress the facial chain transfer, many bulky late transition
metal complexes have been developed as highly active olefin
polymerization catalysts [6—11]. However, steric effect is
not an exclusive crucial factor to determine the catalytic activ-
ity, influence of ligand electronic effect on catalytic activity
has been observed in many catalytic systems [12—26]. By
studying the influence of the steric and electronic effects of
ligands on catalytic activity in a (CpR),ZrCl,/ethylaluminox-
ane catalysis system, Mohring and Coville concluded that
the electronic effect could contribute as much as 80% to the
change in polymerization activities [12]. It was shown that
the catalytic activity of metallocene catalyst increased with
reduced net charge [13,14]; while the catalytic activity of
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a-diimine Ni(II) catalyst increased along with the net charge
[6,15—17]. Experimental results and theoretical calculations
also indicated that substituents on backbone of the salicylaldi-
minate ligand had a significant influence on the activity for
ethylene polymerization [18—22]. Fujita believed that highly
active olefin polymerization catalysts could be achieved by
moderate electron-donating properties of ligands, and FI cata-
lysts were discovered as a result of ligand-oriented catalyst
design [23]. Fujita and Coates have also reported the effect
of electron-withdrawing groups for bis(phenoxyimine) tita-
nium catalyst: fluorine substitution at the ortho positions of
the ligand N-aryl ring results in living behavior, while substi-
tution at the meta or para positions increases catalyst activity
[24—26].

From a view point of steric effect, we previously synthe-
sized a series of bulky anilido—imino nickel complexes
(Ar'N=CHC¢H,NAr*)NiBr (Ar' = Ar* = 2,6-dimethylphenyl,
1; Ar' =2,6-dimethylphenyl, Ar* = 2.6-diisopropylphenyl, 2
Ar' = Ar’ = 2,6-diisopropylphenyl, 3; Ar' = 2,6-diisopropyl-
phenyl, A’ = 2,6-dimethylphenyl, 4) (Scheme 1), and investi-
gated their catalytic behaviors toward olefin polymerization
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Scheme 1. Structure of anilido—imino nickel complexes.

[27—30]. Bulky anilido—imino nickel complexes showed low
activities for ethylene oligomerization [27], while salicylaldi-
minato [18,19] and p-diketiminato [31] nickel complexes
showed moderate activities for ethylene polymerization, which
is beyond our anticipation. In comparison of salicylaldiminate
ligands with anilido—imine ligands, the latter have greater ste-
ric effect, but the negative charge of the phenoxy group (PhO ™)
is larger than that of the anilido group (PhN™—) according to
the calculations by PM3/MNDO method [23]. Similarly, in
comparison of B-diketiminate ligands with anilido—imine
ligands, both nearly have the same steric hindrance, but the lat-
ter have a conjugated benzene ring which is a strong electron-
donating group. Therefore, we speculated that low electrophilic
nature of the anilido—imino nickel metal center should be
responsible for low ethylene oligomerization activity.

From a view point of electronic effect, we herein designed
and synthesized a novel nitro—anilido—imino nickel complex
5 (Ar'N=CHCgH;(-5-NO,)NAr’)NiBr (Ar' = Ar* =2,6-
dimethylphenyl) (Scheme 1) by introducing an electron-with-
drawing nitro group, and investigated its catalytic behaviors
toward ethylene polymerization. Experimental data and theo-
retical calculations showed consistently that ligand electronic
effect had drastic influence on the catalytic activity and molec-
ular weight of the obtained polymer.

2. Experimental part
2.1. General methods and materials

All manipulations involving air- and moisture-sensitive com-
pounds were carried out under an atmosphere of dried and puri-
fied nitrogen using standard vacuum-line, Schlenk or drybox
techniques. Toluene, hexane and THF were dried over sodium
metal and distilled under nitrogen; benzene-dg was dried over
CaH,. 2-Fluorobenzaldehyde (97%), 1,2-dimethoxyethane (99%),
anhydrous nickel(I) bromide (99%) and 2,6-dimethylaniline
were bought from Aldrich Chem. Co. and used without further
purification. Methylaluminoxane (MAO) was prepared by
partial hydrolysis trimethylaluminum (TMA) in toluene at
0—60 °C with Al,(SOy4);-18H,0 as water source. The initial
[H>O)/[TMA] molar ratio was 1.3. (DME)NiBr, was synthe-
sized by the direct reaction of 1,2-dimethoxyethane with anhy-
drous nickel(Il) bromide. The anilido—imine ligands and
corresponding nickel complexes 1—4 were prepared according
to our previous methods [27]. Salicylaldiminato—Ni(II) (3 posi-
tion substituent R = 9-phenanthrenyl), and B-diketiminato—
Ni(IT) complexes were prepared following literature procedure

[18,31]. Other commercially available reagents were purchased
and used without purification.

2.2. Ethylene polymerization

A mechanically stirred 100 mL Parr reactor was heated
overnight to 150 °C under vacuum and then cooled to room
temperature. The autoclave was pressurized to 10 atm of eth-
ylene and vented three times. The autoclave was then charged
with 25 mL of a toluene solution of MAO under 1 atm of
ethylene at initialization temperature. The system was main-
tained by continuously stirring for 30 min, and then the nickel
complex solution was charged into the autoclave under 1 atm
of ethylene. The ethylene pressure was raised to the specified
value, and the reaction was carried out for a certain time.
Polymerization was terminated by addition of acidic ethanol
after releasing ethylene pressure. The resulting precipitated
polymers were collected and treated by filtering, washing
with ethanol several times, and drying under vacuum at
60 °C to a constant weight. The organic fraction was separated
and filtered through a plug of activated alumina, and a small
sample of the organic layer was dried over anhydrous
Na,SO,4 and then analyzed by GC—MS.

2.3. Characterization

Elemental analyses were performed on a Vario EL microana-
lyzer. Mass spectra were measured on a LCQ DECA XP LC/MS
instrument using electro spray ionization (EI). NMR spectra
were carried out on an INOVA 500 MHz at room temperature
in CDClj; solution for organic compounds and in C¢Dg solution
for complex. '*C NMR spectra of the polyethylene samples
were carried out on an INOVA 500 MHz instrument operating
at 125 MHz at 120 °C in o-dichlorobenzene and o-dichloroben-
zene-dy (20% v/v) in 10 mm sample tube. High-temperature gel
permeation chromatography (GPC) analyses of the molecular
weight and molecular weight distribution (MWD) of the poly-
mers were performed on a Waters Alliance GPC2000 instrument
using standard polystyrene as the reference and with trichloro-
benzene (TCB) as the eluent at 135 °C. DSC analyses were con-
ducted with a PerkinElmer DCS-7 system. The DSC curves
were recorded from —50°C to 150 °C at a heating rate of
10 °C/min and a cooling rate of 10 °C/min. Analyses of ethylene
oligomers were performed by GC—MS on a Finnigan Voyager
GC-8000 TOP gas chromatograph—mass spectrometer.

2.4. Crystal structure determination

Crystal data obtained with the @ — 26 scan mode were col-
lected on a Bruker SMART 1000 CCD diffractometer with
graphite-monochromated Mo Ko radiation (4=0.71073 A)
at 293 K. The structure was solved using direct methods, while
further refinements with full-matrix least squares on F> were
obtained with the SHELXTL program package. All non-
hydrogen atoms were refined anisotropically. Hydrogen atoms
were introduced in calculated positions with the displacement
factors of the host carbon atoms.
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2.5. Computational method

The ONIOM (our own n-layered integrated molecular
orbital and molecular mechanics) method [32] was employed
to investigate the electronic structures of complexes involved
in the insertion process for the salicylaldiminato—Ni(II), B-di-
ketiminato—Ni(II), anilido—imino—Ni(II) and nitro—anilido—
imino—Ni(II) complexes. According to a commonly accepted
Cossee mechanism of the catalytic polymerization [33,34], the
polymerization initiates by an active species with a vacant site,
which is generated from the activation of the precursors in the
presence of MAO. The olefin coordination to the central metal
or insertion into the M—P bond (M: metal center, P: growing
chain) is a turnover step, thus methyl is chosen as a model
substitute to represent the growing chain on the active center
during polymerization. In the calculations, all the atoms which
were sensitive to the electronic nature of the metal center,
including the M—CHj3; and the ligands without the bulky sub-
stituents on N atoms, were treated at the B3LYP/6-31G* level
of theory [35,36]. The substituents on N atoms were treated by
the UFF without the electrostatic contribution [37]. All the
optimizations were carried out using the Gaussian 03 program
without any symmetry constraints [38]. Analytical frequency
calculations at the same level were done in order to confirm
the optimized structures to be a minimum.

2.6. Syntheses of ligand L5 and complex 5

2.6.1. Synthesis of 2-F—5-NO>,—CsH;CHO

KNOj; (22.22 g, 0.22 mol) was dissolved in 200 mL sulfuric
acid (98%) at ice bath, then 21.2 mL (0.22 mol) 2-fluoroben-
zaldehyde was dropped into the mixtures and stirred for 5 h.
The obtained products were dumped into cracked ice, the
pale yellow precipitation was collected by filtrating and wash-
ing with water until pH = 7. The precipitation was recrystal-
lized in hot ethanol to give 30.4 g colorless crystals. Yield:
90%. MS (m/z): 170.2 [M]*. '"H NMR (500 MHz, CDCl5):
0 (ppm)=10.36 (1H, CHO), 8.75 (1H, 6-H), 8.49 (IH,
4-H), 7.39 (1H, 3-H). 3C NMR (125MHz, CDCl):
0 (ppm)=184.83, 169.08, 165.53, 144.91, 131.18, 125.06,
118.54. Anal. Calcd. for C;H4FNO;5: C, 49.56; H, 2.21; N,
8.07. Found: C, 49.72; H, 2.38; N, 8.28.

2.6.2. Synthesis of 2-F—5-NO,—CsH3;(CH=NCsH,—2,6-
Me3)

A 13.74 g (81.30 mmol) portion of 2-fluoro-5-nitro-benzal-
dehyde and 11 mL (89.43 mmol) 2,6-dimethylaniline in
30 mL ethanol were stirred for 2 h, the resulting yellow pre-
cipitations were collected by filtration and then recrystallized
in ethanol to give 14.80 g small yellow crystals. Yield: 67%.
MS (m/z): 2732 [M]*. 'H NMR (500 MHz, CDCls):
0 (ppm)=9.10 (1H, CH=NAr), 8.50 (1H, Ph), 8.33 (1H,
Ph), 7.29 (1H, Ph), 7.07—7.04 (2H, Ph), 6.98—6.93 (1H, Ph),
2.13 (6H, Me). '*C NMR (125 MHz, CDCl5): 6 (ppm)=
167.34, 163.86, 154.13, 150.48, 145.01, 128.45, 128.10,
127.96, 127.02, 124.08, 124.02, 117.70, 117.38, 18.67. Anal.

Calcd. for C;¢H14FN,0,: C, 66.05; H, 4.63; N, 10.11. Found:
C, 66.17; H, 4.81; N, 10.29.

2.6.3. Synthesis of ligand L5 (Ar'N=CHCzH(-5-
NO,)NHA?) (Ar' = AP = 2,6-dimethylphenyl)

n-Hexane solution (21 mL) of n-butyllithium (2.6 M) was
dropped into a solution of 2,6-dimethylaniline (7.7 mL) in
THF (50 mL) at —78 °C, and allowed to warm to room
temperature overnight. The resulting solution of LiNHAr
was cannula-transferred into a solution of 2-F—5-NO,—
CeH3(CH=NC¢H;s—2,6-Me,) (14.8g) in 30 mL THF at
25 °C. After stirring for 2 h, the reaction was quenched with
20 mL H,O, and evaporated to dryness. The resulting solid
was extracted with hot ethanol, and the obtained ethanol solu-
tion was evaporated to dryness to give the yellow solid. This
product was recrystallized in ethanol—THF solvent (9:1, v/v)
to give 5.1 g yellow crystals. Yield: 25.3%. MS (m/z): 374.4
[M]". '"H NMR (500 MHz, CDCl;): 6 (ppm)=11.42 (1H,
NH), 8.43 (1H, CH=NAr), 8.33 (1H, Ph), 8.05 (1H, Ph),
7.17 (3H, Ph), 7.10—7.08 (2H, Ph), 6.99 (2H, Ph), 6.29 (1H,
Ph), 221 (12H, Me). 3C NMR (125MHz, CDCly):
0 (ppm)=160.13, 148.42, 144.90, 132.51, 131.54, 130.93,
126.88, 124.21, 123.79, 123.38, 123.14, 122.84, 120.06,
110.82, 107.08, 14.12. Anal. Caled. for C,4H,sN30,: C,
73.75; H, 6.12; N, 11.04. Found: C, 73.97; H, 6.21; N, 11.25.

2.64. Synthesis of complex 5 (Ar' N=CHCsH(-5-
NO>)NAFP)NiBr (Ar! = AP = 2,6-dimethylphenyl)

A 1.64 g portion of LS was dissolved in 50 mL toluene in
a flame-dried Schlenk flask, and 2 mL n-butyllithium
(2.6 M) was injected in a —78 °C dry ice/acetone bath, which
was warmed to room temperature overnight. (DME)NiBr,
(1.34 g) was added, and then stirred for 24 h at room temper-
ature, the crude reaction mixtures were followed by filtration
under nitrogen. The resulting dark brown solution was evapo-
rated to low volume in vacuo, and then n-hexane (15:1) was
added. Solvent was removed from the precipitate via cannula
filtration, and the residual brown solid was washed with n-hex-
ane (3 x 5 mL). Drying in vacuo produced the desired nickel
complex 5. Yield: 32%. MS (m/z): 510, 511, 512, 513, 514,
515 (isotope, M]); 429, 430, 431, 432, 433 (isotope,
[M —Br]"); 374 (ligand"). '"H NMR (Cg¢Ds, 500 MHz):
0 (ppm) =48.01 (2H, Ph), 47.12 (6H, CH3), 45.36 (2H, Ph),
44,00 (6H, CHj), 36.48 (2H, Ph), 21.26 (1H, CH=N),
—12.18 (1H, backbone benzene), —26.66 (1H, backbone ben-
zene), —44.77 (1H, backbone benzene). Anal. Calcd. for
C23H22N302NiBr: C, 5368, H, 467, N, 7.95. Found: C,
54.16; H, 4.34; N, 8.22.

3. Results and discussion

The yellow nirtro—anilido—imine ligand LS was synthe-
sized by nitration, condensation (Schiff base reaction), and
nucleophilic aromatic displacement reactions (Scheme 2). An-
chored by fluoro and aldehyde groups, nitro group was intro-
duced at 5 position of benzene ring in high yield (~90%).
The structure of ligand was confirmed by MS, NMR, and
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Scheme 2. Preparation of nickel complex 5.

elemental analysis. A single crystal of LS (Fig. 1) also
confirmed that nitro group was introduced assuredly at 5
position [39]. Attempt to synthesize more bulky ligand
(Ar'N=CHC¢H;(-5-NO,)NHAr?*; Ar' = Ar* = 2,6-diisopoyl-
phenyl) following similar synthetic route was unsuccessful
because bulky hindrance and passivation of nitro group
retarded nucleophilic aromatic displacement reaction.

After the ligand LS was treated with n-butyllithium in
toluene, 1.1 equiv. of (DME)NiBr, was added to the solutions
and nitro—anilido—imino nickel complex 5 was obtained as
brown solids. The structure of § was confirmed by elemental
analysis, MS, and '"H NMR spectrum. Similar to complexes
1—4, 5 also exhibits a broadened 'H NMR spectrum from
48 to —45 ppm, but the spectrum width of 5 is narrower
than that of 1—4 due to the electron-withdrawing effect of
nitro group [40,41].

Our previous experiment results indicated that bulky anili-
do—imino complexes 1—4 showed low activities for ethylene
oligomerization with MAO as cocatalyst [27]. Experimental

Fig. 1. ORTEP plot of ligand LS.

Table 1
Ethylene oligomerization or polymerization catalyzed by 1, 3, and 5/MAO

Catalysts  Ethylene Activity Oligomers (mol%)*
pressure (atm) (kg (mol Ni Y c4 C6 C8 >ClO0

1 1 1.3 61 34 5

1 10 3.8 55 29 10 6

3 1 2.1 58 33 9

3 10 4.9 48 30 13 9

5 1 52 PE with M,, = 13.2 x 10*

5 10 73.5 PE with M,, = 18.4 x 10*

Reaction conditions: catalyst addition: 20 umol for 1 and 3, 10 umol for §;
Al/Ni = 150; reaction time: ¢ = 1 h; polymerization temperatures T}, = 30 °C;
solution: 30 mL toluene.

# Oligomers compositions were determined by GC—MS, and molecular
weights of the PEs were determined by GPC in trichlorobenzene at 135 °C.

data in Table 1 further suggested that catalytic activity
increased, and the higher olefins were produced with increase
in ethylene pressure and ligand steric hindrance. Oligomers
catalyzed by 1/MAO at 10 atm ethylene pressure consist of
55% (C4), 29% (C6), 10% (C8), and 6% (>C10). However,
S with an electron-withdrawing nitro group showed good
activities for ethylene polymerization with MAO as cocatalyst.
It could be seen that 5 showed a significant increase in cata-
Iytic activity comparing to its counterpart 1 at 1 atm pressure,
which is consistent with our anticipation. At 10 atm polymer-
ization pressure, 5 showed ca. 20 times higher catalytic activ-
ity than that of 1, and the obtained products were the
polyethylene with high molecular weight.

Obviously, the differences in their activity and molecular
weight of product are due to special electronic effect of the
S-nitro substituents. To further confirm our previous specula-
tion, ONIOM method [32,42] was employed to investigate
the electronic structures of the complexes involved in the
insertion process for salicylaldiminato—Ni(II), B-diketimina-
to—Ni(II), and anilido—imino—Ni(II) complexes.

Optimized results showed all of complexes involved in the
insertion process had an approximate planar square coordi-
nated structure with a vacant site. Mulliken atomic charges
(MAC) analyses showed that ligand structures led to different
charge distribution on the nickel metal center. There is a very
interesting correlation between the charges on the nickel metal
center and their catalytic activities for ethylene polymerization
(Table 2). Salicylaldiminato—Ni(I) had the most positive
metal center (MAC = 0.633), thus it showed the highest cata-
lytic activity for ethylene polymerization (121 kg (mol Nih)™h).

Table 2
Mulliken atomic charge analyses of electronic structures of the complexes
involved in the insertion process (B3LYP/6-31G* Level of Theory)

Complexes® MACs on Ni Activity (kg (mol Ni n™h
Salicylaldiminato—Ni(II) 0.633 121
B-Diketiminato—Ni(II) 0.592 79.4
Anilido—imino—Ni(II) 0.586 6.1
Nitro—anilido—imino—Ni(II) 0.600 106

Polymerization condition: catalyst addition: 10 pmol; ethylene pressure:
10 atm; Al/Ni = 400; T,, =30 °C; solvent: 30 mL toluene; reaction time: 1 h.

? Aryl substituent of complexes: Ar = 2,6-dimethylphenyl, 3 position sub-
stituent of salicylaldiminato—Ni(II) is 9-phenanthrenyl.
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B-Diketiminato—Ni(II) had the relative negative metal center
(MAC = 0.592), experimental study showed that it exhibited
a moderate catalytic activity (79.4 kg (mol Ni h)™"). Anilido—
imino—Ni(II) had the most negative metal center (MAC =
0.586), it exhibited a low catalytic activity (6.1 kg (mol Nih) ")
for ethylene oligomerization. The introduction of nitro group
on anilido—imine ligand resulted in an increase of the MAC
on the nickel center from 0.586 to 0.600, thus catalytic activity
for ethylene polymerization increased by a factor of 17.

For anilido—imino nickel catalytic systems, a reasonable
explanation for the catalytic activity enhancement and molec-
ular weight of product increase is that the presence of electron-
withdrawing groups would reduce the electron density on the
metal sites and generate a more electrophilic nickel center,
thus reducing activation energy for ethylene insertion, and
favoring the olefin coordination and insertion in the growing
chain and hence limiting the tendency to chain termination
via B-hydrogen elimination [22].

For 5/MAO catalytic system, the reaction temperature and
Al/Ni ratio affected the catalytic activities for ethylene poly-
merization. The polymerization results were reproduced sev-
eral times and were collected in Table 3. With an increase in
the reaction temperature, the catalytic activity for ethylene po-
lymerization increased, and then decreased. When temperature
was up to 30 °C, the catalytic activity decreased obviously,
and a small quantity of elastomeric polymer was obtained.
This suggests that the decrease in activity can be ascribed to
a decrease in ethylene solubility at increased temperatures,
and the high temperature favors formation of highly branched
polyethylene [6,31]. With an increase in Al/Ni ratio, the
catalytic activities for ethylene polymerization increased,
and then decreased. On the optimum polymerization condition
(T=10°C and AIl/Ni=400), catalytic activity was up to
31.8 kg (mol Nih)™' at I atm polymerization pressure, and
weight-average molecular weight of the obtained polyethylene
reached 28.4 x 10*. At 10 atm polymerization pressure, the
higher catalytic activity (442.1 kg (mol Nih)~') was obtained.

Table 3

Results of ethylene polymerization catalyzed by S/MAO

Run T,  AI/Niratio Activity M,* MWD?* Branches/ T,°
(°C) (mol/mol) (kg (molNih)™") (10% 1000C®  (°C)

1 -5 150 0.7 423 299 12 129

2 10 150 16.3 31.7 338 39 98

3 20 150 13.1 19.5 3.08 43 87

4 30 150 52 13.2 329 61 54

5 50 150 2.6 —

6 10 100 7.1

7 10 300 252

8 10 400 31.8 28.4 327 41 93

9 10 500 20.9

104 10 400 442.1 336 3.12 28 115

Polymerization condition: catalyst addition: 10 pmol; ethylene pressure: 1 atm;
solvent: 30 mL toluene; reaction time: t=1 h.

* M,, and MWD of the PEs were determined by GPC in trichlorobenzene at
135°C.

® Determined by '>*C NMR spectra of polyethylene.

¢ Determined by DSC.

4 Catalyst addition: 5 pmol; ethylene pressure: 10 atm.

ppm 40.0 35.0 30.0 25.0 20.0 15.0 10.0

Fig. 2. '*C NMR spectra of polyethylenes catalyzed by 5/MAQ at various
temperatures: (a) 10 °C; (b) 20 °C; and (c) 30 °C.

In addition, ">*C NMR spectra showed that the products
catalyzed by 5/MAO are methyl-rich-branched polyethylene
(Fig. 2), and the corresponding branches’ resonance peaks in-
cluding methyl, ethyl, propyl, butyl, pentyl, and long branched
chains (n > 6) can be found. The branching numbers of the
polyethylenes increase with temperature, while their molecu-
lar weight and melting point (7y,) decrease correspondingly.
This is in good agreement with reported results by Brookhart
groups, and the formation of the branches can be illustrated by
chain walking mechanism [2—4,6].

4. Conclusions

In summary, we have successfully designed and synthe-
sized a good ethylene polymerization catalyst 5 from a view
point of electronic effect. It is noteworthy that electronic effect
of the anilido—imine ligand plays a dominant role in determin-
ing the catalytic activity and molecular weight of the poly-
mers. Theoretical calculations by ONIOM method also
further confirmed that ligand electronic effect led to different
charge distribution on the nickel metal atom, and catalytic
activities predominantly increased with an increase of electro-
philicity in the nickel metal center. On the optimum polymer-
ization condition (7 =10 °C and Al/Ni =400), the catalytic
activity of 5/MAO system is up to 442.1 kg (molNih)™'.
The obtained products are methyl-rich-branched polyethylene.
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