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Abstract 

Organometallic nickel complexes with bidentate P”0 chelating ligands of ylidic (-C(O)H=PPh,) and phosphino-acetic 
(-CH( PPh,)-COOH) type heterogenized on polystyrene resins by anchoring through the carbon atom of the ligand have been 
prepared and used in the polymerization and/or oligomerization of ethylene. Their catalytic behaviour has been compared with 
those of corresponding homogeneous models and with heterogeneous species with the phosphine and oxygenated ligand bound 
in a non-chelated arrangement. The catalytic activity and selectivity are strongly dependent on the chelating strength of the 
ligand. The polymerization of ethylene to HDPE occurs with replica of the support morphology. The role of the ancillary ligand 
(phosphine, nitrogen bases, etc.) added to the systems has also been studied and clarified. 

1. Introduction 

The role played by the different components 
surrounding the metal in the non-Ziegler-Natta 
nickel catalysts active in the oligomerization and/ 
or polymerization of the olefins has received great 
attention in the research of Keim [l-3] and other 
groups [ 4-91. 

It has been ascertained that the chelate part is 
responsible for the selectivity to linear or branched 
products whereas the organylic part with the ancil- 
lary ligand determines the formation and stabili- 
zation of the active species and therefore the 
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production of dimers, higher oligomers or poly- 
mers. 

cheiate 
Part 

organylic 
Pa* 

R= allcyl, aryl, hydride, etc. 
L= ancillary ligand 

Attempts to heterogenize nickel systems mainly 
by anchoring to polystyrenic resins through the 
phosphorous atom of the chelate ring (I) or the 
ancillary ligand (II) gave unsatisfactory results, 
both for the activity (less active systems with 
respect to the homogeneous ones are formed 
which rapidly deactivate with time by metal leach- 
ing) and the selectivity (complex mixture of 
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dimers, oligomers and polymers are formed) [ 8- 
101. 
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Our different strategy for the heterogenization 
of nickel catalysts was based on the anchoring of 
the complex through the carbon atoms of the che- 
late skeleton (III). A dramatic change of the activ- 
ity and selectivity of the reaction was observed. A 
very rapid production of high density polyethyl- 
ene with the same morphology as the polymer 
support [ 11,121 instead of the linear oligomers 
[ l-31 was obtained 

In the course of this research it was observed 
that as the anchoring of the nickel complex to the 
matrix becomes more rigid, the polymerization of 
the olefin prevails over oligomerization. 

The polymeric matrices employed to hetero- 
genize the catalytic systems were: macroporous 
ST/DVB resin (Dow Chemical), chlorome- 
thylated Merrifield resins gellular (Fluka prod- 
uct) or ST/DVB macroporous (Dow Chemical), 
macroporous methacrylic resin ( Amberlite IRC- 
50). 

The characteristics of inert and functionalized 
polymeric matrices are reported in Table 1. 

2.1.1. Ylidic ligand 
In order to clarify the role played by the type of The functionalization of polystyrene matrices 

the anchoring functionality and of the ancillary with ylidic moieties (IV) was carried out as pre- 
ligand, the following new heterogenized catalytic viously reported [ 11,121 and its extent was 0.19 
systems have been prepared and used in the oligo- mmol of chelating groups per g. The appearance 
merization-polymerization of ethylene: of the carbonylic band in the infrared spectrum of 

- 

- 

ylide nickel systems of the type previously 
reported by ourselves [ 11,121 with different 
ancillary ligands ( phosphines, phosphites, 
nitrogen bases, oxygenated ligands) ; 
phosphino-carboxylate nickel systems cou- 
pled with or without phosphine ligands 
1131; 
mono-carboxylate non chelated nickel sys- 
tems in the presence of phosphine ligands. 

2. Experimental 

2.1. Functionalization of the polymeric matrices 

Table 1 
Functionalized polymeric matrices 

Matrix Anchoring ligand Functionaked polymeric matrix 

Type Cross-linking, % Type structure P, % Cl, % Functional group, mequiv./g 

St/DVB (macroporous) a 8 ylidic IV 0.6 - 0.19 
St/DVB (macroporous) ’ 8 phosphinoacetic V 5.9 <l 1.9 
St/DVB (gel) b 2 phosphinoacetic V 2.1 7.8 0.7 
St/DVB (macroporous) ’ 8 y-phenylvaleric VI - - 2.7 
St/DVB (macroprous) * 8 difluoroacetic VII - - 0.9 
Amberlite IRCSO ’ (macroporous I - - - methacrylic - 8.0 

a Dow-Chem, microspheres. 
b Menifield resin, powder (Cl, %: 15.2). 
c Rohm-Haas, microspheres. 
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Fig. 1. Infrared spectra of the polystyrene/DVB matrix before ( -) and after (- - -) the functionalization with the ylidic ligaad (stucture 
IV). 

polystyrene after functionalization confirms the 
anchoring of the chelating ligand (Fig. 1) . 

(Iv) 

2. I .2. Phosphino-carboqlic &and 
The functionalization was accomplished fol- 

lowing an original procedure (Scheme 1) [ 131 
consisting of: 
(i) coupling of a chloromethylated matrix with 

WPh2, 
(ii) lithiation of the bisdiphenylphosphine ben- 

zyl group, 
(iii) carbonation with CO2 of the cu-lithiated 

phosphine to a phosphino acetic moiety. 

Chloromethylated Merrifield gellular resin 
(Fluka product) (Cl: 15.2%) or ST/DVB macro- 
porous resin (Dow Chemical) (Cl: 11%) (2-3 
g) [ 141 were phosphinated according to the pro- 
cedure in the literature [ 151. The phosphinated 
macroporous resin (2.5 g) (5.7 mequiv. of P) 
suspended in anhydrous benzene ( 100 ml) was 
lithiated at room temperature for 8 h with N-butyl 
lithium 1.6 M in hexane (35 mmol) in the pres- 
ence of N,N,N’,N’-tetramethylethylenediamine 
(TMEDA) (34 mmol). The lithiated resin was 
carbonated with a large excess of solid COZ for 
12 h, filtered and then treated with 80 ml of aque- 
ous 4% NaOH solution at room temperature for 
30 min. The suspension was finally acidified at 
room temperature with an aqueous HCl 10% solu- 
tion, washed with water and dried under vacuum. 
The extent of the functionalization was 1.9 mmol 
of chelating groups per g, whereas in the case of 

IlBuLi ITMEDA 
benzene 

i-u 0 1 )COZ(Q 
CH-PPh, - 

t: OOH 
L WaOl$q 

3)HC’(aq) 
w 

Scheme 1. Functionalization of polystyrene resins with phosphinoacetic groups. 
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the gel resin a functionalization of 0.7 mmol per 
g was obtained (Table 1) . 

The adopted procedure for the functionalization 
with carboxylic groups in a-position to the phos- 
phorus of polymer bound phosphine ligands 
avoids the easy decarboxylation during the syn- 
thesis and purification operations [ 161. 

2.1.3. y-Valerie ligand 
The functionalization of a ST/DVB resin (6 g) 

with the y-valeric groups (VI) was carried out by 
a FriedelCrafts alkylation with y-valerolactone 
(6 g) in the presence of AlC& ( 10 g) in 1,2- 
dichloroethane (60 ml) as solvent at room tem- 
perature for 72 h [ 171. The suspension was 
acidified with HCl 5%, washed with water up to 
neutral reaction, filtered and dried under vacuum 
at 40°C. A functionalization extent of 2.74 
mequiv. per g was determined. 

2.1.4. Dijuoroacetic ligand 
The functionalization of the ST/DVB resin 

with difluoroacetic groups (Scheme 2) was 
accomplished through a new synthetic route 
involving an acylation with ethyl oxalyl chloride, 

6 VY 
0 

+ cl-C-c-oEt 
AK=13 

a 0 l)NaOH(aci) 
4 

I R2NSF3 
benzene 

F&-pEf 

0 

Scheme 2. Functionalization of polystyrene resins with difluoroacetic 
groups. 

followed by a selective fluorination of the cu-car- 
bonylic group with (diethylamino) sulfur trifluor- 
ide (DAST) [ 181 and by the hydrolysis of the 
ethyl ester to difluoroacetic group. 

All the operations were carried out under strict 
anhydrous conditions in argon atmosphere. AlC& 
(10 g) was slowly added to a suspension of ST/ 
DVB macroporous resin (5 g) in freshly distilled 
nitrobenzene ( 100 ml). Then a solution of 5.4 ml 
of ethyl oxalyl chloride in 10 ml of nitrobenzene 
was added dropwise. The reaction was carried out 
at room temperature for 72 h, then the suspension 
was filtered and the solid product washed with 
nitrobenzene and methanol and dried under vac- 
uum. The acylated matrix, suspended in benzene 
( 150 ml) was reacted with 5 ml (37.7 mmol) of 
(diethylamino) sulfur trifluoride (DAST) for 72 
h at room temperature, then filtered, washed with 
an excess of benzene and methanol and dried 
under vacuum. The functionalized matrix (7.2 g) 
was hydrolyzed with an aqueous solution of 
NaOH ( 10%) and finally acidified with aqueous 
HCl ( 10%). The extent of functionalization, eval- 
uated by titration and by elemental analysis, was 
0.9 mm01 per g. 

2.1.5. Methacrylic ligand 
A commercial macroporous methacrylic resin 

(copolymer of methacrylic acid with DVB) 
(Amberlite IRCJO) was used after it was care- 
fully made anhydrous. 

2.2. Preparation of the heterogenized catalysts 

All the heterogenized catalysts were prepared 
following the general procedure already described 
[ 11,121 by the reaction of the functionalized poly- 
mer suspended in toluene with a suitable nickel 
precursor in the presence of the phosphine ligand. 
The polymeric matrix functionalized with the 
ylidic ligand (IV) was reacted with the nickel 
precursor Ni( COD)2 as reported [ 11,121 to give 
the nickel complexes of structure (VIII), where 
L was a secondary or tertiary phosphine or phos- 
phite with different cone angle, triphenylphos- 



phine oxide, a nitrogen base or an oxygenated 
ligand. 

p* /Ph 

The polymer bound P” 0 phosphino-carboxy- 
late nickel complexes corresponding to the struc- 
tures (IX) and (X) were prepared according to 
the procedure described for analogous homoge- 
neous systems [ 191: the direct reaction of the 
functionalized matrix (V) suspended in toluene 
with Ni( COD)2 leads to the catalyst (IX); the 
hydridic species (X) can be obtained from (IX) 
by the addition of a phosphine ligand and release 
of cyclooctene. 

Polymer bound non-chelate phosphino-carbox- 
ylate nickel systems corresponding to the structure 
(XI), (XII) and (XIII) were obtained by the reac- 
tion of the fimctionalized matrices (VI and VII) 
or of the commercial Amberlite IRC-50 with 
Ni( COD):! in the presence of added free phos- 
phine. 

In this case the catalyst synthesis must be car- 
ried out under ethylene atmosphere which helps 
to prevent the decomposition of the complex to 
unreactive Ni” salts. 

G. Braca et al. /Journal of Molecular Catalysis A: Chemical 96 (1995) 203-213 

2.3. Preparation of the homogeneous models of 
the heterogenized catalysts 

Monomeric nickel complexes, strict models of 
the heterogenized catalysts (Structure XIV, XV 
and XVI) were synthesized and tested as catalysts. 



G. Braca et al. /Journal of Molecular Catalysis A: Chemical 96 (1995) 203-213 

according to the general literature procedure [ 191 
using 2-diphenylphosphine-2-phenylacetic acid 
as the chelating ligand and prepared according to 
1161. 

Catalytic batch experiments were carried out 
following the previously reported procedure [ 111. 

2.4. Polymer characterization 

The analysis and the characterization of the 
oligomeric and polymeric reaction products were 
carried out as described in Part I [ 121 of this work 
using GC, ‘H and 13C-NMR, FT-IR, DSC, XRD 
and GPC techniques. 

3. Results 

3.1. Ethylene oligomerization/polymerization 
with the heterogenized nickel catalysts 

Nickel complexes (XIV) [ 121 and (XVI) 
[ 211 were prepared according to literature pro- 
cedures. Nickel complex (XV) was prepared 

Table 2 

The monomeric nickel complexes (Structures 
XIV, XV and XVI), models of the heterogenized 
catalytic systems, were all active in solution for 
the oligomerization of ethylene to linear a-olefins 
also when adsorbed on organic polymers. 

Effect of the ancillary ligand in the ethylene polymerization with nickel heterogenized ylidic catalysts (VIII) 

Run Ancillary ligand (L) L/N1 Initial reaction rate ’ TNb 

Type Cone angle P& 

1 none 0.7 
2 PPh, 145 2.73 0.9 330 
3 PPh, 145 2.73 10 12.2 
4 P(PhOMe)a 145 4.57 0.7 47.5 
5 P(PhNMea), 145 8.65 1.0 17.1 
6 P(CH#ZH,CN), 132 1.36 0.8 282 
7 P”Bu, 132 8.43 0.6 25.8 
8 P(O”Bu), 109 3.31 0.9 6.0 
9 PCY3 170 9.65 1.0 51.7 
10 OPPh, 0.9 32.8 
11 Ph9P=CH2 - 0.8 111 
12 pyridine 1.0 11.6 
13 dimethylsulfoxide 0.9 1.6 

Reaction conditions: catalyst VIII: 200 mg; pc*: 5 MPa; toluene: 20 ml; temperature: 50°C; time 3 h. 
BC&(mmolconsumed)/[Ni(mmol)Xminl. 
“PE(kg)/[Ni(g)Xh]. 

0.02 
2.30 
0.08 
0.67 
0.07 
2.25 
0.40 
0.06 
0.80 
0.20 
1.00 
0.06 
0.02 
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Their activity and selectivity were analogous to 
those of other similar complexes described in the 
literature (Fig. 1) [2,3,10,19-211. 

3. I. 1. Ylide heterogenized catalysts (VIII) 
The polymer anchored catalysts of type VIII, 

as already observed in the presence of the triphen- 
ylphosphine ligand (Table 2, run 2) [ 11,121, 
were all active in the polymerization of ethylene 
to HDPE (high density polyethylene) with repro- 
duction of the morphology of the polymer matrix: 
polyethylene spheres of large diameter (3-5 mm) 
were always obtained. 

The nature of the ancillary ligand on the other 
hand strongly affects the overall activity of the 
catalytic system as indicated by the initial rate of 
consumption of gaseous ethylene and by the aver- 
age productivity of the polymer. 

From the results reported in Table 2 the follow- 
ing conclusions can be drawn: 
- the presence of an ancillary ligand is not 

essential for the activity of the catalytic sys- 
tem (run 1) but it prevents the decomposi- 
tion of the nickel catalyst to metal; 

- the reaction takes place also in the presence 
of very weak donor ligands like OPPh3, or 
DMSO (runs 10, 13); 
an excess of ligand with respect to the metal 
depresses the activity, which is analogously 
to what happens in the oligomerization with 
the homogeneous ylidic catalysts (run 3) 
[221; 

- an increase of the phosphine ligand basicity 
depresses the activity (see runs 2,4 and 5; 6 
and 7). By contrast, an increase of the steric 
hindrance (cone angle) improves the activ- 
ity of the catalyst (see runs 7, 5 and 9). 
Analogous effects were observed with the 
homogeneous ylidic catalysts where the very 
basic trialkyl phosphines deactivate the cat- 
alyst and sterically hindered phosphines 
favour the formation of polyethylene 
[ 22,231. 

In conclusion all parameters which favour the 
formation and stabilization of nickel coordina- 

Table 3 
Polydispersity indexes of polyethylene obtained with different nickel 
heterogenized catalysts 

Catalyst 

VIII 
VIII 
VIII 
VIII 
X 

Ancillary ligand M, WV &IM, 

PPh, 11,800 696,000 59.0 
Ph,P=CH, 14,952 165,000 31.1 
OPPh, 19,840 631,000 31.8 
PY 15,045 665,000 44.0 
PPh, 15,750 630,000 40.0 

tively saturated species decrease the overall activ- 
ity of the catalyst but prevent the decomposition 
to metal of the active species. 

All the samples are high crystallinity ( > 80%)) 
high density (0.95-0.96 g/ml) polyethylene, 
with a melting point of 136”C, regardless of the 
nature of the ancillary ligand. 

i3C and ‘H-NMR, FT-IR spectra of all the poly- 
mer samples exclude the possibility of branching. 

In every case the weight-average molecular 
weights (M,) and the polydispersity indexes 
determined by GPC (Table 3) are very high. This 
very broad distribution of molecular weights indi- 
cates the presence of different populations of 
active centers, having very different activities 
depending on their position on the polymeric 
matrix (on the surface, inside the cavities or inside 
the gellular phase). The initial rate and also the 
rate of polyethylene growth are very different for 
these centres and consequently the length of the 
polymer chains is not uniform. 

3.1.2. Phosphino acetate heterogenized catalysts 
(IX X) 

The catalysts with the phosphino acetate 
ligands anchored to polystyrenic resins (type IX 
and X) become active in the polymerization of 
ethylene with the same morphology as the support 
(Table 4). When the matrix is a Merrifield type 
powdered resin, polyethylene was obtained as a 
powder, and when the matrix is a spherical mate- 
rial, polyethylene was produced in large diameter 
spheres (0: 4-5 mm). The polyethylene (HDPE) 
has the same characteristic as that obtained with 
the ylide nickel catalysts (high polydispersity and 
weight-average molecular weight). 
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Table 4 
Ethylene polymerization with nickel phosphinoacetate heterogenixed catalysts (IX and X) 

Run Catalytic system Polyethylene produced, g Initial reaction rate ’ TN d 

Polymeric matrix Ni(COD),, mm01 PPh,, mm01 

‘Type Chelating units, mequiv. 

14 Merrifield 0.24 0.58 0.79 7.2 5.9 0.07 
15p Merrifield 0.24 0.58 6.5 3.2 0.04 
16 Dow 0.39 0.55 0.58 18.7 9.5 0.19 
17b Dow 0.35 0.51 0.61 7.9 4.5 0.08 

Reaction conditions: pcru: 5 MPa; temperature: 75°C; toluene: 20 ml; time: 3 h. 
‘pcIm: 4 MPa; time: 5 h. 
b Preactivated with hydrogen (0.5 MPa) for 15 min. 
’ C&I., ( mmol consumed) / [ Ni bound (mmol ) X min] . 
dPF! (kg)/[Ni(g)Xh]. 

Table 5 
Ethylene oligometization with non-chelate phosphine carboxylate nickel catalysts 

Run Catalytic system Oligomers, g TN B 

Polymeric matrix structure. Carboxylic group, mequiv Ni(COD)2 mm01 PCy, mm01 

18 ST/DVB XI 0.75 0.5 1 1.4 9.3 
19 ST/DVB XI 1 0.5 1 0.1 0.3 
20 STIDVB XII 0.3 0.2 0.4 0.9 15.1 
21 methacrylic acid/DVB XIII 0.5 0.36 0.72 0.4 3.8 
22 methacrylic acid/DVB XIII 0.9 0.36 0.72 0.1 0.7 

Reaction conditions: . . pczIL: 4 MPa; toluene: 15 ml; temperature: 90°C; time: 8 h. 
“Oligomers(g)/[Ni(g)Xh]. 

As for polyethylene obtained with ylidic het- 
erogenized complexes of type VIII, the presence 
of any branching has been excluded by infrared 
and NMR analysis of the polymer. 

In this case the catalyst can also be used without 
the triphenylphosphine ancillary ligand and there 
is no risk of decomposition to metal: only a slight 
decrease of activity was observed (Table 4, run 
15). Preactivation with hydrogen (0.5 MPa), 
which in the case of the ylide systems reduces the 
induction period, is not necessary: on the contrary 
it is dangerous, giving a rapid reduction of the 
catalyst to metal nickel (Table 4, run 17). 

The overall catalytic activity is tenfold lower 
than the most active ylide systems, analogously to 
that reported for the homogeneous catalyst in the 
oligomerization reactions [ 19,201. 

3.1.3. Non-chelate phosphino carboxylate heter- 
ogenized catalysts (XZ, XII and XIII) 

Nickel catalytic systems containing carboxy- 
lato and phosphine ligands in a non-chelate 
arrangement (Structures XI-XIII) have not been 
studied much, even as homogeneous complexes. 
It is only reported by Knudsen [ 21,241 that com- 
plexes of type XVI are active in oligomerization 
of ethylene and the activity strictly depends on the 
type of phosphine ligand and on the acid to nickel 
ratio: when L is dicyclohexylphosphine a TN of 1 
kg of oligomersl (g Ni X h) is observed. 

The main problem encountered in these systems 
is the selective formation of the active monocar- 
boxylato hydrido- or alkyl-species and its preser- 
vation from decomposition. 
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Fig. 2. Distribution of ethylene oligomerization products with the 
homogeneous catalytic systems. Reaction conditions: pclti: 5 MPa; 
toluene: 20 ml; time: 4 h; temperature: 5O’C; catalyst concentration: 
10-20 mM. Catalyst XIV, temperature: 50°C; TN (h-l): 22. Cata- 
lyst XV, temperature: 75’C; TN (h-l): 210. Catalyst XVI, temper- 
ature: 55°C; TN (h-l): 60. 

The knowledge acquired during the present 
work indicates that: 
- the oxidative addition of the carboxylic acid 

to a Ni( 0) precursor [for instance 
Ni( COD) 2] in the presence of a phosphine 
ligand must be carried out ensuring abso- 
lutely that the acid to Ni ratio is < 1. If the 
ratio becomes > 1 a marked decrease of the 
catalytic activity is observed. 

- the hydridic complexes as XI, XII and XIII 
are unstable at room temperature even under 
inert atmosphere and a decomposition via 
phosphine ligand dissociation takes place. 
This effect can be overcome by carrying out 

the synthesis of the catalyst under ethylene 
atmosphere. 

Paying attention to the above types of behav- 
iour, the homogeneous (XVI) and the heterogen- 
ized catalysts (XI, XII and XIII) were tested in 
the oligomerization/polymerization of ethylene. 
Both types of catalysts in this case were active 
only in the oligomerization of the olefin especially 
toward the formation of lower molecular weight 
products (Table 5 and Fig. 2). 

4. Discussion 

Keim in his fundamental papers on the oligo- 
merization of olefins catalyzed by homogeneous 
or heterogenized nickel chelated complexes 
emphasized the role played in the catalysis by the 
chelate and organyl part of the complexes 
[ 2,3,19,20]. The chelate alone controls the reac- 
tion whereas the organyl part is only necessary to 
stabilize the complex favouring the formation of 
the active intermediate nickel hydride. 

In this context the role in the catalytic mecha- 
nism of the ancillary ligand is not clear and could 
vary depending on the nature of the chelate ligand. 

Now the experience gained in the present work 
allows better clarification of the requisites and the 
actual role of the ancillary ligand in the catalytic 
system: 
- it must cooperate with the chelating moiety 

to enable the formation of the intermediate 
active nickel hydrido species and to preserve 

-tL 

/ 

+ C2H4 

- R’CH=CH 

\ 

A-L 

A 

Scheme 3. Catalytic mechanism for oligomerization-polymerization. 
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them from degradation to metal during the 
catalytic cycle (Scheme 3, step A) ; 
it should not hinder the coordination of the 
substrate for the catalytic reaction (step B) 
and the evolution of the intermediate alkyl 
species (step C) into the oligomer or poly- 
mer with regeneration of the hydrido spe- 
cies. 

The results obtained indicate that the behaviour 
is different when the chelating ring is coordinated 
to give a homogeneous complex or when it is 
bonded to a polymeric matrix. 

In the first case, during the reaction, the P”0 
chelate is probably involved in an opening-closing 
equilibrium around the metal centre which pro- 
vides, also in the presence of the ancillary ligand 
and of an excess of the substrate, the liberation of 
a coordination vacant site which is necessary for 
the @extraction of H and formation of oligomers. 
Thus the coordinative ability and concentration of 
the ancillary ligand are determinant for the selec- 
tivity of the process (linearity of the oligomers) 
and for the regulation of the molecular weight of 
the products. 

In contrast, for the polymer bound systems the 
chelation is more firm, rigid and probably irre- 
versible. In this case the ancillary ligand, whose 
presence as demonstrated is not always necessary 
(see Table 2, run 1 and Table 4 run 15) favours 
the generation of the active species and determines 
only the overall activity of the system (related to 
the number of active sites) and not the selectivity 
of the process. 

The ancillary ligand, once dissociated from the 
metal centre, does not participate further in the 
catalytic cycle and the insertion reaction proceeds 
very rapidly with the formation of high molecular 
weight polymers. 

When the phosphine and the carboxylic moie- 
ties are separated in a non-chelated arrangement 
as for the complexes XI, XII and XIII, the coor- 
dination of the phosphine becomes reversible and 
competitive with the substrate, and the behaviour 
of the heterogenized system parallels that of the 

homogeneous models leading to the formation of 
oligomers (see Table 5). 
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