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Abstract

Solutions of 2-diphenyl- or 2-dicyclohexylphosphinophenol, nickel bis(1,5-cyclooctadiene), and a tertiary phosgiie tRluene
oligomerize ethylene in most cases with high selectivity to linealefins. The molecular weights can be tuned by the catalyst compo-
sition. Molecular weights are generally lower with4PA'ONi than withcHex,P'ONi catalysts and in the presence offRadditives, but
basicity-dependent effects of various triarylphosphine additives on the molecular weights and relative reaction rates, displayed by pressure
time plots, are rather different or opposite for,PHONi andcHex,PONi catalysts.
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. , Phy
1. Introduction RfPha Ni(COD), + PR3 R P\ _Ph
- ;
The oligomerization of ethylene to linearolefins by the R0 2C0D - | O/N'\
Shell Higher Olefins Process (SHOP) is of industrial as well 1 Fhs
as of academic interest and héissilated intensive research
on nickel catalysts with PO- and related chelating lig- Phy

tive 2-phosphinoenolate and 2-phosphinophenolate nickel S AV
complexes are chelates with square-planar georfiet}2). -2COD o N
In the single-component catalysts the activation temperature 2
depends strongly on the nature of the ligérashsto oxygen

[1,13,14]while the molecular weights are particularly influ-
enced by substituents at phosphdds-16Jand by solvents  agpective phosphin&theme 1[7,8], demonstrated widely
or ligands interacting or bound iians position 0 phos- \4rving activities and mass distributions of the resulting eth-
phorus, e.g., donor solvents or pyridifts,16-20] phos-  yjene gligomers, somewhat higher molecular weights, and
phines[19,21}, or ylides[22,23} A study of the influence itrerent response toward PMand PcHex ligands on the

of various phosphines R in diphenylphosphinoenolate ,s¢ of the phosphinophenolate as compared to the phosphi-
and -phenolate phenylnickel phosphine single-component,;enolate catalystd Cs—Cao: 2 Ca—Coo) [21].

oligomerization catalystsand2, accessible fronx-keto- or In investigations of phosphinophenolate methylnickel
o-chinone-triphenylphosphorus ylides, Ni(CQDand the  imethylphosphine complexes bearing varyingPRyroups
we observed a strong influence of the P substituents in ad-
* Corresponding author. Fax: +49 (0)3834/86-4319 dition to the PMg content on thg catalytic act.ivity toward
E-mail addressheinicke@uni-greifswald.de (J. Heinicke). ethylene and the molecular weights of the oligomad.

ands[1-6]. It was shown that catalytically active and selec- : jpph3 Ni(COD), + PR; P Ph
(@]

PR3

Scheme 1.
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To learn more on the interplay of the phosphino groups of mechanic or electronic pressure gauge, and a safety di-
the P'O chelate and the PRigand in thetransposition, we aphragm. Ethylene was added (3able 1 psiartca. 50 bar),
studied the oligomerizationf@thylene with catalysts pre- and the autoclave was placed into a preheated bath® ()00
pared in situ from 2-diphenyl- or 2-dicyclohexylphosphino- and heated overnight (ca. 15 h). After cooling unreacted

phenol3a or 3b, respectively, Ni(COD) (COD 1,5-cyclo- ethylene was allowed to escape, butenes were condensed
octadiene), and a phosphine additive and report here on thdn a cooling trap {78°C). The remaining product, cooled
results. to —25°C, was transferred to a flask, and volatiles were

flash-disilled (80-100°C/1-102 Torr) into a cooling trap
(—196°C). Residual waxes or polymers were stirred for 1

2. Experimental day with methanglhydrochloric acid (}1), washed with
methanol, and dried. The mp ad#i NMR data were de-
2.1. General termined after extraction of lower oligomers with 50 mL

of CHxCly; mass loss was usually 2%. Conversion, iso-

All operations with phosphines and catalyst solutions lated products, and characteristic data of polymers are given
were carried out under carefully dried, oxygen-free argon, in Table 1 and the oligomer composition ifable 2so far
using Schlenk techniques. Toluene was ketyl-dried and dis-analyzed by GC and exceeding 5% of the flash distillate.
tilled before use. Ni(CODR)[24] and the phosphinophenols (Differences between the amount of converted ethylene and
3a[25] and3b [13] were synthesized as reported, and other the amount of isolated products are due mainly to loss of
chemicals were purchasedthiglene (99.5%, Air Liquide) butenes, and in the case of polyethylene also to loss of solu-
was used without further treatment. GC analyses were car-ble oligomers.)
ried out using a Siemens SICHROMAT 1-4, column SE54-

CS(25m), 50-280C, 5 min isotherm, 8 or 12C/min, ref-

erencen-nonane, or a gas chromatograph Hewlett Packard 3. Resultsand discussion

5890, column HP-5(30m) (crosslinked 5% PhMe silicone),

40-150°C, 10 min isotherm, 4C/min. *H NMR spectra of 3.1. Introductory remarks to the catalyst system

polymers were measured on a multinuclear FT-NMR spec-

trometer ARX300 (Bruker) (300.1 MHz) at 10C, acquisi- Recently we have shown that catalysts generated in situ
tion time 4.9-5.4 s, delay 1.0 s, using concentrated solutionsfrom equimolar amounts of 2-diphenyl- or 2-dicyclohexyl-
of the polyethylene samples prepared by swelling for 1 day phosphinophenoBa or 3b) and Ni(COD}» polymerize eth-

at 120°C under argon in gDsBr (p-CH, § = 7.23 as refer- ylene like methallylnickel 2-diphenyl- or 2-dicyclohexyl-
ence). Melting points were determined with a Sanyo Gal- phosphinophenolate single-component catalysts with high
lenkamp melting-point apparatus. The maximum turnover selectivity for linearx-olefins. The similarity is due to the
frequency (TORay) was determined in experiments carried formation of allyl-type precuis complexes detected in so-
out with online pressure registration (HEJU pressure sensorlution by *H, 13C, and®'P NMR spectroscopfl3] and re-
1-100 bar from Juchheim connected to digital multimeter lated activation pathwaysS¢heme 2 Both catalyst types
and PC) from the slope of the steepest (nearly) linear pres-derived from3a furnish low molecular weight polyethylenes
sure decrease (pressure vs ethylene amount in 20 mL of(M,, ca. 3000-5000 g mol) while catalysts based aBb
toluene calibrated at 10 after heating for 1 h; effects of  give much higher chain lengths#, ca. 60,000 g moil)

products on the solubility aéthylene neglected). under comparable conditions. Replacement of the solvent
toluene by a variety of O-donor solvents improves the cat-
2.2. Oligomerization: general procedure alyst lifetime and productivity but diminishes the molecular

weights and slightly the reaction rate while the selectivity is

3a (27.8 mg, 100 umol) o8b (29.0 mg, 100 umol) and  not influenced. Additions of tetrahydrothiophene (THT) or
Ni(COD); (27.5 mg, 100 pmol) were dissolved in toluene pyridine (pyr) to the precatalysolution in toluene have a
(each 8 mL) at OC, combined, and stirred for 5 min at much stronger impact on the molecular weight and the reac-
0°C and for 10 min at 20C to give orange or yellow so- tion rate and improve the catalyst lifetime as expressed by
lutions. Then, the corresponding amount of the phosphinethe pressure time ploE{g. 1) [13]. The effects of phosphine
(Table J) dissolved in toluene (4 mL) was added. HPe(as additives which are soft Lewis bases like THT are diverse
1 M solution in toluene)¢cHexsP, and TMOP did not in-  and dependent on the P substituents, and are reported here in
duce significant color changes while additioncsdlzP or more detail.
mTol3P furnished light8a/Ni/R3P) or dark red3b/Ni/R3P),
pTolsP darker and PJP deep red solutions for botBa- 3.2. Influence of the molar ratio of 2-phosphinophenolate,
and3b-based catalysts. The precastlsolution was stirred  nickel, and triphenylphosphine
for 2 min and transferred by a syringe (Teflon canula) to a
stainless-steel autoclavéq mL), equipped with a Teflon- The molar ratio of 2-phosphinophenol and Ni(CQDin
coated magnetic stirrer, gas inlet and sample inlet valves, the following abbreviated a3/Ni) influences strongly the
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Table 1
Oligomerization of ethylene with catalysts formed fr@Ni(COD),, and RgP 2
Exp. Ligands (umol) GHy (9), TOFmax Product§ (g) Solid polymer:
conversion (%), (molmol~1h—1), mp (°C), molar masis
TON (mol mol*) istart (min) (gmor?)
1 3a(100)[13] 12.6 8000—23,000 Oligomers:(0.1) mp 124-126
(50-66) (22-16) HDPE (6.0-84) MNMR 1300-2000
2250-2960
2 3a(120) 12.6 26,000 Wax (0.5) mp 119-120
(76) 3420 (15) HDPE (9.1) MnmR 1600-1700
3 3a(100) 14.6 28,000 gand G (2.5)
PhP (100) (95) 4950 (13) Oligomers (2.8)
Wax (8.6)
4 3a (100) 13.6 10,000 Butenes (1.0) M50
PhsP (200) & 99) 4850 (13) Oligomers (8.4)
Wax (3.2)
5 3a (100) 11.9 Butenes
PhP (300) & 99) 4240 Oligomers (2.4)
Wax
6 3a (100) 18.0 Butenesx{3.1)
PhgP (400) (97) 6240 Oligomers (7.7)
7 3a (100) 20.8 6000 Butenes-(2.3)
PhsP (500) (96) 7130 (12) Oligomers (11.7)
8 3a (100) 18.7 Butenes<(4.6)
PhgP (700) (87) 5810 Oligomers (8.6)
9 3a (100) 13.4 Cond. butenes (1.8)
PhgP (800) (95) 4530 Oligomers (10.4)
10 3a (100) 13.3 Cond. butenes (1.5)
PhgP (900) (89) 4210 Oligomers (10.0)
11 3a (100) 18.6 2000 Butenes-(4.4)
PhsP (1000) (71) 4700 (12) Oligomers (5.4)
12 3a (100) 14.0 Cond. butenes (2.9)
PhgP (1500) (70) 3500 Oligomers (6.9)
13 3a (100) 10.1 8000 Butenes-(1.1)
pTolzP (100) & 99) 3600 (10) Oligomers (5.8)
14 3a (100) 13.0 4000 Butenes (1.8)
mTolzP (100) (99) 4600 (13) Oligomers (4.7)
Wax (6.4)
15 3a (100) 14.0 Butenes (7.4)
mTol3P (300) (99) 4950 Oligomers (6.4)
Trace wax
16 3a (100) 13.2 4500 Butenes (8.8)
mTolzP (500) (92) 4310 (10) Oligomers (4.0)
17 3a (100) 13.7 12,000 Oligomers (0.1) mp 124-125
oTolzP (100) (51) 2500 (23) HDPE (6%) MNMR 1900-2100
18 3a (100) 9.5 6000 Oligomers (0.1) mp 120-122
MessP (100) (99) 3350 (23) HDPE (9.2) MNMR 40004300
(Me/Vin 2.6-3.0, My 4600
a-olefins 90%) Mp 1950
19 3a (100) 11.5 16,000 Oligomers (0.3) mp 122-124
TMOP? (100) (88) 3600 (23) HDPE 9.8 MNMR 2300-2700
(Me/Vin 1.9-2.3, My 3400
a-olefins 92%) Mp 1300
20 3a (100) 11.3 300 Butenes-(3.8)
Me3P (100) (70) 2800 (39) Oligomers (1.5)
21 3a(115) 16.0 1600 Butenes-(4.8)
EtzP (115) (72) 3600 (22) Oligomers (6.8)
22 3a(110) 15.0 500 Butenes-(4.4)
EtzP (330) (44) 2150 (36) Oligomers (2.3)
23 3a (100) 6.8 2000 Oligomers (0.1)
CysP (100) (57) 1390 (15) Wax

(continued on next pagye
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Exp. Ligands (umol) GH4 (9), TOFmax Product§ (g) Solid polymer:
conversion (%), (molmol1h=1), mp (C), molar masls
TON (mol mot1) tstart (Min) (@mort)
24 3a(120) 15.0 16,000 Oligomers (0.5) mp 112-115
CysP (120) (77) (16) Wax (11.1) MnMR 840
3560 (Me/Vin 1.3,
a-olefins 94%)
25 3b (100)[13] 11.1-15.3 15,000 Oligomers:(0.1) mp 133-134
(62-72) (29) HDPE My, 58,900
2460-3920 Mn 26,500
26 3b (100) 12.9-15.0 6000—8000 Butenesq.3) mp 96-98
PhsP (100) (60-70) (20-24) Oligomers (0.2-01% mp 124-126
3200 HDPE (8.8-8.6) Mnmr 800'-2500
27 3b (100) 12.8 8000 Butenes (0.1) mp 110-112
PhsP (500) (99) 4530 17) Oligomers (0.8) MR 1100
HDPE (11.8§
28 3b (100) 13.0
PhsP (1000) (0)
29 3b (100) 12.3 11,000 Oligomers<(0.1) mp 128-130
pTolzP (100) (81) 3565 (20) HDPE (98) MnMR 2300
30 3b (100) 13.8 8000 Oligomers<0.1) mp 126-128
mTolP (100) (73) 3600 (19) HDPE (99) MnMR 2550
31 3b (100) 12.0
mTolP (500) (0)
32 3b (100) 13.1 9000 Butenes (0.6) mp 131-132
oTol3P (100) (70) 3280 (21) Oligomers<(0.1) MR 6800
HDPE (8.5
33 3b (100) 13.0 6000 Oligomers (0.2) mp 126-128
TMOPP (300) (53) 2460 HDPE (6.7) MnMR 2300
(Me/Vin 2.5,
a-olefins 66%
34 3b (100) 12.6 7000 Oligomers (0.1) mp 132-133
TMOPb (700) (38) 1710 (33) HDPE (4.9) MnmRr 4700
(Me/Vin 2.3,
a-olefins 88%)
35 3b (100) 12.6 500 Butenés mp 89-93
MesP (100) (58) 2600 (32) Oligomers (0.7)
Wax
36 3b (100) 12.7 100 Butenés
Me3P (300) (44) 2000 (48) Oligomers (2.6)

Wax

@ Ni(COD), 100 pmol, solvent toluene.

b TMOPis [2,4,6-(MeO}CgH>]3P.
¢ Butenes: amount of condensedsgaus products (cooling trap78°C) and of butenes in the flash-distilled oligomer solution; oligomers: amount of dist.

oligomers except butenes in thetiied oligomer solution analyzed by GC.
d Content ofa-olefins > 96%, Me/Vin ratio 1.2-2.0 (based olH NMR integration).
€ Mass loss on extraction with Gi€l, 7%, crude polymer mp 123-12€.
f MNmR based orfH NMR integration; My, and My, based on GPC (HDPE not extracted with £34).
9 Uncertain, low content.

h Shorter formation time caused lower molecular weights.

properties of the resulting catalysts. Excess Ni(COWith
respect to a A1 molar ratio of3/Ni is decomposed and di-
minishes the productivity of the catalyst. A small excess of
2-phosphinophenol, e.®a/Ni (1.2/1), is tolerated and even
increases the ethylene conversidalfle 1 Fig. 2) without
marked effects on the molelem weights of the oligomers
and the selectivity while a molar ratio of/2 3a/Ni leads

to inactivity. The phosphoruysickel ratio is not the crucial
point in the suppression of catalytic activity. Triphenylphos-
phine, lacking the 2-hydroxyl group &&, can be added in

a 10-15 molar excess to tf3a/Ni (1/1) precatalyst with-
out cessation of the catalytic conversion of ethylene. The
deactivation is thus caused by formation of a stable bGP
chelate) complex (cf[25,26). However, the conversion of
ethylene in the presence of triphenylphosphine is consid-
erably different from that ints absence. Using catalysts
formed from3a, Ni(COD),, and PRBP in toluene in molar
ratios of Y1/1 up to I/1/15, the turnover numbers and cat-
alyst lifetime rise with the P§P content until a maximum at

a molar ratio of roughly 11/5, then they decrease, but even
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Table 2
Oligomer composition @ og

Exp. Zoligomers Cy, % (linearx-olefins, %)
in distillate?, ¢, Co Cs C10 Ci2 Cia Ce Cis C0
% (9)
3 141 (2.8) - 113 (95 30.4 (96) 29.7 (94 20.2 (99 6.6 (95) 14 0.3 0.05
P 32794 11.4 (90 10.9 (78 6.1 (80) 2.7 (78 1.0 (80 0.2
5 134 (2.4) 0.7 (68) 29.1 (56) 30.3 (60) 24.3 (54) 117 (57) 2.9 (59 0.7(65 02 01
6 385 (10.6) 27.0 (90 24.0 (80) 16.9 (81) 115(74) 7.6 (74 4.9 (72 3.2 (69 1.9 (70 1.1(73
7 438 (13.4) 125 304 (91 220 (91 14.2 (85) 8.6 (85) 5.2 (81) 31(78)  18(78  1.0(80)
8 407 (117) 266 (>99 33.0(95 19.7 (93) 10.6 (88) 5.4 (88) 2.6 (90) 11(96) 05 0.2
11 324 (8.0 320(>99 39.1(96) 17.9 (95 7.2 (88 25(92 0.9 (96) 0.3 0.08 002
13 270 (6.8) 15.4 (70) 22.6 (46) 18.6 (44) 13.8 (44) 9.9 (44) 6.3 (44) 42(41) 2940  2.1(40
14 203 (4.8 17 225 (58) 22.7 (61) 20.2 (59 17.6 (58 139 (56) 1.3 (59 0.1 0.02
15 247 (6.5) 0.6 328(398) 310 (45) 18.8 (35) 110 (38) 4.6 (36) 09(34) 02400 0.1(75
16 172 (4.0) 17 44,6 (88) 324 (89) 13.9 (78) 5.5 (79 1.7 (76) 0.2
20 187 (4.1 63.9 (91 26.2 (94 7.5 (89 1.9 (84 0.4 0.1
21 362 (9.8) > 41(99) 30.0 (94) 14.1 (96) 4.7 (93) 1.8 11
22 202 (4.5 > 70(99 155 (90 2.9(82 0.2 <0.01
26 42 (0.7) 17.6 (72 27.2 (83 24.1 (99) 19.2 (97) 10.0 (96) 1.9
27 59 (L2 3.9(99) 18.8 (94) 23.3(94) 23.3(93) 19,5 (94) 9.1(93) 1.9 02
35 33(0.6) 0.4 9.7 (99 195 (91 209 219 197 7.0 0.8 0.1
36 124 (2.6) 4 32(99) 28.3(98) 211 (98) 10.0 (97) 32 10 0.3

@ Solvent and volatile oligomers flash distilled at 80-2a01-1072 Torr.
b Higher boiling components not distilled (waxy residue, 3.2 g).

R R R R
' NiCoD), P
—_— ©£ \Ni
-1,3-COD é g,
OH 3-CO O/

3a,b (R = Ph, cHex) minor component
(for R = Ph: §31P: 29.2)

pressure (bar)

IXDR i 1-1,3-000
\ l A T v T v T v T
@: NI—> —_— catalyst 0 S ” h 10 15
O/ -C4Hg ime (h)

- Ph- 831P- Fig. 1. Pressure—time plots for batch polymerization of ethylene with cat-
(for R = Ph: §51P: 20.7) alysts formed in situ fronBa and Ni(COD}): (a, solid line) in toluene,
(b) in thf, (c) in toluene/pyr (91), (d, dotted line) in toluene/tht (Q) (each
0.1 mmol3aand Ni(COD}Y, solvents 20 mLpstart50 bar, bath temperature
100°C) [13].
for a 15-fold molar excess of BR the conversion of ethyl-  51yst3a/Ni/PhgP (1/1/1) converts ethylene mainly to waxy
ene exceeds or reaches thatin absences® ffable ). The - gligomers while catalysts with higher portions of4Phgive
reaction rate, illustrated by the pressure-time plg(2),  rise to lower liquid oligomers and butendble 3. For cat-
is mcreaseql in the presence qf a.small amount of triph- g1ysts3a/Ni/PhgP (1/1/7) n > 5 the oligomer distribution
enylphosphine (11/1) and likewise in the case of a small fits approximately with a Schulz—Flory distributif@7—29]
excess oBa (1.23a/Ni), probably by prevention or retarda-  The g value, the ratio of the rates of elimination and chain
tion of catalyst deactivation. Larger portions ofzPhcom- growth reactions, is about 0.6, 0.9, 1.4 for=5, 7, 10.
pete with ethylene for coordination and result in an increas- The selectivity for lineaw-olefins is lower than in the poly-
ing decrease of the reaction rate while the heating/induction merization of ethylene bga/Ni [13] and ranges from 60 to

periodt is slightly shortened. The chain lengths of the result- - 9594 with a minimum for the cataly8e/Ni/PhsP (1/1/3).
ing a-olefins decrease with growing EP3a ratio. The cat-

Scheme 2.

3.3. Influence of basicity and steric demand of the

Y hosphine additive
1 The reaction starts around 7@, reached 12—14 min after the begin- P P

ning of heating. If the precatalyst solution is added to a preheated solution . . . .
of ethylene in toluene (80C) the induction period is very short but the life- Studies with other phosphine additives reveal that the

time of the catalyst is low. effects on the conversion of ethylene in the presence of
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N W b O O
o O O O o
1 1 1 1 1

pressure (bar)

-
o
1

o

time (h)

Fig. 2. Pressure—time plots for batch oligomerization of ethylene, catalysts
formed from3a, Ni(COD),, and PhP in toluene: (a) 11.2/0, (b) 1/1/1,
(¢) 1/1/2, (d) 11/5, (e) ¥/1/10.

pressure (bar)

time (h)

Fig. 3. Pressure—time plots for batch oligomerization of ethylene with
catalysts 3a/Ni/triarylphosphine (11/1); RsP: (a) PhP, (b) pTolsP,
(c) mTolzP, (d)oTol3P, (e) MesP, (f) [2,4,6-(MeO}CgH2]3P.

3a/Ni/R3P (1/1/1) catalysts depend strongly on the basic-
ity and bulkiness of the added phosphingPR(Tables 1
and 2. Replacement of tphenylphosphine (Ka 2.73,

0 145 [30,31) by the more basic trig(-tolyl)phosphine
(pPKa 3.84, 6 145) leads to a strong decrease of the
oligomerization rateKig. 3) and a strong drop of the mole-
cular weights and the selectivity for linearolefins from
about 95 to 45%. Replacement by tristolyl)phosphine
(pK 2 3.3,0 165°) which is less basic but bulkier thaiTolzP
causes a slower conversion, similar low molecular weights,
and somewhat lower loss in selectivity (60—7a36lefins).
An increase of the amount afiTolsP (to 1/1/3 and %/1/5)
has no marked effect on the reaction rate but similar tPPh
the selectivity is lowest for the/1/3 molar ratio. The slow-

21

70{ 7
601
50
401
301
201
10-

pressure (bar)

time (h)

Fig. 4. Pressure-time plots for batch oligomerization of ethylene with:
(a) 3a/Ni (reference) and witlda/Ni/trialkylphosphine, (b) MgP (1/1/1),
(c) EP (1/1/1), (d) EgP (1/1/3), (e)cHexsP (1/1/1).

nishes low molecular weight oligomerEble 2. Increasing
concentration of the small trialkylphosphine increases the
effect on the reaction rate amablecular weights but dimin-
ishes the conversion of ethylene by deactivation at a higher
residual ethylene concentration (pressure). The rather more
basic but much bulkier tricyclohexylphosphinek(p 9.7,

6 170 [30,31) behaves like more bulky triarylphosphines
as trisp-tolyl)phosphine § 194°), trimesitylphosphine &
212), or tris(2,4,6-trimethoxyphenyl)phosphine (PTMOP)
and allows maximum turnover frequencies and formation
of polymer chain lengths similar to those in the absence
of a phosphine additive. The formation time, however, is
extended and the more bagitlexsP, MegP, and PTMOP
additives stabilize the catalyst and cause higher productiv-
ity than in its absenceF{gs. 3 and 4 Table 1. A lower
ethylene to catalyst ratio, e,gconversion of ethylene by
3a/Ni/cHexsP (1/1/1) at pstart 30 bar, leads to slower re-
action rates and conversions. ThePRadditives diminish
the selectivity for lineaw-olefins in oligomers with short
chain lengths, but not to a significant extend in the polymers
(> 90% x-olefins). Finally, it should be noted that an addi-
tion of triethylphosphite, possessing low P basicity but good
m-acceptor properties, causemctivity already at a molar
ratio 3a/Ni/(EtO)sP (1/1/1).

3.4. Influence of the P basicity of the 2-phosphinophenol

The nickel catalyst formed from the more P-basic 2-
dicyclohexylphosphinophen8b and Ni(COD) gives rise,
as noted above, to much higher molecular weights in the
polymerization of ethylene than th&/Ni catalyst. This

est reaction rates are exhibited in those cases where smalfeature is maintained, though in much lower measure, in

trialkylphosphines (MgP, EgP; pK4 8.65, 8.69;0 118,
1320 [30,31) are addedKig. 4, Table ). The small space
demand along with the high basicity and soft character al-
lows rather strong coordination (for PNlestronger than
PEg) on account of the interactions with ethylene and other
donors but does not block the catalytic conversion and fur-

the presence of phosphine additives. The catalyst systems
3b/Ni/arsP (1/1/1) (anP = PhsP, pTolsP, mTolsP, o Tol3P,
MesP, TMOP) convert ethylene anly to low molecular
weight high-density polyethylenes (HDPE), and the molec-
ular weights of the HDPE formed with catalysts fr@/Ni

and bulky arylphosphines;TolsP or TMOP, are higher than
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those of HDPE obtained with related catalysts based on4. Discussion
3a. Excess of triarylphosphines increases the productivity,
e.g., in3b/Ni/PhgP (1/1/5), or stops the catalytic activity of The above results show that the two types of phos-
3b/Ni catalysts, e.g3b/Ni/PhgP (1/1/10) or3b/Ni/mTolzP phine ligands in in situ-formed nickel phosphinophenol(ate)
(1/1/5), rather than to shift the conversion toward markedly phosphine catalysts, 2,2RGsH4OH and RP, have different
lower oligomers as observed f8a/Ni/PhsP (1/1/n) (n =1 functions in the oligomerization of ethylene. The necessity
to 15) or3a/Ni/mTolsP (1/1/n) (n =1, 3, 5). Finally, even  of one and the inactivity of systems with two phosphinophe-
the addition of the small and highly P-basic trimethylphos- nol per nickel give evidence that the P, O ligand forms the
phine causes mainly formation of waxy polymers. However, essential structural featurthe stabilizing backbone of the
in this case the amount of lower oligomers is higher for nickel catalyst as seen in the known square-planar single-
the catalysBb/Ni/MezP (1/1/3) as compared t8b/NiMe3P component organonickel phosphinophenolate phosphine
(1/1/1) (Tables 1 and @ oligomerization catalysts. The strorigans effect of the

The catalyst system3b/Ni/R3P distinguish themselves ~phosphino group allows rapid exchange of trensligand
from 3a/Ni/R3P not only by different effects on the mole- by the nucleophiles present in the solution, ethylene, phos-
cular weights and catalystedctivation, but also by the Pphine additives, and solvent, deactivation by a free phos-
impact of triarylphosphines o the reaction rate. Under Phinophenolate ligand, or interactions withgahydrogen
comparable conditions, BR and mTolzP cause similar ~ atom of the Ni-alkyl chain to start the olefin elimination
drops of the maximum reaction rates (Tl 6000—9000  step. The different properties of the catalyst systems based
mol mol~1 h—1) while the bulkier phosphineTolsP displays on 3a and 3b, respectively, indicate a distinct influence of
a weaker influence (TQax 11,000 mol motth—1). Addi- the 2-diphenylphosphino and the 2-dicyclohexylphosphino
tion of the highly basic but even more bulky triarylphosphine group on the P-Ni bond in the"®Ni chelate and the
TMOP (three and seven molar excess) cause only slightly di- interplay with the nucleophiles, controlled y-bonding,
minished reaction rates (6000-7000 mol midi—1). In all m-bonding, and steric factors. Such differences were also
cases, the reaction rates decrease strongly after a more opPserved for defined variously P-substituted methylnickel 2-
less short period of a steep pressure drop in the beginning®hosphinophenolate trimethylphosphine single component
(Fig. 5). As the rate of the polymerization of ethylene by Oligomerization catalystgl2], and a comparison may help
3/Ni in toluene is diminished by addition of olefifis3] or 'O understand the behavior of the in situ catalysts.
by use of liquida-olefins in place of toluene, in case of Dllsopropylphltasph|no derivatives were found to be more
3b/Ni much stronger than bga/Ni [32], this is attributed to  fluxional (s:harﬁ P NMR doublets only at-70°C, diphe-
interactions of the cataly8b/Ni/RsP (R= aryl) with thea- nylphosphino derivatives 40 to—30°C), to be catalytically
olefins formed. Excess of triphenylphosphine suppresses thisore active (higher TON), and to give higher molecular
influence as shown by the rapid conversion of ethylene (999 Weight oligomers than diphenylphosphino derivatij2].
within 1.1 h) to HDPE by8b/Ni/PhgP (1/1/5) (Table J). It is supposed that the more rapid replacement of PMe

In contrast to the different response 3#/Ni and 3b/Ni the complex by solvent (in absence of ethylene) and the
to triarylphosphine additives, the influence of the small and '°Nger oligomer chain lengths on use in ethylene oligomer-

highly basic trimethylphosphine on the oligomerization rate |zat|.on (smaller relative rate of olefin 9I|m|nat!on versus
is similar and strong in botBa- and 3b-based nickel cata- chain growth) are due to weaker bonding or interactions
lysts of o-donors (PMe, g-hydrogen atom of Ni-alkyl in tran-

sition state) oppadte to the basiciPrP ligand, and that
the higher catalytic productivity is due to stronger fixation
of the r-acidic ethylene (higher equilibrium concentrations
of intermediate ethylene complexes) and subsequent inser-
tion of ethylene into the Ni—C bond. The behavior of the in
situ-formed catalyst8a/Ni/R3P or 3b/Ni/R3P fits similarly
with the assumption of higher equilibrium concentrations
of intermediates with balanced charge at nickel as a main
controlling factor 6cheme R Thus, the decreasing rate of
ethylene conversion b3a/Ni/triarylphosphine with increas-
ing concentration or basicity of triarylphosphines (so far as
they are not too bulky) can be ascribed to favored coordina-
tion of phosphines«-donors, weakr-acceptors) opposite

0 time (h) 1 to the PP donor site, while the lower effect of triarylphos-

phines and stronger impact of olefins on the reaction rate

Fig. 5. Pressure—time plots for batch oligomerization of ethylene 3tithi in catalyses withBb/Ni/triarylphosphine (P basicity o8b
and (a) no additive (reference), (b)4™ (c)mTolsP, (d)oTolsP, (e) MeP, higher than of3a) points to a shift in favor oftrans in-
each in ¥1/1 molar ratio. teractions to ethylene or olefins {donors,-acceptors).

pressure (bar)
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The effect of small donors like trimethylphosphine remains

[2] W. Keim, New J. Chem. 18 (1994) 93.

strong, however, and suggests that the steric situation is also [3] KA. Ostoja-Starzewski, J. Witte, in: R.P. Quirk (Ed.), Transition

an important factor in the subtle balance of intermediates
controlling the conversion of ethylene. The lowered selec-
tivity of 3a/Ni/R3P catalysts containingTolsP or mTolzP
additives might be induced by a competitngns effect of

the relatively basic triarylphosphine ligands which lower the
stability of the P'O chelate.

5. Conclusions
Catalysts for the oligomerization of ethylenedteplefins

of defined molecular weight ranges and selectivity can
be obtained from 2-diphenyl- or 2-dicyclohexylphosphino-

phenol, nickel bis(1,5-cyclooctadiene) and an appropriate

amount of a suitable tertiary phosphine additive in toluene.
The 2-phosphinophenols form the backbone of the nickel
catalyst while the phosphine additives, competing with eth-
ylene and olefins for coordination in tir@nsposition to the

2-phosphino group, allow tuning of the catalyst properties.
A rough estimation of the effects of other substituents or ad-
ditives and of the scope and limits for application of such

Metal Catalyzed Polymerizations [Proc. Int. Symp.], second ed., Cam-
bridge Univ. Press, Cambridge, UK, 1988, p. 472.
[4] G.J.P. Britovsek, V.C. Gibson, D.F. Wass, Angew. Chem. Int. Ed. 38
(1999) 428.
[5] S.D. lttel, L.K. Johnson, M. Brookhardt, Chem. Rev. 100 (2000) 1169.
[6] S. Mecking, Coord. Chem. Rev. 203 (2000) 325.
[7] W. Keim, F.H. Kowaldt, R. Goddard, C. Kriiger, Angew. Chem. Int.
Ed. Engl. 17 (1978) 466.
[8] W. Keim, A. Behr, B. Gruber, B. Hoffmann, F.H. Kowaldt, U. Kir-
schner, B. Limbacker, F.P. Sistig, Organometallics 5 (1986) 2356.
[9] K.A. Ostoja-Starzewski, L. Born, Organometallics 11 (1992) 2701.
[10] D. Matt, M. Huhn, J. Fischer, ADe Cian, W. Kl&ui, |. Tkatchenko,
M.C. Bonnet, J. Chem. Soc. Dalton Trans. (1993) 1173.
[11] P. Braunstein, Y. Chauvin, S. Meec, L. Saussine, A. De Cian, J. Fi-
scher, Chem. Commun. (1994) 2203.
[12] J. Heinicke, M. He, A. Dal, H.-F. Klein, O. Hetche, W. Keim,
U. Florke, H.-J. Haupt, Eur. J. Inorg. Chem. (2000) 431.
[13] J. Heinicke, M. Koéhler, N. Peulecke, M. He, M.K. Kindermann,
W. Keim, G. Fink, Chem. Eur. J. 9 (2003) 6093.
[14] J. Heinicke, M. Koesling, R. Briill, W. Keim, H. Pritzkow, Eur. J. In-
org. Chem. (2000) 299.
[15] K. Hirose, W. Keim, J. Mol. Catal. 73 (1992) 271.
[16] M.O. Kristen, J. Heinicke, W. Keim, M. Kéhler, M. He, DE Patent
19,955,454 (1999), to BASF.
[17] A. Held, F.M. Bauers, S. Mecking, Chem. Commun. (2000) 301.

catalysts in the ethylene oligomerization should be feasible [18] F.M. Bauers, S. Mecking, Macromolecules 34 (2001) 1165.
based on the above results and assumptions made to undef19] U. Klabunde, R. Mulhaupt, T. Herskovitz, A.H. Janowicz, J. Ca-

stand the in part controversial behavior 2#/Ni/PR3 and
3b/Ni/PR3 catalysts.
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