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Large-ring P/O chelate nickel complex
catalyzed oligomerization of ethylene to
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1,1-(Bicyclononyl-9-phosphino)hendcanoicacid
and potassium 1,1- (biscycloheylphosphino)
hendecylatewere synth A _model nickel
complex [n® CsHla]N'[(C8H14)P(CH2)10COO]
containing a 14-memberedchelatering wasalso
synthesized.The catalytic activity of this large
chelatering nickel complexfor the oligomeriza-
tion of ethylenewas studied and compared with
that of six-memberedring chelate nickel com-
plexes. The influence of the chelate ring was
rationalized in terms of intramolecular rotation.
The 14-membered ring P/O chelate nickel
complex was shown to have efficient catalytic
activity for the oligomerization of ethyleneto a-
olefins. Copyright © 2000John Wiley & Sons,
Ltd.
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INTRODUCTION

Chelatenickel complexesf P/Oligandshavebeen
usedascatalystprecursordor the oligomerization
of ethyleneln the Shell SHOP processfor more
than20years! This catalysthasthreeadvantages—
(1) the productcan be separatedrom the catalyst
solution by itself becauseof naturaldemixing; (2)
the catalystis reusable;(3) the catalysthas high
selectivity to linear a-olefins—thatare in keeping
with the demandf the modernchemicalindustry

* Correspondnce to: He-Kuan Luo, Polymer Division, Beijing
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Republicof China.
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for environmental protection and good use of
resources. Therefore this kind of catalyst has
alwaysbeenof interestfor the following study?>

The componentsand structure of the chelate
nickel catalystshave beenstudiedin depth. The
substituentsof phosphinecan be phenyl, alkyl,
naphthenidase acetoxylandheterocyclicradicals
etc.; oxygen-containingchelategroupshave been
developed,ranging from carboxylic to phenolic
groups, ketone and sulfo groups; and these
structural changeshave been proved to have a
greatinfluence on catalytic activity and product
distribution. But all the ligands reportedin the
literature are four or five atomsin length, and
thereforethe chelatering is five- or six-membered.
This catalyst model has not been superceded.
Usually,in five- or six-memberedahelaterings,the
tetrahedral configuration of the carbon atom is
slightly distorted, and the correspondingcyclo
compoundis stable. But some large-ring cyclo
compoundslsoexistin manynaturalcompounds,
such as musk and civetone. Because of the
flexibility of the long carbonchainin alargering,
the tetrahedralkconfigurationhasalmostno distor-
tion and thereforethe large ring is also stable;
accordingly we assumedthat large-ring chelate
nickel catalystsalso have catalytic activity for the
oligomerization of ethylene, and also that con-
formational changesof the large ring causedby
intramolecularrotation of -bonds,andthe strong
movementf the largering havea greatinfluence
oncatalyticactivity. Inquiring into this questiomot
only hassignificancein theory,but couldalsolead
to developmenbf a new kind of catalystfor the
oligomerizationof ethylene.Here, we report the
synthesiof two typesof long-chainP/O bidentate
ligand, the synthesisof 14-membereding chelate
nickel complexesandthe useof thesecomplexes
asthe catalystprecursorfor the oligomerizationof
ethylene.
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RESULTS AND DISCUSSION

Synthesis of long-chain P/O
bidentate ligands

The following operationswere carried out under
No.

Synthesisof 11(bicyclononyl9-phosphino)
hendecanoicacid (1)

/(CHz)mCOOH /(CHz)mCOOH
p P
&5 0

[3.31] isomer [4.21] i somer
1

To a 100-ml three-neckedflask equipped with
reflux condenserand constant-pressureropping
funnel, 8.6g (0.06mol) 9-phosphinobiscycloro
nane, 16 ml hendecanoiacid and 20ml toluene
were added, then a solution of 0.5g azobisiso-
butyronitrile in 15ml toluenewasaddedslowly at
70-75°C with stirring. The final solution was
stirred for 3 h. Then toluene was distilled under
normal pressure,unreactedCgH,4,PH (58—-60°C/
0.5mmHg) and hendecanoicacid (138-14C°C/
0.5mmHg) were distilled underreducedpressure
and the solid product came out of the residual
solution with a pale yellow color. A colorless
crystallineproductwasobtainedby recrystalization
from chloroform: m.p. 39-40°C. Elementary
analysis(C1gH350,F): calcd: C, 69.90; H, 10.81;
Found:C, 69.55;H, 10.83%.IR (cm™-): voy 3600—
2500, vey 2922.4, 2851.0, ve=o 1709.4, vcy
1452.5, 1421.0, vep 1197.1, 1114.2, 3P NMR
55 ppm):[4,2,1]isomer,—2.4;[3,3,1]isomer—37.2
H NMR (o, ppm): 10.86 (COOH), 2.82 (CH in

fring), 2.51(CH,COOH),2.19(CH,P), 1.82(CH, in
ring), 1.49 (CH, in chain). 3C NMR (9, ppm):
178.9(COOH), 34.3and29.4-29.1(CH, in chain),
39.5and 38.9 (PC), 35.6, 34.9, 34.0, 33.7, 25.8,
25.2(Cin ring).

C>\P—(CHZ) 10C00K
4

2

Synthesisof potassium11-(biscyclohexyl
phosphino)hendecydte (2)

To a 100-ml three-neckedflask equipped with
reflux condenserand constant-pressureropping
funnel, 129 (0.06mol) (CgH11)-PH and 0.07mol
hendecanoi@acid and 40ml toluene were added.
Thena solution of 0.82g azobisisobutyronitrilén
20ml toluene was addedslowly at 75 °C with
stirring, and the final solution was stirred for 3 h.
Thentoluene,unreacted(gH11),PH and hendeca-
noic acid were distilled under reduced pressure
(170°C/0.5mmHg), leavinga paleyellow residual
solution,to which 20 ml anhydrousethyl etherand
a solution of 10g KOH/anhydrousethyl ether
solution were added.By filtration 8g of a pale
yellow solid powder was obtained. Elementary
analysis(C,3H4,0,PK): Calcd:C, 65.67;H, 10.06;
Found: C, 65.31%; H 10.24%. IR (cm%): vcu
2924.3,2851.0vce,- 1564.4,1413.9,vpc 1467.9.
3P NMR (8, ppm): —6.0.

Large-ring P/O chelate nickel
complex catalyzed oligomerization
of ethylene

Catalyst precursors were prepared in situ
NiCl,-6H,0O (0.0173mmol) and 0.0173mmol of

Table1l Large-ringchelatenickelcomplexesomparedvith six-membereding chelatenickel complexesn catalytic

oligomerizationof ethylene

Productdistribution (%)

Reaction Activity
Ligand® (L) Temp.(°C)  time(h) g/(gNi.h) CP Co1d Ci2.°  Chelatering
1 90 1.50 1416 70.9 29.1 0 14-membered
2 130 1.25 82 37.8 57.0 5.2 14-membered
4 125 1.25 2783 25.4 42.1 32.1 6-membered
5 80 1.50 1543 88.4 10.8 0 6-membered

@ Ligands 1 and 2 are identified in the text. 4 Sodiumbiscyclohexylphosphinopmonate;5 Sodium 9-phosphinobiscyclononyl-
EropionateLigand L, NaBH,; andNi wereusedin the molar proportionL/NaBH,/Ni = 1:2:1.

Carbonatomscontainedn product.

Copyright© 2000JohnWiley & Sons,Ltd.
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long-chainP/Obidentatdigand 1 or 2 wasaddedo
a 200ml steel high-pressureautoclave equipped
with a magneticstirrer. The autoclavewasflushed
out with ethyleneat leastthree times, and 45ml
1,4-butanediolvasintroduced At 25-35°C. 0.5m
NaBH,/DMF solution was addeddropwise, then
stirredfor 30min. In thisway the catalystprecursor
waspreparedandreducedn situ. After reactionfor
1-1.5h at the chosenemperatur€80-130°C) and
pressurg(7.5-8.5MPa), the autoclavewas cooled
to roomtemperatureandthe productwasanalyzed
by GC. The experimentalesultsfor two large-ring
chelatenickel complexesandcomparisorwith six-
membereding chelatenickel complexesareshown
in Table1.

FromTablel, it canbeconcludedhatlarge-ring
P/Ochelatenickel complexeof ligandsl and2 are
active for the oligomerizationof ethylene.There-
fore the catalytic modelof a five or six-membered
chelatering in the SHOP processwas extended.
When the substituentgroup of the phosphineand
the chelateatomarethe same the catalyticactivity
of the large-ring P/O chelatenickel complexwas
lowerthanthatof six-membereding chelatenickel
complexesAlso the high proportionof («)-olefins
producedby large-ringchelatecomplexdecreased
comparedwith six-memberedring chelate com-
plexes.When the substituentwas 9-phosphinobi-
cyclononyl (having a small volume,) the catalytic
activity decreasedlightly. When the substituents
were biscyclohexyl (having a large volume,) the
activity decreasedyreatly. The effect on product
distributionis similar to that of six-membereding
chelatenickel, thatis, thecomplexcontainingthe9-
phosphinobicyclononydrouphashigherselectivity
to lower («)-olefinsthanthe complexcontainingthe
two cyclohexyl groups. These results can be
rationalized by the concept of intramolecular
rotation. In Table 1, the 14-membereding in the
nickel complexconsistsof ten C—C binds,oneNi—
O bond,oneNi—P bond,oneP-CbondandoneC—
O bond. Becauseof the rotation of thesesingle
bonds,the large chelatering hasmany configura-
tions in space, which shift constantly; some
conformationshavesterichindranceto activesites,
whichis unfavorableo the formationof long-chain
(«)-olefins. Thereforelarge-ringchelatenickel has
higher selectivity to lower (x)-olefins than six-
memberedhelatenickel, andthe activity is lower
thanthat of the six-membereding chelatenickel.
Regardinghesubstituenbnthephosphinesmaller
one have less influence than larger oneson the
chelatering andlesssteric hindranceto the active
site, andthe chelatering is more stable.Therefore

Copyright© 2000JohnWiley & Sons,Ltd.

the catalytic activity of complexes containing
9-phosphinobicyclononyl(having less volume)
decreasedslightly, and the catalytic activity of
complexesontainingbiscyclohexyl(havinggreat-
er volume)decreasedreatly.

The above rationalization was based on the
assumptionthata 14-membereding chelatenickel
complexwasproducedsothekeyaimin this paper
is to improvethe survival of this complex.

/(CHz)mCTO /CHz)mC\:O
N i 0 A Ni\/o
[ 7 / /

[3.31] isomer [4.2.1] i somer

Synthesis and characterization of
large-ring P/O chelate model

complex .
ng—csu131Ni[(c8|-|14)P(CH2)1ocool

A model nickel complex (3) containing a 14-
memberedchelate ring was synthesizedby the
reactionof 6 mmol Ni(cod), (cod,cyclo-octadiene)
with 4.7 mmol C8H514P(CH2)COOH at room tem-
peraturein toluene? After reactionfor 1.5h, low-
boiling compoundssuchastolueneand1,5-cyclo-
octadiene,were distilled under reducedpressure.
The residuesolid was dissolvedin 20ml toluene
and 10ml 1-octene,Ni(cod), was filtered out, at
—30°C and after evaporationunder vacuumred
crystalscameout of the filtrate: m.p. 225-226°C.
Elementaryanalysis:Calcd: C, 65.47;H, 9.97; P,
6.25;Ni, 11.96;Found:C, 65.28;H, 9.41%;P,6.11;
Ni, 11.85%.Thecharacterizatioby NMR andIR is
listedin Table2.

From the comparisonof IR dataof complex3
with thecorrespondindigandl, thechelateoxygen
atomexistedas—COOH (1704cm™Y) in ligand 1,
but in complex 3 it existed as —COO (IR
absorptiorat 1572.and1408.1cm %, showingthat
oxygencoordinatedvith nickel). The3'P NMR (9)-
valuesof phosphindn ligand 1 are —37.2ppmfor
the [3.3.1] isomer and —2.4ppm for the [4.2.1]
isomer;afterreactionwith Ni(cod), they shiftedto
—-3.6,—-9.6, —15.5ppm and40.2, 33.6,28.8ppm,
respectively,showing that phosphinecoordinated
with nickel. At the sametime complex3 wasalso
characterized by MS; fragments such as

Appl. Organometal Chem.14, 389-393(2000)
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Table 3 3P NMR dataof somenickel chelatecomplexes

Complex

Chemicalshift (ppm)

[7-CgH1aNi[(CeH14)P(CHy)16CO0] (3)

[1% -CgH13NI[Ph,P(CHy)1cCOO]
3 [ ——— |
[17® -CgH1aNi[Ph,PCH,COOQ]
1
[1® -CgH1aNi[Ph,PCH,COO]

[3.3.1] isomer:—3.6,—9.6,—15.5
[4.2.1]isomer:40.2,33.6,28.8
28.8
-3.2

15.6

HNi[(CHz)mCOb(CBng)] and CgH,3 were de-
tected.Overall, the above statementshow that a
14-membered chelate nickel complex 3 was
producedby reactionof ligand 1 with Ni(cod),.

Themodelcomplex3 hadthreesignalsin the3'P
NMR spectrumfor boththe[3.3.1] isomerandthe
[4.2.1] isomer. We also studied some similar
chelate nickel complexes,and found that these
othercomplexeshadsinglesignalsin the 3P NMR
spectra(seeTable 3.) It is suggestedhatthe three
signalsof 3 were probably due to three different
conformationgausedy intramoleculaiinteraction
of large groups;their structureswere difficult to
assign exactly, and so further studies on the
structuresareneeded.

In orderto studythe structureof chelatenickel
catalystaunderreal oligomerizationconditions,our
grouphasstudiedthein situ IR spectraby using[#>-
CgH13Ni[Ph,PCH,COQ] as the catalyst precur-
sor® the result showedthat IR absorptionof the
carbonyl (ve=0) had no evident shift, indicating
that the catalystkeepsits chelatestructureunder
oligomerizationconditions.

CONCLUSION

Two kinds of long-chain bidentateligands, 11-

Copyright© 2000JohnWiley & Sons,Ltd.

(bicyclononyl-9-phosphio)hendecanoicacid (1)

andpotassiuml1-(biscyclohexylphospho)hende-
cylate (2), were synthesizedand when they were
usedastheligandsin the SHOPP/O chelatenickel

catalystthe catalyticactivity wasefficient. A model
complex [ CgH13Ni[(C gH14)P(CHp)14CO0] (3)

containinga 14-memberecchelatering was also
synthesizedThelarge-ringchelatenickel complex
provedto have efficient catalytic activity for the
oligomerizationof ethylene,addingnew types of

catalystfor the SHOP-process.
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