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Abstract

In the present paper, the dimerization of propylene to 2,3-dimethylbutenes (DMB) with fluorinated nickel precursors, such
as bis(tetradecafluoro-4,6-nonandionate)nicke®dinf [Ni(tdfnd),(dmf);] and bis(hexafluoro-2,4-pentandionate)nickel(ll)
[Ni(hfacac)], in combination with phosphine ligands and aluminium alkyl promoters, was investigated in fluorous solvents
as reaction medium with the aim of realizing a catalytic process operating in a fluorinated biphasic system (FBS). The role of
the nature of the perfluorinated medium was carefully examined and significant productivities (TOF2§ @060 it1) were
ascertained. Also fluorinated phosphine ligands were used with the aim of improving catalyst solubility in the fluorinated
phase. Finally, with the aim to reach the same goal, tris(pentafluorophenyl)borag&{B{Cvas also employed in the place
of organoaluminium co-catalysts. However, in all the catalytic experiments a progressive migration of the catalyst towards
the hydrocarbon phase, generated by the formation of the oligomeric products, was observed, thus evidencing the difficulty
of realizing a FBS olefin oligomerization catalytic process, at least under the adopted conditions. © 2002 Elsevier Science
B.V. All rights reserved.

Keywords:Fluorous biphasic systems; Ethylene oligomerization; Propylene dimerization; Perfiiidiketonate nickel catalysts;
Organoaluminium co-catalysts; Phosphine ancillary ligands; Tris(pentafluorophenyl)borane

1. Introduction tion products and its recycle. With the aim to combine
the advantages of the homogeneous catalysis with
Reactions in homogeneous phase catalyzed bythose of the heterogeneous one, the anchorage of the
transition metal complexes have always focused the metal complexes on solid supports, both organic and
research interest due to their high activity and selec- inorganic, has been largely applied [1-5].
tivity. However, the main drawback of these processes  However, this approach suffers of severe limitations,
is represented by the catalyst recovery from the reac- particularly in terms of metal leaching and lower ac-
tivity of the resulting heterogenized catalytic systems
- [6,7].

* Corresponding author. Tel39-050-918222; An alternative route is to work in a liquid—liquid
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that catalyst and reagents may be soluble in one complexes which, contrarily to the reaction products,

phase and the reaction products in the other one. Inare soluble in perfluorinated solvents [15]. More re-

fact, in this way the catalytic process may occur in cently, Keim studied the oligomerization of olefins in

homogeneous phase and at the same time the catalysFBS catalysis by the use of tiediketonate nickel

may be easily recovered by separation of the two complex () (Chart 1) modified by a long perfluori-

phases. nated alkyl chain [16]. However, the activity of the
The concept of catalysis in a double layer was system in ethylene oligomerization resulted rather

firstly industrially applied in the SHOP process for low (TOF up to 2500 h') and a certain metal release

the production okx-olefins from ethylene [9], where  towards the hydrocarbon phase was observed.

the nickel catalyst is soluble at high temperature and

pressure in 1,4-butandiol, whereas the reaction prod- CF3 CF;

ucts generate another phase which may be easily sep- chp—cpz—O%CF A CH;

arated. Another example is represented by Hoechst YY

olefin hydroformylation processes which operate with A

a proper phosphino-modified rhodium catalyst soluble ""Ni‘:l

in water phase, where the aldehyde products are com- é °%§,

pletely insoluble [8—-11]. More recently, an increasing

attention was devoted to the possibility to use perflu- I

orinated solvents for generating a liquid phase where Chart 1

the catalyst may work, the reaction products being

collected in another phase [12,13]. In principle, this  In this context, very recently we succeeded to

would be realized quite easily because perfluorohy- prepare the bis(tetradecafluoro-4,6-nonandionate)-

drocarbons are usually non-polar compounds having nickel(ll)-2dmf [Ni(tdfnd)(dmf);] (I1) (Chart 2)

very low intermolecular interactions which prevent which was found to be very active in the oligomer-

them to be compatible with the most common organic ization of propylene in the presence of phosphine

products. Of course, it is essential that in this pic- ancillary ligands and organoaluminium co-catalysts

ture both the catalytic system and the reagents may [17]. Therefore, in the present paper the activity and

be appreciably soluble in the fluorinated phase. This selectivity of nickel catalysts based dh as well

may be approached by introducing in the metal cata- as on bis(hexafluoro-2,4-pentandionate)nickel(ll)

lyst precursor one or more ligands characterized by [Ni(hfacac)] (I11) precursors (Chart 2) will be stud-

long perfluorinated alkyl chains. This novel technique ied in the dimerization of propylene to 2,3-dimethyl-

operating in a “fluorinated biphasic system” (FBS) butenes (DMB) with the aim of realizing a FBS

catalytic process.

I I
Chart 2

may be considered as the most recent approach in Particular attention will be devoted to the na-
the biphasic catalysis [14]. An interesting example of ture of the perfluorinated medium adopted for the
FBS catalysis is represented by the oxidation of alde- reaction process. The use of fluorinated phosphine
hydes to the corresponding acids by nickel catalysts ligands for improving catalyst solubility in the flu-
based on bis(perfluorinateRtdiketonate)nickel(ll) orinated phase will be also considered. Finally,
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tris(pentafluorophenyl)borane [B{Es)s], recently
used for the activation of Brookhart-type nickel cat-
alysts in ethylene polymerization [18], will be also

checked as co-catalyst in the place of organoalu-

minium compounds with the aim of improving cat-
alyst solubility in the fluorinated phase and hence
readily obtaining its separation from the reaction
products as well as its recyclability.

2. Experimental

All manipulations were carried out under dry ar-

11

weight of 580, was distilled and stored under dry ar-
gon. Its molecular structure is represented as follows:
CF~{[0~CF(CR)-CF],~{0~CF],, }-O-CF.
Propylene (Ucar) was used as received.
Bis(1,1,1,2,2,3,3,7,7,8,8,9,9,9-tetradecafluoro-4,6-
nonandionate)nickel(H2dmf [Ni(tdfnd)(dmf),] (11)
was prepared as previously described [17], according
to a general procedure reported for the synthesis of
nickel complexes with other perfluorinated ligands
[19]. mp = 76°C. Calc. for GgH1406N2F2gNi: C
31.6%, H 1.3%, O 9%, N 2.6%, F 49.9%, Ni 5.5%.
Found: C 31.8%, H 1.5%, F 50.3%. FT-IR (KBr
disc): 1651 ¢co), 1380 fagy,), 1345 fagy,), 1260

gon in Schlenk-type vessels, using anhydrous, air free, (Vsr. ), 1245 @SCF yem 1 l9|: NMR: 8 = —80 (s, 3F,

reagents and solvents.

2.1. Materials

Anhydrous toluene (Baker) and-hexane (Carlo
Erba) were obtained by distillation on K/Na alloy un-

der dry argon and stored on molecular sieves (4 A).

N,N-dimethylformamide (dmf) (Aldrich) was purified
by distillation at reduced pressure.
Bis(1,1,1,5,5,5-hexafluer2,4pentandionate)Ni
[Ni(hfacac)] (I11) (Aldrich), sodium methoxide (Me-
ONa) (Aldrich), cupric acetate Cu(OAg)(Carlo
Erba), nickel chloride hexahydrate (Ny&bH,O)
(Carlo Erba), tricyclohexylphosphine (P§)yAldrich),
triisopropylphosphine  (Prs) (Fluka), tris(penta-
fluorophenyl)phosphine [P@Es)3] (Aldrich), mono-
chlorodiisopropylphosphine  (CIPr)  (Aldrich),
pentafluorobromobenzene (Aldrichf-butyllithium
(BuLi) (Aldrich) in n-hexane solution (2.5M), ethy-
laluminium sesquichloride (BAI>Cl3) (Aldrich)
in toluene solution (0.91M), methylalumoxane
(MAO) (Witco) in toluene solution (4.5M) and
tris(pentafluorophenyl)borane (Aldrich) were stored
under dry argon and used as received.
Perfluorohexane  (Aldrich), perfluorodecalin
(Aldrich) and perfluorobenzene (Aldrich) were de-

-CFs), —120 (s, 4F -Ch). .

Pentafluorophenyldiisopropylphosphine §gG)P
Pry] was prepared according to a general procedure
described for other differently substituted phosphines
[20]. In particular, 5ml (40 mmol) of pentafluorobro-
mobenzene in 500 ml of anhydroushexane were
introduced under dry argon in a 11 flask equipped
with a dropping funnel, a condenser and a magnetic
stirrer and then cooled at78°C. Subsequently,
40 mmol of BuLi in n-hexane solution were added
dropwise. After 1h under vigorous stirring, 3.079
(20mmol) of CIPPr, were added at-78°C. The
reaction mixture was warmed up to room tempera-
ture and the liquid phase, after separation from the
solid LiBr by siphoning off, was evaporated under
vacuum to give a liquid residue. This was distilled
(bp = 120°C/1 mmHg) to afford 4.2g (14.8 mmol)
(74% yield) of pure GFsPPr, which was charac-
terized by gas chromatography—mass spectrometry
(GC-MS), FT-IR, H, 13C, 31p and'°F NMR.

FT-IR (liquid between two KBr discs): 2962
(vagon,)» 2930 Qageyy), 2893 by, ), 2870 fsgyy), 1638
(vc—c, aromatic), 1466 tYascrb) 1386 and 1368
(gemchy), 1087 fcr, aromatic) cmt. 'H NMR:

8 = 2.45 (hept, 1H, CH), 1.32 (hept, 1H, CH), 1.14
(dd, 6H, Chy) and 0.96 (dd, 6H, Ck) ppm. 13C

gassed by several freeze-thaw cycles and stored undeNMR: § = 20.4 (m, CHs), 23.4 (dt,}Jp—c = 12Hz,

dry argon.

Methy! heptafluorobutanoate (MHFB) (Fluorochem
Ltd.) and methyl-heptafluoropropyl-ketone (MHFPK)
(Fluorochem Ltd.) were stored at20°C and used as
received.

The perfluoroether Galden HTl@O kindly sup-

4Jc— = 4Hz), 134.7, 139.9, 146.4, 151.2 (m, aro-
matic) ppm.1°F NMR: § = —1280 (dt, 2F,ortho-
aromatic),—151.3 (t, 1Fpara-aromatic),—161.2 (dt,
2F, metaaromatic) ppm.3P NMR: § = 2.0 (t,
8Jp—r = 35Hz) ppm. GC-MSm/z = 284 M*t,
62.3%), 242 y** — C3zHg, 36.1%), 200 (°** —

plied by Ausimont and having an average molecular 2C3Hg, 34.4%), 43 (GH7, 100%).
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2.2. Catalytic propylene oligomerization experiments The pressure was manually held by repeated ethy-
lene feeds. The reaction was stopped by fast cool-
Catalytic batch experiments were performed in ing the autoclave and degassing unreacted ethylene
a 250ml mechanically stirred Buichi glass reactor, through a trap cooled at-10°C, then the liquid
equipped with a jacket circulating cooling fluid in products were collected, weighted and analyzed
order to maintain the reaction temperature at the by GC.
desired value. The proper amount of Ni(hfagac)
or Ni(tdfnd)(dmf), (0.02-0.042mmol) was intro- 2.4. Analytical procedures
duced under dry argon into a Schlenk-type vessel
and dissolved in the appropriate solvent at the reflux ~ The oligomeric olefin mixtures were analyzed
temperature. When either MAO or its mixtures with by GC on a Hewlett-Packard 5890 chromatograph
EtsAl,Clz were used as co-catalyst, after cooling at equipped with a flame ionization detector, a HP
50°C, the desired amount of BRdissolved in the PONA 50 m capillary column with a stationary phase
reaction solvent, was slowly added. Subsequently, the based on poly(methyl-phenyl-siloxane) and a HP
solution of the nickel/phosphine adduct was trans- 3396 integratom-Heptane was used as internal stan-
ferred into the reactor at room temperature and, dard. The following temperature program of the oven
under propylene atmosphere, the suitable amount of was adopted: 25C for 45 min, then the temperature
aluminium co-catalyst (Al/Ni= 100 mol/mol) was  was increased by a “€/min heating until 230C
added. When B(gFs)3 was used as co-catalyst, the was reached; this value was maintained constant for
nickel precursor was introduced in the Schlenk vessel further 40 min. In this way it was possible to separate
as previously mentioned, thens®l and the borane  the olefins of G-Ci2 cuts. The individual compo-
were added (Al/Ni and B/Ni= 5 and 1.5 mol/mol, nents were identified by comparison with authentic
respectively) eventually in the presence of B@Gg samples.
ancillary ligand; then the catalytic system was heated Elemental analysis (C, H, F) of the samples was
at 40°C for 1 h under propylene (1atm) and subse- performed at Enitecnologie SpA laboratories, S.
quently transferred into the glass reactor. In all cases Donato Milanese (MI).
the temperature was adjusted to the desired value and
the reactor was finally pressurized with propylene 2.5. Physicochemical measurements
up to 3atm. The pressure was manually held at that
value by repeated olefin feeds. In all cases the reac- FT-IR (Fourier transform infrared) spectra were car-
tion was stopped by degassing the unreacted propy-ried out on KBr pressed pellets of the samples by using
lene through a trap cooled atl0°C, then the liquid a Perkin-Elmer 1750 spectrophotometer. The spectral
products were collected, weighted and analyzed by data were processed by a IRDM Perkin-Elmer soft-
gas-chromatography (GC). ware.
IH, %F, (1H}-31P NMR (nuclear magnetic res-
2.3. Catalytic ethylene oligomerization experiments onance) spectra were performed by a Varian XL
Gemini 200 spectrometer operating at 200, 188.16
Catalytic batch experiments were performed in a and 80.95MHz, respectively, on samples in CPCI
150 ml rocking stainless steel autoclave. In a typical solution. Tetramethylsilane (TMS) was used as in-
procedure Ni(hfacag)(0.042 mmol) was introduced ternal standard fotH NMR spectrometry, whereas
under ethylene atmosphere into a Schlenk-type ves- CFCk and 85% HPO, were used as external stan-
sel and dissolved in toluene at room temperature. dards for!°F- and 3P NMR spectrometry, respec-
Then the proper amount of £l and/or B(GFs)3 tively.
were added and the resulting mixture was trans-  Melting points were determined by a Kofler Model
ferred into the autoclave under ethylene atmosphere. Reichter Thermovar.
Finally ethylene was charged up to 80atm and the The structure of Ni(tdfng)dmf), was determined
reaction temperature adjusted at the desired value byon a single crystal mounted on a Bruker P4 diffrac-
immersing the autoclave in a thermostatted oil-bath. tometer as previously described [17].
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3. Results and discussion system, under the same conditions as in entry 1, by
progressively increasing the amount of perfluorohex-
In order to check if it is possible to work in FBS ane with respect to toluene (entries 2—6, Table 1).
mode when propylene oligomerization is carried outin ~ When the toluene/perfluorohexane volume ratio
the presence of homogeneous nickel catalysts based orwas changed from 3 to 0.5, only a slight decrease
fluorinated B-diketonate precursors, preliminary ex- of regioselectivity to DMB within the € cut was
periments were performed in several perfluorinated observed (entries 2-5). This behaviour was accompa-
solvents by using Ni(hfacag)n combination with the ~ nied by a similar trend as far as the yield of DMB
basic and bulky PGyas ancillary ligand as well as  (Y) is concerned. The activity of the catalyst did

with different organoaluminium co-catalysts. not changed very much; however, on increasing the
relative amount of perfluorohexane, the productiv-
3.1. Propylene oligomerization ity of the process slightly decreased, except for the
by Ziegler—Natta-type catalysts based toluene/perfluorohexane volume ratio equal to one,
on bis(fluorinateds-diketonate)nickel(ll) where a maximum was obtained. Finally, when per-
precursors in perfluorinated solvents fluorohexane was used as unique reaction solvent

an appreciable decrease of the catalyst performances
Taking into account that the Ni(hfacag)l 1)/PCys/ was obtained (entry 6), regioselectivity, overall yield
MAO/Et3AI>Cl3 system was found to be highly ac- to DMB as well as productivity values being signif-
tive and selective in the dimerization of propylene to icantly lower than those found in toluene solution
DMB in toluene solution [17] (entry 1, Table 1), some [17] (entry 1). However, these data clearly indicate
experiments were performed with the above catalytic that perfluorohydrocarbons do not kill the catalytic

Table 1
Propylene oligomerization by the Ni(hfacacjl11)/PCys/MAO/Et3Al,Cl; catalytic system: influence of the nature and of the relative
amount of perfluorinated solvent on the catalyst performdnces

Entry Reaction solvent Dimers (%) 6C Co Ciot Yo TOF
Type Volume  Type Voume DMB  MP  HExe () (%) (%) (%) (=)
(ml) (ml)
1f Toluene 20 - - 77.6 21.2 1.2 82.9 14.8 2.3 64.0 14200
2 Toluene 30 GF149 10 72.1 26.0 1.9 80.5 16.1 3.4 58.0 14500
3 Toluene 20 GF149 10 70.6 27.2 2.2 78.0 17.7 4.3 55.1 12700
4 Toluene 10 GF149 10 72.8 26.0 1.2 70.3 22.6 7.1 51.2 16200
5 Toluene 7 GF149 14 74.4 23.8 1.8 74.9 20.4 4.7 55.7 12400
6 - - GsF149 20 60.0 35.1 4.9 81.9 14.9 3.2 49.1 8900
7 Toluene 9 GoF1g" 3 64.1 334 25 83.3 13.7 3.0 53.4 24100
8 Toluene 10 GoF1g" 10 65.8 325 1.7 73.6 19.6 6.8 48.4 18800
9 Toluene 14 GFé' 7 66.6 30.5 2.9 78.7 17.1 4.2 52.4 14900
10 Toluene 10 6Fe' 10 72.4 25.8 1.8 76.3 18.7 5.0 55.2 24800
11 - - CsF¢’ 15 81.3 17.3 1.4 56.0 25.6 18.4 45,5 1500

aReaction conditions-H1: 0.042 mmol; MAO/EAI,Cl3 = 6 mol/mol; Al/Ni = 100 mol/mol; P/Ni= 2.2 mol/mol; Pc,ns = 3atm,
time: 1 h; temperature-5°C.

b Overall yield to DMB, evaluated as percentage of DMB in thedDt x percentage of £cut in the oligomeric products.

¢Turnover frequency, determined as mole of converted propylene/(mole gfhi)li

d Methylpentenes.

€n-Hexenes.

f See [17].

9 n-Perfluorohexane.

h Perfluorodecalin

" Perfluorobenzene.

I MAO was used as unique co-catalyst (Al/Ni100 mol/mol) and 6C was adopted as reaction temperature.
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system, the TOF value being still rather high. More- a higher activity with respect to the corresponding
over, it is noteworthy that in all cases where a mixture catalyst fromlll (entry 1, Table 1) [17], although
toluene/perfluorohexane was used as reaction mediumlower regioselectivity and overall yield to DMB were
only the toluene phase resulted coloured during the observed. However, when a toluene/perfluorohexane
reaction process, thus indicating that the catalyst, mixture (1/1, v/v) was adopted (entry 13, Table 2) a
despite the presence around the nickel of a perfluo- halved activity was observed as compared with entry
rinated diketonate ligand, was mostly soluble in the 2 (Table 1) where thél1/PCys/MAO/Et3Al»Cl3 cat-
aromatic hydrocarbon phase. This was confirmed by alyst was used. When perfluorohexane was adopted
the data obtained in entry 6 where only perfluorohex- as unique reaction solvent (entry 14, Table 2) simi-
ane was used as solvent. In fact, as the reaction pro-lar activity and overall yield to DMB were observed
ceeded and the oligomeric products were formed, the as compared with entry 13, although an improve-
hydrocarbon phase generated by the formation of the ment of regioselectivity to DMB within the £cut
oligomeric products progressively became coloured, occurred. The increase of the relative amount of the
thus, suggesting that the catalyst migrated from the phosphine ancillary ligand with respect to the nickel
perfluorinated to the hydrocarbon phase. With the aim precursor from 2.2 to 3mol/mol (entry 15, Table 2)
to approach a catalytic FBS process, perfluorohexanecaused an improvement of catalyst productivity,
was substituted by perfluorodecalin (entries 7 and 8, the other performances remaining substantially un-
Table 1) and perfluorobenzene (entries 9-10, Table 1). changed. However, in all these experiments, despite
The replacement of perfluorohexane by perfluorode- the increased length of the perfloroalkyl chain in the
calin, although improved the productivity of the cat- diketonate ligand ofl as compared withll, no ev-
alyst, did not increased its performances in terms of idence of a FBS process occurred, the catalyst still
regioselectivity and overall yield to DMB. Moreover, being mainly soluble in the oligomers hydrocarbon
also in these cases the catalyst remained substantiallyphase.
soluble only in the hydrocarbon phase, thus preventing ~ With the aim to check if even the very low amount
its recycle by means of the separation and recovery of of toluene &1 ml) introduced in the reactor with the
the perfluorinated phase. An analogous trend was ob-organoaluminium co-catalysts, would be responsible
served by using toluene/perfluorobenzene mixtures asfor the preferential solubility of the catalyst in the hy-
reaction medium, although the comparison of entries drocarbon phase, an analogous experiment as in entry
4, 8 and 10, where equal relative amounts of toluene 15 was done, but using a toluene free MAO sample
and perfluorinated solvents were used, clearly indi- as unique co-catalyst (entry 16, Table 2). This was
cates that the best performances were obtained whenmade possible by precipitating MAO from its toluene
perfluorobenzene was adopted. However, when this solution with n-hexane. This procedure allowed also
was used as unique solvent and MAO was employed to eliminate trimethylaluminium (MgAl) which al-
as co-catalyst (entry 11), a drop of productivity was ways accompanies MAO in the commercial product.
observed. Moreover, notwithstanding a significantim- The similar performances obtained in entry 16 with
provement of regioselectivity to DMB within thegC  respect to the corresponding entry 15, may be ex-
cut (81.3%), a decrease of the overall yield to DMB, plained assuming that the detrimental effect of;¥le
due to the shift of the reaction products to higher in MAO is balanced by the co-presence o§&lCls.
oligomers, was ascertained. Indeed, the negative effect of Mil, alone or as com-
Taking into account that the Ni(tdfng(dmf), com- ponent of MAO, was previously evidenced for homo-
plex (1) is characterized by diketonate ligands with geneous and heterogenized nickel catalysts based on
longer perfluoroalkyl chains, nickel catalysts based on B-dithioketonate ligands [21,22].
this precursor were checked for propylene oligomer-  However, when the P/Ni molar ratio was increased
ization with the aim to confine them in the perfluori- up to 4 (entry 17, Table 2) a decrease of productiv-
nated phase more firmly with respect to those preparedity was observed, the other performances remaining
from 111, thus allowing to realize a BFS process. almost unchanged, owing to an increased coordina-
As reported in Table 2, the catalyldtPCys/MAO/ tive competition between the excess phosphine ligand
Et3AloCl3 displayed in toluene solution (entry 12) and the olefin. The use of perfluorobenzene alone as
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Table 2
Propylene oligomerization by Ni(tdfng)(I1)/PCys/organoaluminium catalytic systems: influence of the nature of organoaluminium
co-catalyst and perfluorinated solvent on the catalyst performances

Entry I P/Ni Solvent Dimers (%) € Co Croy Y TOF®

(mmol)  (mol/imol) 7 o Volume DMB  MP®  HEXe O ) ) ) (T

(ml)

12 0.029 2.2 Toluede 20 705 271 2.4 774 175 51 54.6 23200
13 0.020 2.2 GF8M 10 63.9 317 4.4 756 175 6.9 48.3 7100
14 0.023 2.2 GF149 20 75.7 224 1.9 709 195 96 53.7 6700
15 0.039 3.0 GF149 20 71.2 270 1.8 752 180 6.8 53.5 11400
16 0.039 3.0 GF149 30 64.1 340 1.8 829 151 20 53.1 11300
17 0.039 4.0 CeF149 20 67.0 306 2.4 787 171 42 52.7 8800
18 0.023 2.2 GFeK 10 723 256 2.1 743 192 65 53.7 20100
19 0.039 2.2 Galdén 20 58.8 379 33 849 132 1.9 49.9 6800

aReaction conditions—MAO/BAI>Clz: 6 mol/mol unless otherwise specified; Al/NE 100 mol/mol; Pc,ny = 3atm; time: 1h;
temperature—5°C.

b QOverall yield to DMB, evaluated as percentage of DMB in theddt x percentage of gcut in the oligomeric products.

¢Turnover frequency, determined as mole of converted propylene/(mole gfhi)li

d Methylpentenes.

€n-Hexenes.

fSee [17].

9 n-Perfluorohexane.

h A toluene/perfluorohexane mixture (1/1, v/iv) was used.

"MAO free of toluene and MgAl, obtained by precipitation witm-hexane, was used as unique co-catalyst (A#Ni0OO mol/mol).

I carried out by using three equivalents of phosphine with respect to Ni during the preparation of the catalytic system and one additional
equivalent in the reactor.

k Perfluorobenzene.

I Perfluoroether (see Section 2).

reaction medium (entry 18, Table 2) did not substan- in toluene modest productivity (TOE 1100 b 1) and
tially modified the chemo- and regioselectivity of the quite low regioselectivity to DMB{50%).
catalyst, although a significant increase of productivity ~ Better performances were obtained when the same
was observed. Finally, the use of the Galden perfluo- catalytic system was allowed to work in Galden as
roether as reaction solvent (entry 19, Table 2) appre- solvent (entry 21, Table 3). Finally, when MAO was
ciably reduced both the regioselectivity to DMB and adopted as unique aluminium co-catalyst (entry 22,
catalyst productivity. It is noteworthy that in entries Table 3) a quite low activity was achieved in toluene
16 and 17, carried out in rigorous absence of toluene, solution (TOF = 850h1), although a better re-
the catalyst once again was preferentially solubilized gioselectivity to DMB was obtained (67.8%). It is
by the hydrocarbon phase progressively formed by the noteworthy that, despite the presence of partially flu-
oligomeric products. orinated phosphine and perfluoroallfddiketonate
With the aim to increase the solubility in the per- ligands around the nickel sites, no evidence of a
fluorinated phase of the catalytic system based on preferential solubility of the catalyst system occurred
I, some experiments were done by adopting as an-in a perfluorinated solvent such as Galden (entry
cillary ligand the properly synthesized F,(CsFs) 21).
which in turn contains a perfluorinated phenyl Therefore, the addition of a perfluorinated phos-
moiety. phine, such as P@Es)3, to Il in the presence of dif-
As reported in Table 3, when toluene as solvent ferent organoaluminium co-catalysts was checked in
and a MAO/EtAl.Cls (6:1) mixture as co-catalyst order to improve catalyst solubility in perfluorinated
were used (entry 20), the resulting catalyst displayed solvents and hence to realize a BFS catalysis.
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Table 3

Propylene oligomerization by Ni(tdfngl)(I1)/PRs/organoaluminium catalytic systems: influence of the nature of catalyst components

well as of the perfluorinated solvent on their performafces

F. Benvenuti et al./Journal of Molecular Catalysis A: Chemical 178 (2002) 9-20

as

Entry PR Al co-catalyst Solvent Dimers (%) & Co Ciy  YP TOF®

% % % % h—1

DMB  MPY HEX® (%) (%) (%) (%) (h™)
20 PPry(CsFs) MAO/Et3Al ,Cl5f Toluene 50.8 44.4 4.9 77.4 17.4 5.2 39.3 1100
21 PPr(CéFs)  MAO/EtsAl,Clsf Galded  57.0 40.3 2.8 827  14.0 33 471 2400
22 PPr(CsFs)  MAO Toluene 67.8 30.0 2.2 552 263 185  37.4 850
23 P(GFs)3 MAO Toluene 7.6 74.0 18.5 93.8 6.2 0.0 71 6300
24 P(GFs)3 MAO/Et3Al ,Clsf CeFq" 75 74.1 18.5 93.2 6.8 0.0 7.0 4900
25 P(GFs)3 MAO CeF14" 95 65.3 25.2 89.0 9.2 1.8 85 2900
26 P(GFs)3 MAO! Galderd 8.1 74.2 17.8 91.7 7.7 0.6 74 2700

@Reaction conditions-H: 0.04 mmol; Al/Ni = 100 mol/mol; P/Ni= 2.2 mol/mol; solvent: 20 mlPc,ns = 3atm, time: 1 h; temperature:

—5°C.

b Overall yield to DMB, evaluated as percentage of DMB in thedDt x percentage of £cut in the oligomeric products.
¢ Turnover frequency, determined as mole of converted propylene/(mole rfhli

d Methylpentenes.

®n-Hexenes.

f MAO/Et3AlCl3 = 6 mol/mol.

9 Perfluoroether (see Section 2).
h n-Perfluorohexane

MAO free of toluene and MgAl, obtained by precipitation witm-hexane, was used as unique co-catalyst (A#Ni0OO mol/mol).

A preliminary experiment carried out in toluene
(entry 23, Table 3) allowed to check that, adopting
MAO as co-catalyst, the resulting catalytic system
displayed a significant activity (TOF= 6300 h1).

3.2. Olefin oligomerization by Ni(hfacac)
activated by B(GFs)3

Taking into account that all attempts to real-

However, as expected considering the less basic char-ize a nickel catalytic system steadily fixed in the

acter of P(GFs)3, a very low regioselectivity to DMB

was achieved (7.6%). When the experiment was re-

peated by using a MAO/BAI>Cl3 (6:1) mixture as
co-catalyst andh-perfluorohexane as solvent (entry
24, Table 3), similar results in terms of regioselec-
tivity and overall yield ) to DMB were obtained,
although a certain decrease of productivity was ob-
served (TOF= 4900 h1). Also the use of MAO ei-
ther in toluene solution or as solid (precipitated with
n-hexane) inn-perfluorohexane and Galden (entries
25 and 26, respectively) did not substantially modify
the catalytic performances in terms of selectivity to
DMB, although a further decrease of productivity was
observed.

However, in entries 24-26, where a fluorinated sol-

perfluorinated phase failed, notwithstanding both
the B-diketonate and the phosphine ligands around
the metal were modified by introducing long per-
fluoroalkyl and perfluorophenyl moieties, respec-
tively, an alternative approach could consist into
the use of an alkylating perfluorinated agent, such
as tris(pentafluorophenyl)borane [Bfs)s], as co-
catalyst.

Indeed, B(GFs)3, a Lewis acid of intermedi-
ate strength in between Bfland BF [23-26],
has been widely applied in combination with ti-
tanocenes and zirconocenes for the obtainement of
very active olefin polymerization catalysts [27-31].
Recently, it was also used in stoichiometric amount
with a-diimine nickel complexes for ethylene activa-

vent was used as reaction medium, again no evidencetion [18]. Indeed, an alkyl (hydride) nickel cationic

of preferential solubility of the catalyst in the fluo-

species is expected to be formed from dihalo- or

rinated phase was observed, the hydrocarbon layerdialkyl-a-diimine nickel derivatives [18,32], analo-
being progressively coloured, so as to prevent any gously to what reported for IV group metallocenes.

realization of a BFS catalysis.

(Scheme 1).
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Scheme 1.
In order to check the activity of the catalytic sys- [l (Al/Ni = 5mol/mol) before the addition of

tems based on perfluorinatpediketonate nickel com-  B(CgFs)3. In this case, no ethylene oligomeriza-
plexes, preliminary experiments were carried out in tion was observed until a temperature of°@was

ethylene oligomerization (Table 4).

reached, thus indicating that B{Es)3 is essential

When Ni(hfacag) (I11) was reacted in toluene to generate the active species, although a temper-

solution with a slight excess of BgEs)s (B/Ni

ature threshold is required for promoting this acti-

1.5mol/mol) under ethylene atmosphere (entry 27), vation process. Indeed, under these conditions and
a completely inactive catalyst was obtained, as ex- a Pc,H, equal to 80atm, a significant activity to
pected for a precursor employed in absence of an C4—Cjo oligomeric products was observed (TGF
alkylating species. Therefore, a subsequent experi- 3800 IT'1).

ment was performed (entry 28, Table 4) by adding, Indeed, E$Al should transformlll into an alkyl

under ethylene atmosphere, an excess GRAEto

nickel derivative [33] which would be subsequently

Table 4

Ethylene oligomerization by the Ni(hfacac]l1)/EtsAl/B(CgFs)3 catalytic systerh

Entry Co-catalyst Time (h) T (°C) Oligomerization products (%) TORNY)
Al/Ni ¢ B/Ni¢ Cy Cs Csg Cio Ciot+

27 0 15 1 20 - - - - - 0

28 5 15 0.5 40 89.0 8.5 24 0.0 0.0 3800

29 5 0 1 40 - - - - - 0

@Reaction conditions-H1: 0,042 mmol; solvent: toluene (20 mlIfc,H, = 80 atm.
b Turnover frequency, determined as mole of converted ethylene/(mole wfhili

¢Molar ratio.
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0. 0
\'N~/ Et;Al ./Et B(C¢Fs)s o, .
NC) BRI R
TN CaHy Y 7

Scheme 2.

€]
EtB(C¢Fs)3

activated by the borane with the formation of a cationic used in these experiments. When propylene oligomer-
nickel species (Scheme 2). ization was carried out under the same conditions as
A confirmation to the above picture is based on those adopted in entry 31 (8Q), but introducing
the fact that when BAl was added td 1l as unique PCy; (P/Ni = 2 mol/mol) before the addition of the
co-catalyst (Al/Ni= 5mol/mol) (entry 29, Table 4)  borane (entry 34), a drop of activity was observed, thus

the system resulted completely inactive. suggesting that the basic P£hehaves as a borane
Therefore, the same catalytic system was adopted scavenger. However, the regioselectivity within the C
in propylene oligomerization (Table 5). cut strongly increased moving from 4.6 to 59.8%, al-
When thel [ I/EtzAl/B(CgFs)3 catalyst was used in  though this value is still not satisfactory. The addition
toluene solution (Al/Ni= 5 and B/Ni= 1.5 mol/mol) of PCy; after the formation of the active nickel species,

in the 40-80°C range (entries 30-32) a significant ac- (evidenced by the occurring of an orange coloured
tivity was observed, TOF values in the 1100-2806h  solution), by introducing 1, EtzAl and B(CsFs)3 in

range being found, the maximum corresponding to that order (entry 35), seems to confirm this picture, an
a 60°C reaction temperature. As expected, when the improvement of productivity being observed notwith-

catalytic experiment was performed below@® (en- standing a higher temperature was adopted (30A
try 33) the catalyst was substantially inactive (TEF further confirmation comes from entry 36 where the
50 h~1). It is noteworthy that the analysis ofg@ut use of a higher relative amount of borane favoured the

clearly shows that less than 5% of the target DMB process productivity subtracting the phosphine ligand
product was formed, independently from the temper- from the metal centre, although strongly reducing the
ature adopted. This may be addressed to the fact thatregioselectivity to DMB (22.2 versus 59.8% of entry
no basic and bulky ancillary phosphine ligands were 36, Table 5).

Table 5
Propylene oligomerization by Ni(hfacacjl1)/EtzAl/B(CgFs)3 catalytic systems, eventually in the presence of P&y ancillary ligand
Entry B/NiP P/NiP T (°C) Dimers (%) G (o Ciop Ye TOF
0 0 0 0 -1

DMB MPe€ HEXf (/0) (A)) (A)) (A)) (h )
30 1.5 - 40 3.9 40.1 55.9 94.8 4.1 1.1 3.7 1100
31 15 - 60 4.6 53.4 42.1 80.7 16.6 2.7 3.7 2800
32 1.5 - 80 3.7 36.0 60.4 86.4 10.4 3.1 3.2 1500
33 15 - -5 4.8 61.9 334 56.2 22.4 21.4 2.7 50
34 1.5 2.2 60 59.8 31.9 8.3 81.1 18.9 0.0 48.5 50
35 1.5 2.2 80 50.7 34.9 14.4 91.8 8.2 0.0 46.5 140
36 3.0 2.2 60 22.2 60.9 16.9 81.4 18.6 0.0 18.1 350

aReaction conditions-HI: 0.042 mmol; Al/Ni: 5mol/mol; solvent (toluene): 20 ml; time: 1 hz4Re: 3 atm.

b Molar ratio.

¢Overall yield to DMB, evaluated as percentage of DMB in the ddt x percentage of g£cut in the oligomeric products.
dTurnover frequency, determined as mole of converted propylene/(mole ®ftili

€ Methylpentenes.

f n-Hexenes.
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All these experiments proved for the first time that it
is possible to prepare active catalysts for oligomeriza-
tion of olefins fromB-diketonate nickel complexes by
reacting them with an almost stoichiometric amount
of B(CgFs)3 in the presence of a slight excess of a
trialkylaluminium.

Unfortunately, we have to underline that when this
catalytic system was employed in propylene oligomer-
ization by adopting as reaction medium perfluorinated
solvents, no activity at all was observed, due to the
fact that the catalyst formed in situ was not soluble in
the fluorinated phase.

4. Conclusions

On the basis of the obtained results the following
conclusive remarks may be drawn:

1. Nickel catalysts based on perfluorinagediketonate
nickel(ll) precursors, when activated by alu-
minium co-catalysts, display a rather high activity
in propylene dimerization to DMB in a wide range
of perfluorinated solvents, no significant poisoning
being ascertained.

2. Due to the high complexity of these phosphino-modifi

19

achieve a real biphasic catalytic system for this reac-
tion process.
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