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Abstract

The catalytic cyclo-oligomerization of ethene by metallocene complexg&Ch with Et;Al as cocatalyst in the presence of Mg-containing
third-components is described. Under optimal conditions,Z8pl,/Et;Al/Et,Mg = 1:100:10, 150C, P(C,H,) = 1.4 MPa) the reaction
afforded 51% of cyclic oligomers, includirexomethylenecyclopentane (41%) and a small amount of methylcyclopentane (3%), 1-methyl-1-
ethylcyclopentane (4%) and vinylcyclohexane (3%), along with usual open-chain alkenes. Wheigtoed was changed tg°-pentamethyl-
cyclopentadienyl and indeny! (Ind) or €lCl, was used in place of GErCl,, the selectivity ofexamethylenecyclopentane dropped
dramatically to 1-8%. In contrast, the catalytic reactions by post-metallocene compf@&i,L(L? = salen, salphen) under identical
conditions generated open-chain alkenes exclusively. A zirconacyclopentane mechanism is proposed to explain the products formed in
cyclo-oligomerization of ethene.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction co-cyclo-dimersization of ethene/1,3-butadiene to vinylcy-
clobutane by titanium complexes in combination withAdt
Zirconocene complexes have been extensively studied ag11] were described.
catalysts for polymerization and oligomerization of ethene.  In our previous research, it was found that under cer-
They are considered as high-performance catalysts to contain reaction conditions the oligomerization of ethene,
vert ethene into open-chain polymers or oligomers. How- catalyzed by CgZrCl, and alkylaluminum co-catalysts,
ever, their catalytic properties in another pattern of C-C afforded exomethylenecyclopentane (GBP) along with
linkage of small alkenes, that is, cyclo-oligomerization are chain oligomerg12], and that the selectivity of cyclic com-
unknown. Only the relevant cyclization catalyzed or pro- pounds depended on the nature and the hydrolysis extent
moted by zirconocene complexes were reported for someof organoaluminum co-catalysfd3], the Al/Zr ratio, the
special alkenes, alkynes and dierjés7]. To the best of  temperature and the reaction time. Since carbocyclic com-
our knowledge, the cases of catalytic cyclo-oligomerization pounds are useful intermediates of many fine chemicals, the
of ethene are rather scarce. Keim et al. revealed theexploration of novel synthetic methodology for them via
cyclo-oligomerization of ethene in the presence of car- Stoichiometric or catalytic reactions is one of the attractive
bon monoxide or isonitriles to cyclic compounds with 3-, topics in organic synthesis. A further research on the effects
5- and 6- membered rings, using Ziegler—Natta catalysts of the structure and the mental center of precatalysts on
consisting of either rare earth salts or ZyGlombined ethene cyclo-oligomerization was made recently attempting
with EtAICI, [8,9]. The cyclo-dimerization of ethene to to improve the selectivity of the cyclic oligomers and to un-
cyclobutane catalysed by a nickel complg0] and the derstand more about the mechanism of the novel reaction.
We report herein the contrastive results of ethene oligomer-
ization catalyzed by the metallocene and post-metallocene
* Corresponding author. Tek+86-411-3702185: precatalysts and the effects of tﬁeligapd, the metal center
fax: +86-411-3702185. of catalysts and the Mg-containing third-components on the
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2. Experimental Table 1
Effects of the structure and the metal center of precatdlysts
2.1. General procedures Entry Precatalyst Catalytic MCP*4  Chain  Chain
activity® (%) alkene$ alkene$§
. . . . 4

All reactions and operations pertinent to organometallic (<107 (%) (%)
complexes were carried out under a dry, oxygen-free dinitro- 1 CPz*ZfC'z 2.30 34 66 56
gen atmosphere with standard Schlenk techniques. Toluen ﬁ%zzzrrccl'z g'gg g gg gg

.. . . 2 .

was d|st|IquI prior to use from sodium/benzophenone ketyl , (Salen) ZIGhTHF 4.0 _ 100 53
under a nitrogen atmosphere. Ethene (polymer grade)s (Salphen) ZrGITHF 3.60 - 100 46
passed over molecular sieves (4 A). Zirconium tetrachlo- 6 CpTiClz 6.37 ~1 >99 >99

ride, CpTiCly, Cpp*ZCly and EAl were purchased from a Reaction conditions: precatalyst 0.05 mmol; co-catalysAEAl/Zr
Signia—Aldrich, Acros, Aldrich and Fluka, respectively. The (molimol) 100; P(C,Hs) 1.4MPa; reaction temperature 18D (2 h);
precatalysts GfZrCly, IndZrCly, (salen)ZrG-THF and toluene 30 ml.

(salphen)ZrGI- THF were prepared according to literature ~ ° Catalytic activity: g oligomers/mol(M)h.

. ¢ Determined by GC and GC/MS analysis wittheptane as an internal
procedures{14,15] and characterized by IF@H NMR and standard. The rest compounds of chain alkenes in entries 1,4-6 are

EA. oligomers with more than ten carbon atoms and jelly-like polymers were
found in entries 2 and 3.
2.2. Oligomerization of ethene d MCP = exomethylenecyclopentang methylcyclopentane.

The oligomerization reaction was carried out in a 75ml
autoclave under a constant ethene pressure of 1.4 MPa. Theomplexes is an essential factor in controlling the formation
autoclave was heated in an oil bath to 280and the contents  of cyclic oligomers and that the character of the metal center
were stirred magnetically for 2 h. After reaction, the valve of the precatalyst also plays an important role in the catal-
of the autoclave to the ethene pipeline was closed. The auto-ysis of ethene cyclo-oligomerization. In comparison with a
clave was cooled, vented and weighed. The catalytic activity Cp ligand, the larger-ligands, Cfj and Ind, in the precat-
was calculated based on the change of the autoclave weighglysts benefit the generation of long chain oligomers and
before and after reaction. After the reaction was quenched bythe cyclo-oligomerization of ethene is greatly depressed,
an alcoholic solution saturated with NaOH, the distribution presumably brought about by the steric congestion in the
of the oligomers in the resulting solution was determined metallacyclopentane, which is the key intermediate in the
by GC analysis on an HP6890 instrument equipped with an supposed mechanisms of ethene cyclo-oligomerization and
FID detector and an HP-5 column (30®0.32 mm), and cyclization of dieneq2,9,10] From a catalysis point of
by GC/MS spectra on an HP6890GC/5973MS instrument. view, the important difference in structures between group
4 metallocene and salen-type complexes is that the former
is in a tetrahedral geometry, allowing the two chloride lig-
3. Results and discussion ands to stay in adjacent coordination sites, while the latter
is in a quasi-octahedral structure, forcing the two chlorides
3.1. Crucial effects of the structure and the metal center of in atrans-arrangement. It is thus impossible for salen-type
precatalysts zirconium precatalysts to form a zirconacyclopentane inter-
mediate via replacement of two chlorides. Accordingly, the
The catalytic reactions were carried out with various catalytic reactions of ethene oligomerization by salen and
precatalysts, which differ in the part of theligand and salphen zirconium complexes afford open-chain alkenes
the metal center. The selected results are summarized inexclusively.
Table 1 In the case of zirconium complexes incorporat-
ing m°-cyclopentadienyl ligands (Cp) or substituted ones, 3.2. The influence of the Mg-containing third-component
n®-pentamethylcyclopentadienyl (pand indenyl (Ind), on ethene cyclo-oligomerization
the selectivity of five-membered cyclic compounds (MCP)
was in the range of 6-34% for ethene oligomerization Inspired by the reports concerning the formation of zir-
(entries 1-3). With the replacement of zirconium by tita- conacyclopentane in the catalytic carbometalation of alkenes
nium atom, only 1% ofexomethylenecyclopentane was and nonconjugated dienes mediated byZgl, and alkyl-
detected in the reaction solution by GC analysis for pre- magnesium reagen{2,16,17] we tried to gain an insight
catalyst CpTiC1, (entry 6). The formation of cyclic prod- into the effect of the Mg-containing third-component; ¥y
ucts was thoroughly inhibited in ethene oligomerization or EtMgBr, on cyclo-oligomerization of ethene. The selected
by post-zirconocene complexes featuring@¥-salen and results are listed iffable 2 Zirconocene dichloride was
-salphen ligands (entries 4 and 5). treated with EtMg or EtMgBr in toluene prior to the cat-
The contrastive results from the catalytic reactions show alytic reaction. The following manipulation was made as de-
that the bevel sandwich structure of group 4 metallocene scribed inSection 2 Under the conditions of entries 1, 7 and
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Table 2
The effect of the Mg-containing third-componéhts
Entry CpZrCl, EtAl  Third-components Catalytic CH,CP? (%) CHCP® (%) MECP (%) VCHP (%) C4—Cg chain
(mmol) (mmol)  (mmol) activity alkene$ (%)
(x107%)
1 0.05 5 - 0 2.30 26 8 4 6 54
7 0.05 5 EiMg 0.1 2.70 30 7 6 5 44
8 0.05 5 EtMg 0.5 2.06 41 3 4 3 39
9 0.5 5 EsMg 1 4.63 PolymersNl, = 2.4 x 10%
10 0.05 0 EiMg 5 Null - - - - -
11 0.05 5 EtMgBr 0.1 1.54 34 5 6 3 43
12 0.05 5 EtMgBr 0.5 Null - - - - -

a8 Et,Mg and EtMgBr were used as the third-component. Other conditions are the same as tfabke ith
b CH,CP = exomethylenecyclopentane, GBP = methylcyclopentane, MECE: 1-methyl-1-ethylcyclopentane, VCH vinylcyclohexane.
¢ The rest compounds of chain alkenes in entries 1, 7, 8 and 11 are oligomers with more than eight carbon atoms.

8, oligomerization of ethene afforded cyclic oligomers in a with the standard MS spectra of methylcyclopentane,
selectivity of 44-51% and the rest werg-Cg chain alkenes  exomethylenecyclopentane, 1-methyl-1-ethylcyclopentane
and low-carbon alkanes. The third-componeni} indeed and vinylcyclohexane, respectively. Gas chromatographic
manifested an influence on the distribution of oligomeric analysis showed that the total amount of cyclic com-
products. As the amount of #flg was changed from zero  pounds accounted for 48%, being composed of 30%
to a Zr/Mg molar ratio of 1:10, the catalytic activity of exomethylenecyclopentane (4.283min), 7% methylcy-
CpZrCl; displayed no significant change, and in the mean- clopentane (4.072min), 6% 1-methyl-1-ethylcyclopentane
time the selectivity ofexamethylenecyclopentane was in- (6.219min) and 5% vinylcyclohexane (6.657 min), and
creased by 15% (entry 8). Further increase in the amount ofthat the open-chain compounds include 38%-GCg linear
Et,Mg to a large excess, the selectivity of cyclic oligomers a-alkenes (G2~ 3.235, G2~ 3.795 and @~ 6.135 min),
was no more enhanced, presumably attributed to the poor8% n-hexane (3.841min), a small amount of 2-hexene
solubility of excess EMg in toluene. When the amount of  (3.636 min) and 1,5-hexadiene (3.749 min). The other peaks
precatalyst CgZrCl, was raised from 0.05 to 0.5mmol in in Fig. 1 represent ethene 3.134 min), ethanol (quencher,
a CpZrCly/EtzAl/EtoMg molar ratio of 1:10:2 (entry 9), a  3.333min), n-heptane (internal standard, 4.725min) and
waxy solid was obtained with viscosity-average molecular toluene (6.037 min). No product having more than eight car-
weight M,) of 2.4 x 10*. The addition of diethyl ether so-  bon atoms was detected by GC analysis from the resulting
lution of EtMgBr apparently deactivated the catalytic sys- solution.
tem, accompanied by an observable improvement in the se-
lectivity of examethylenecyclopentane (entry 11). With a 3.3. Discussion on the mechanism of cyclo-oligomerization
CpZrClo/EtsAl/EtMgBr molar ratio of 1:100:10, the sys-  of ethene by CjZrCl,
tem became inactive towards ethene oligomerization (entry
12). The formation of all detected organic products can be
The organic products in the solution, resulting from explained by the following plausible mechanism for the
ethene oligomerization by GBrC1,/EtzAl/EtoMg in a cyclo-oligomerization of etheneSEheme L The experi-
molar ratio of 1:100:2 (entry 7), were identified by GC-MS mental results showed that both cyclic and chain oligomers
spectra. The MS spectra of the peaks at the retention time ofwere produced with CiZrCl,/EtzAl as catalyst, while with-
4.07,4.28,6.22 and 6.66 minkig. 1are in good agreement  out EgAI, the bi-component system of GgarClo/Et,Mg was
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Fig. 1. GC spectrum of the resulting solution from entry 7.
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Scheme 1. A plausible mechanism for ethene cyclo-oligomerization catalyzed AZr@gHEBAI/[MQ].

inactive and no oligomeric products was formed (entry 10).
With a three-component system of £5Cl,/EtsAl/EtoMg,

the catalytic activity did not show an apparent change com-
pared with the results from G@rCl,/EtzAl system, but the
selectivity of cyclic oligomers was improved. These results
suggest that BAl is an essential component in the system
for the catalytic oligomerization of ethene and /g plays

a supplementary role only in the formation of zirconacy-
clopentane (1), which is a key intermediate for the formation
of cyclic oligomers as described in various Zr-based cat-

4. Conclusion

The bevel sandwich structure of group 4 metallocene
complexes is an essential prerequisite for the formation of
carbocyclic compounds in ethene oligomerization. Large
w-ligands C@ and Ind greatly retard the production of cyclic
compounds. The role of the Zr center of the precatalyst can-
not be superseded by Ti atom for the cyclo-oligomerization
of ethene. The precatalysts with,®,-salen and -salphen
ligands thoroughly inhibit the generation of cyclic prod-

alytic reactions related to alkenes and nonconjugated dienesicts. The addition of the third-component,Hg or Et-

[18—24] It seems that the further step from intermediate I-II
is promoted or catalyzed by #l, but at this time we have
no clear explanation for the role of 44l in this step. Cyclic
products with six carbon atoms can be formed from interme-
diate Ill, which is generated by the intramolecular insertion
of intermediate Il. The3- and a-elimination of Il afford

examethylenecyclopentane and methylcyclopentane, re-

spectively. The furthep-elimination of I, as a by-reaction,

MgBr in a proper molar ratio of GiZrCl,/EtzAl/[Mg] bene-
fits the cyclo-oligomezsation of ethene over the competitive
chain-oligomerization.
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constructs two kinds of substituted zirconacyclopentane
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