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A wide range of cyclopentadienylnickel com-
pounds catalyse the reaction of phenylacetylene
under solvent-free conditions, giving a mixture
of cyclotrimers, linear oligomers and poly(phe-
nylacetylene). No reaction is observed in the case
of internal acetylenes. Cyclotrimer formation is
favoured by the presence of cyclopentadienyl-
nickel catalysts bearing a chloro substituent at
nickel. A reduction in reaction temperature
results in lower conversion but favours linear
oligomer and polymer formation. The main
effect of the presence of solvent, regardless of
whether it is potentially coordinating (toluene)
or not (n-octane), is to suppress almost com-
pletely reactions catalysed by nickelocene. Copy-
right # 2001 John Wiley & Sons, Ltd.

Keywords: cyclopentadienylnickel; nickel; cata-
lysis; phenylacetylene; polymerization; oligo-
merization; cyclotrimerization; nickelocene

Received 16 November 1999; accepted 6 April 2000

Nickelocene catalyses the polymerization of term-
inal acetylenes in the absence of solvent, giving, in
the case of phenylacetylene, a mixture of cyclo-
trimers, linear oligomers andtrans-cisoidal poly
(phenylacetylene) with 92% conversion after 6 h at
115°C.1,2 Here it is reported that a wide variety of
cyclopentadienylnickel complexes also catalyse
these reactions and that the nature and distribution
of the products can be monitored by size exclusion
chromatography (SEC).

The (Ph3P)2Ni(CO)2-catalysed polymerization
of acetylenes in solution was reported many years
ago,3 the suggested mechanism [Scheme 1 with

(Ph3P)2 in place of (Z-Cp)] accounting for both
linear polymerization and cyclotrimerization.4

In order to investigate the feasibility of using
SEC for monitoring the polymerization reaction,
the polymerization of phenylacetylene in the
presence of nickelocene was repeated under the
same conditions as those used previously when the
reaction products were separated and analysed.2

The SEC trace showed four peaks (Fig. 1)
corresponding to the four components previously
separated from the reaction mixture and character-
ized:2 (i) retention time 32.01 min;trans-cisoidal
poly(phenylacetylene) (Mw ca 3000, polydispersity
1.6); (ii) 40.30 min, linear oligomers of phenylace-

Scheme 1 Reaction mechanism for polymerization and
cyclotrimerization of phenylacetylene catalysed by [CpNi]
complexes in the absence of solvent.
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tylene (that with n = 4.5 has been previously
isolated2), (iii) 42.03min; 1,2,4- and 1,3,5-triphe-
nylbenzene,and(iv) 45.00min, unchangedphenyl-
acetylene.No coincidenceof retention times for
various other possible products, including tetra-
phenylcyclooctatetraene isomers5 and PhC�C—
CH=CHPh,6 wasfound.

No reactionof internalacetylenes(Me3SiC�C-
SiMe3, PhC�CSiMe3, PhC�CPh)occurredunder
solvent-freeconditions in the presenceof nick-
eloceneor the other cyclopentadienylnickelcata-
lysts. This suggeststhat, as with (Ph3P)2Ni(CO)2,
the reaction mechanism includes an acetylene
hydrogentransferstepratherthan involving nick-
elole or other suchintermediates.7,8 The mechan-
ism probably operating in this case is that of
Meriwether (Scheme1), the catalytic speciesA
beingformedby lossof a cyclopentadienylring, a
reactionwhich is known to occur readily.9,10 The
following stepin thecatalyticcycleis theoxidative
addition of phenylacetylenegiving B, such inter-
mediate ethynyl hydride complexes of nickel
having beenpreviously isolated.11 The next step
is the insertionof phenylacetyleneinto the Ni—C
bond, a reaction that has been previously ob-
served.12–14Thisstepis repeated(nÿ1)-fold giving
D which re-forms A by reductiveelimination of
linearpolymerE. ThecyclotrimersF canbeformed
by reductiveeliminationfrom D whenn = 2.

Figure 1 SEC trace for product mixture from reaction of
phenylacetylenein the presenceof nickeloceneunder the
standardconditions.

Table 1 Productdistributionfrom catalysedsolvent-freepolymerizationof phenylacetylenea

Productmixture compositionb

Catalyst Polymer(%)c Linear oligomers(%)d Cyclotrimers(%)e PhC�CH (%)f

53 7 30 8

[(Z-Cp)Ni(CO)]2 40 20 35 8
(Z-Cp)NiNO 23 (1g) 2(3g) 11 (1g) 65(95g)
(Z-Cp)Ni(GeBr3)(Co) 26 0 15 59
(Z-Cp)Ni(PBun3)I 56 8 29 8
(Z-Cp)Ni[P(OMe)3]Cl 38 15 40 3
(Z-Cp)Ni(PPh3)Cl 52 1 38 7
(PPh3)2Ni(CO)2 35 0 60 6

a Catalyst(ca 0.01mmol) andphenylacetylene(9.1mmol) heatedat 115°C for 6 h.
b Determinedby SEC.
c Retentiontime 31.83–32.22min.
d Retentiontime 39.19–40.3min.
e Retentiontime 42.03min
f Retentiontime 45.00min.
g Reactiontemperature65°C.
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In orderto investigatetheeffect of solvents,the
nickelocene-catalysedreactionwas carried out at
100°C for 7 h in the presenceof 5 ml of toluene
or n-octanegiving 8% and 5% overall reaction,
respectively.The main effect of the presenceof
solvent, regardlessof whether it is potentially
coordinating (toluene) or not (n-octane), is to
suppressalmostcompletelyreactionscatalysedby
nickelocene.In the caseof nickelocene,coordina-
tion of a solvent moleculeoccursat the expense
of an acetylene molecule in the 19-electron
catalytic speciesA (Scheme1) thus inhibiting
the reaction.

Use of the green phenylacetylene-bridgedbi-
nuclearcompound[(Z-Cp)Ni]2(PhC�CH) or the
carbonyl-bridged binuclear complex [(Z-Cp)Ni
(CO)]2 gave results very similar to those with
nickelocene.In the caseof [(Z-Cp)Ni(CO)]2 most
probably the known reaction15 to give [(Z-
Cp)Ni]2(PhC�CH) takes place initially. Indeed,
whentheinternalacetylenePhC�CPhwastreated
with 0.35mol% [(Z-Cp)Ni(CO)]2 at 115°C in the
absenceof solvent,the initially redsolutionturned
deep green within 2 min consistent with the
formation of [(Z-Cp)Ni]2(PhC�CPh) (no oligo-
merizationof the acetylenewas observed).Most
probably the nickelocene-catalysed reaction in-
volves an initial conversion step to give [(Z-
Cp)Ni]2(PhC�CH), which then subsequently
forms thecatalyticspeciesA (Scheme1).

The complex (Z-Cp)Ni(NO) gives only 35%
conversionat 115°C. A Decreasein the reaction
temperatureto 65°C resultsin a reductionboth in
the extent of reaction (to 5%) and, as with
nickelocene,in the proportion of cyclotrimer in
the product mixture. Loss of the NO ligand
enablingformation of [(Z-Cp)Ni]2(PhC�CH) oc-
cursonly with difficulty. Indeed,it hasbeenfound
thatnitrosyl exchangewith 15NO did not occurfor
(Z-Cp)Ni(NO) in 10daysat 120°C.16

The complex (Z-Cp)Ni(GeBr3)(CO) gave very
similar resultsto thosefor (Z-Cp)Ni(NO), suggest-
ing that althoughthe CO ligand is readily lost (as
shown by the initially green solution turning
orange–red after only 1 min at 115°C), the
presenceof the electron-withdrawingGeBr3 sub-
stituent17hinderssubsequentreactionswith phenyl-
acetylene.The reaction mechanismmay involve
20-electronspecies[Scheme1 with (Z-Cp)(GeBr3)-
Ni in placeof (Z-Cp)Ni]. No reactionwasobserved
with PhC�CPh.

In the caseof (Z-Cp)Ni(Bun
3P)I, the reaction

mixturedid notpassthroughagreenstageandhere
too the reaction mechanism may involve 20-

electronspecies[Scheme1 with (Z-Cp)NiI in place
of (Z-Cp)Ni].

The complexes(Z-Cp)Ni[P(OMe3)]Cl and (Z-
Cp)Ni(Ph3P)Cl gave very similar results, the
productmixturesbeingmuchricherin cyclotrimers
than in the case of nickelocene. Since the
phosphorusligandsarequite different in nature,18

the phosphinegroupsare probablynot presentin
the active catalytic species.The reactionmechan-
ism in eachcasemay involve 20-electronspecies
[Scheme1 with (Z-Cp)NiCl in placeof (Z-Cp)Ni].
Indeed,in neithercasewasa greenstageobserved
corresponding to formation of [(Z-Cp)Ni]2
(PhC�CH).

Finally, for comparison,the effect of (Ph3P)2Ni
(CO)2 was investigatedin the absenceof solvent.
Unlike the reaction in benzene, where only
cyclotrimer and linear trimer are afforded,19 the
solvent-free reaction of phenylacetylenein the
presenceof (Ph3P)2Ni(CO)2 gives linear polymer
in additionto cyclotrimer,consistentwith themuch
greaterconcentrationof phenylacetylenefavouring
a larger value of n in intermediateD [Scheme1
with (Ph3P)2 in placeof (Z-Cp)]. No reactionwas
observedwith PhC�CPh.

It can be concluded that under solvent-free
conditions cyclopentadienylnickelcompounds,in
general,areactivecatalystsfor thepolymerization
of terminalacetylenes.
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