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Anionic or neutral allylic samarium or neody-
mium species catalyse the polymerization of
styrene (catalyst/styrene ratio = 1:1000) without
addition of a cocatalyst. Random syndiotactic-
rich material is obtained from tetra-allyl-
lanthanides, whereas neutral trisallyl-lantha-
nides or anionicansa-bis(cyclopentadienyl)bisal-
lyl-lanthanides afford isotactic-rich polystyrene.
Copyright # 1999 John Wiley & Sons, Ltd.

Keywords: organolanthanides; neodymium; sa-
marium; polymerization; styrene; polystyrene

Received 24 December 1998; accepted 8 March 1999

INTRODUCTION

Lanthanide complexes have been widely investi-
gated as catalysts for diene polymerization, some of
them giving high yields ofcis-polybutadiene.1–7All
these experiments were carried out in the presence
of organoaluminium cocatalysts. On the other hand,
styrene polymerization catalysed by rare-earth
complexes has been much less studied. All the
systems tested contain organoaluminium cocata-
lysts2,3,7–10 or cationic Ziegler–Natta-type com-
plexes.9,10 The polystyrenes obtained are generally
atactic, however an isotactic material was obtained
from a neodymium phosphonate/tris(isobutyl)alu-
minium system, after water addition,11,12whereas a
syndiotactic-rich polymer was synthesized from
neodymium trisnaphthalenide/tris(isobutyl)alumi-
nium after addition of water.13 In previous papers,
we reported the high-yield stereospecifictrans
polymerization of isoprene using rare-earth organo-

metallic complexes as catalysts without organoalu-
minium cocatalysts.14,15 This paper reports on the
selective syndiotactic or isotactic polymerization of
styrene using single-site anionic and neutral allyl-
lanthanide catalysts.

EXPERIMENTAL

Reagents and standards

All operations were performed under argon using
standard vacuum techniques or in an atmosphere of
purified nitrogen in a Jacomex glovebox (>2 ppm
O2). Solvents were distilled from appropriate
drying agents, stored over sodium/benzophenone
and vacuum-transferred to reaction vessels. Styrene
(99%) was dried over molecular sieves and stored
in darkness atÿ18°C under argon. It was distilled
twice just before use to eliminate the stabilizer.
(C3H5)Li(dioxane) (1),16 [Sm(C3H5)4]Li(diox-
ane)1.5 (2),17 [Nd(C3H5)4]Li(dioxane)1.5 (3),16

Nd(C3H5)3(dioxane)1.5 (4), [(C5H4CMe2C-
Me2C5H4)Sm(C3H5)2] Li(dimethoxyethane)(5),15

NdCl3(THF)3
19 and 18(C5H4CMe2C-

Me2C5H4)(MgCl)2(THF)4
20 were synthesized fol-

lowing published methods.

Apparatus

Gel permeation chromatography analyses were run
on a Spectra Physics Chromatograph using UV and
refractive-index detectors connected in series.
Calibration was carried out with PL Lab polystyr-
ene standards (Easical PS-1,Mw range (580–
8.5)� 106). Each measurement was performed at
25°C in THF with a 1 ml minÿ1 flow rate. NMR
spectra were recorded at room temperature on a
Bruker AC 500 spectrometer operating at 500 MHz
for 1H and 128 MHz for13C. Chemicals shifts were
expressed in parts per million (ppm) downfield
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from externalTMS (1H and 13C). NMR samples
were preparedby dissolving the polystyrene in
CDCl3 and heatingfor 5 min at 50°C to increase
the solubility. Differential scanningcalorimetric
(DSC) measurementswere carriedout on a 2920
modulatedDSCTA Instrumentscalorimeter.

Synthetic procedures

[Me4C2Cp2Nd (C3H5)2]Li(dioxane) (6)
Onto a mixture of NdCl3(THF)3 (1.09g,
2.34� 10ÿ3 mol) and (Me4C2Cp2)(MgCl)2
(THF)4 (1.54g, 2.34� 10ÿ3 mol) assolids,toluene
(40ml) was condensedat ÿ80°C and allowed to
warmbackto roomtemperaturewithin 10min. The
resultingsuspensionwasstirredfor two days.Salts
wereseparatedby filtration and(C3H5)Li(dioxane)
(0.7g, 5.12� 10ÿ3 mol) wasaddedto theresulting
reddish-greensolution. The mixture turned apple
green, and after removal of the solvent under
vacuumpressure,a greenoil with red glints was
obtained.Thisoil wasdissolvedin ether(20–30ml)
and stirred at room temperaturefor some hours
until thesaltsprecipitated.After filtration, evapora-
tion of thesolventafforded6 asa greensolid in ca
60% yield. This compound contained a small
amount(ca 2%) of magnesiumsalts,detectedby
elementalanalysis.

(Me4C2Cp2)Nd(C3H5) (7)
Thecomplex6 (126mg) wasdissolvedin 10ml of
dioxaneand 0.4ml of a 1 M solution of BEt3 in
hexanewas added slowly at room temperature.
After 4 h, the colourless allyltriethylborate was
eliminatedby filtration and the dichroic reddish-
green solution concentrated.No crystallization
occurredafter pentaneaddition; after evaporation
of the solvents,the crude material was extracted
with 5 ml of benzene,leaving a bright green
powder.Yield: 35%.

General polymerization procedure

The polymerization flask was dried by flaming
under vacuum and flushed with argon. The
procedurewas repeatedthree times. The catalyst
(5 mg) was introducedinto the flask in the glove
box.Freshlydistilledstyrenewasthenaddedwith a
syringe and the reaction mixture was kept in a
thermostatic bath for a given time. In some
experimentsa solvent [toluene or hexane(1 ml)]
wasaddedto themixture.Dependingontheactivity
of the catalyst, the solution could turn highly
viscous.After thestirringwasstopped,thereaction

mixture wasdissolvedin the requiredvolume(2–
10ml) of tolueneandthesolutionwaspouredinto
200ml of ethanol.The precipitatedpolymer was
washedwith ethanolanddriedundervacuum.

RESULTS AND DISCUSSION

Anionic compounds1, 2, 3, 5 and 6 as well as
neutral compound 4 were active towards the
polymerizationof styrenein a styrene/lanthanide
molarratio of 1000.In contrastwith otherreported
systems,thesecatalystsdid notneedto beactivated
with a cocatalyst. These compounds showed
important differencesof activity, and mainly of
stereoselectivity:1 affordedatacticmaterial;2 and
3 gavea randomsyndiotactic-richpolymer;and4,
5 and6 gaveisotactic-richpolystyrene.

Thestructuralcharacteristicsof thepolystyrenes
were establishedby 13C-NMR spectroscopy.This
method is used extensively to obtain detailed
information on the microstructureof vinyl poly-
mers. The signalsof the methyleneand the C-1
carbons of polystyrene have been assignedto
reflecting configurational frequences.21–25 The
most importantsignal for determiningstereoregu-
larity was the phenyl C-1 carbonsignal. For this
reasontheNMR spectrawerestudiedespeciallyin
the range140–150ppm, in which two main peaks
can be related unambiguouslyto the tacticity of
polystyrene:146.8ppm for isotactic (mmmmpen-
tad),and145.7ppm for syndiotactic(rrrr pentad),
whereasa broadsignal centredat 146.4ppm was
recorded in the same conditions for an atactic
material. Thesevalues were recordedin CDCl3
(77.43ppm)at roomtemperature.

Styrenecan be self-polymerizedat high tem-
perature.In orderto assesstheeffectof heaton the
polymerization,experimentswereperformedunder
the standardconditions,without a catalyst(Table
1). Theseexperimentsshowedthat the effect of
thermalpolymerizationcould beneglected.

Table 2 summarizesthe results obtainedwith

Table 1 Thermalpolymerizationof styrene

Temperature
(°C) Time (h) Yield (%) Mw� 10ÿ3

50 50 2 635
70 40 17 1000

110 5 77 340
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allyl-lithium 1 (runs 1, 2), tetra-allyl-samarium
and-neodymiumanions2 and 3 (runs 3–11) and
trisallylneodymium 4 (runs 12, 13). With tetra-
allylsamarium (2) as catalyst, the reaction pro-
ceededmuchmoreslowly thanwith theanalogous
neodymiumcompound3. This differencecan be
relatedto thesizeof themetalcentres.

It is noteworthythat, with or without a solvent,
the rateof polymerizationwasstronglydependent
on the temperatureand that polymerization oc-
curred more rapidly with allyl-lithium than with

lanthanidecompounds2 and3. 13C NMR spectrain
CDCl3 for polystyrenesobtained with 2 and 3
showeda major peakat 145.7ppm,corresponding
to syndiotactic-richrandompolymers(Fig. 1).

From trisallylneodymium4, in toluenesolution
(run 12), thepolystyreneobtainedin low yield was
completelysolublein toluenebut showeda major
peak at 146.75ppm, due to an isotactic-rich
microstructure. When the reaction was carried
withoutasolvent(run13),thepolystyreneobtained
in 60%yield wasonly partially solublein toluene.
Theinsolublematerial(ca 10%)wasisolated.This
polystyrene was sparingly soluble in CDCl3 at
50°C; the NMR spectrumshowed well-defined
signals at 146.75ppm [aromatic C-1] 43.31ppm
(methinegroup)and40.95ppm(methylenegroup).
Other aromatic signals at 146.1 and 145.7ppm
were of very low intensity (Fig. 2). This set of
signals was in accordancewith a quite pure
isotacticpolystyrene.

The DSCcurvesof this samplerevealeda glass
transitiontemperature(Tg) at 96°C anda melting
point (Tm) at 225°C. The very sharppeakof the
melting phaseindicatedsignificantcrystallinity.

Theseresultscanbe relatedto the behaviourof
the catalystin solution.The unsaturatedallylneo-
dymiumcomplex4 couldeasilycoordinatestyrene
and afforded isotactic polymer in high yield (run
13). In thepresenceof aromaticsolvents,competi-
tion betweenstyreneandsolventled to a systemof
very low activity (run 12).

It is well known that allyl-lithium is a very
efficient anionic initiator, inducing an atactic
polymerizationprocess.Catalysts2 or 3, in the

Table 2 Polymerizationof styrenewith compounds1±4

Run Catalyst Temp.(°C) Time Solvent Conversion(%) Mw� 10ÿ3 (Idp)a

1 1 20 5 min None 100 800(2.5)
2 1 50 30min Toluene 100 500(2.5)
3 2 50 2 h 30min None 100 620(2.8)
4 3 0 4 h None 0 —
5 3 20 2 h 50min None 100 200 (3)
6 3 50 20min None 100 160(4.7)
7 3 100 1 min None 100 200(3.5)
8 3 20 17h Toluene 97 170(3.2)
9 3 50 1 h 30min Toluene 100 95 (4.5)

10 3 75 20min Toluene 100 280(4.5)
11 3 15 50h Hexane 50 500 (ÿ)
12 4 50 12h Toluene 8 8 (1.6)
13 4 50 12h None 60 18b (2.7)

a Idp,
b Solublepart in toluene

Figure 1 13C-NMR spectrum of syndiotactic-rich (run 6)
polystyrene.
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presence of coordinative species (solvents or
monomers),can be regardedas being in equili-
brium with a mixture of allyl-lithium and neutral
trisallylneodymium26 (Eqn [1]).

�(allyl)4Ln�-Liÿ!(allyl)3Ln� (allyl)Li �1�
Then, different catalytic processescould occur:
from allyl-lithium, from neutrallanthanideor from
anioniclanthanide.Nevertheless,theobtainmentof
a syndiotactic-richmaterial (runs 3–11) did not
accountfor a preponderantparticipationof allyl-
lithium and trisallylneodymium, independently
actingin two simultaneouscatalyticways.

It seems plausible that coordination of the

monomeroccurredon the neutral trisallyl-lantha-
nide species,but allyl-lithium remainingin close
proximity to the catalytic site might preferentially
coordinateagainto the lanthanidemoiety. In that
case,allyl-lithium did not act asa polymerization
initiator, butessentiallyasaprotectinggroupof the
lanthanideactivespecies.

Thesameexperimentswereperformedusingtwo
other catalysts:the anionic speciesbisallyl-ansa-
samarocene(5) and bisallyl-ansa-neodymocene
(6). Thelatterwassynthesizedusingtheprocedure
previouslydescribedfor 5.15 In thesecomplexes,
the bridgebetweenthe two cyclopentadienylrings
precluded the redistribution reactions (usually
affording triscyclopentadienyl species) and en-
hancedthe accessibility to the metal centre by
opening the angle (Cp centroid)-metal-(Cpcen-
troid). The resultsof thesepolymerizationexperi-
mentsarereportedin Table3.

The polymerizationwasfasterwith neodymium
(runs16–22)thanwith thesamariumcomplex(run
15)andmuchslowerthanwith allyl-lithium (runs1
and 2). Polystyrenesso obtainedwere isotactic-
rich, asindicatedby thepresenceof amajorpeakat
146.7ppm in the 13C-NMR spectra.As reported
abovefor 2 and3, thespecies5 or 6, in solutioncan
be in equilibrium with the correspondingneutral
lanthanidecomplexandallyl-lithium (Eqn [2]).

��ansa-Cp2�Ln(allyl)2�Liÿ!(allyl)Li
� �ansa-Cp2�Ln(allyl) �2�

The long reactiontime, onedayor moreinstead
of a few minutes, suggestedthe absenceof a
noticeable participation of allyl-lithium and the
interventionof a lanthanideorganometallicmoiety.
Consequently,a sampleof monoallylneodymium
compound7 wasprepared,accordingto themethod
usedto obtain4 and3. This compoundwasfound

Figure 2 13C-NMR spectrum of isotactic-rich (run 13)
polystyrene.

Table 3 Polymerizationof styrenewith ansacompounds5, 6 and7

Run Catalyst Temp.(°C) Time Solvent Conversion(%) MW� 10ÿ3 (Idp)

14 5 50 50h None 30 —
15 6 20 26h None 2 —
16 6 20 67h None 7 55
17 6 50 6 h None 60 96 (1.6)
18 6 75 1 h 40min None 86 90 (1.34)
19 6 100 35min None 98 55 (2.1)
20 6 50 25h Toluene 100 110(3.1)
21 6 100 7 h Toluene 100 26 (3.2)
22 6 50 17h Hexane 100 16 (3)
23 7 50 48h None 3 —
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to be inactive(run 23), aswasalsofoundto be the
casefor a relatedcomplex[(C5H4tBu)2Sm(allyl)]n;
the lack of reactivity has been attributed to the
stronglyassociatednatureof this compound.9

The activity observedfor complexes5 and 6
tends to signify that a neutral active ansa-
bis(cyclopentadienyl)lanthanide–allyl complex
ought to be obtainedin situ by the dissociationof
a protectivegroup, this group remainingin close
proximity to the catalytic site to prevent the
formation of strongly associatedinactive com-
plexes.

CONCLUSION

In conclusion,allylic lanthanidecomplexesact as
single-site catalysts for the polymerization of
styrene.The control of tacticity can be relatedto
the structure of the catalysts. It is difficult to
proposeany interpretationor commentconcerning
the behaviourof the neutral compound3 giving
isotactic-richmaterial,becausethe nature(mono-
meric or associated)of this complexin solutionis
not clearly established.On the other hand, the
behaviourof anioniccomplexes2, 3 and5, 6 can
be interpreted.Thesecomplexeshave been pre-
viously usedas isoprenepolymerizationcatalysts.
The observeddifference in stereoselectivitywas
tentatively related to the number of available
coordinationsites(two for 2 or 3; onefor 5 or 6).
The stereocontrolof styrenepolymerizationmight
becontrolledby thesamefactors.
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