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Cationic alkyl complexes of group 4 metals have been the subject Chart 1. Bi- and Mononuclear Rare Earth Metal Dialkyl Complexes

of intensive investigations over the past two decades because of
their crucial_ importance ir_l catalytic olefin polymerizatibrin _ - _ﬁi/wzsl,\ﬁeg
contrast, cationic alkyl species of rare earth (group 3 and lanthanide) ~Si M s
i \ M —Si I
metals are much less developedHowever, recent studies have %‘P\ /P\ / M—THF
shown that cationic rare earth metal alkyls are highly efficient olefin M333|CH2/ Si<. Me3SiH2C/ }—_;HzSiMeS
polymerization catalystsand can show unique activities that differ -
from those of group 4 metaféPeTreatment of a neutral di- or =Y (). Lu

trialkyl precursor with an equimolar amount of a borate compound
proved to be a convenient route to generate a cationic trivalent rare
earth metal alkyl species. Due to the lack of appropriate precursors, )\/

the cationic rare earth metal alkyls reported so far were limited —’

solely to mononuclear species, while a binuclear cationic rare earth

metal alkyl species remained unknown to cfate. Tt yeld  M? Ellatheihath S
. - . . CJ \5) b 0,
During our investigations on new organo rare earth metal ™M ¢t (€ (O (6 (40) MM> 34 mm mmmm _ (°C)

Table 1. Polymerization of Isoprene under Various Conditions?

microstructure (%)° T Ty

catalysts’ we have synthesized several silylene-linked cyclopen- 1 1 25 2 0 .
tadieny-phosphido rare earth metal alkyl complexes, such as A 25 2 80 03 79 <5 n.d
6 . 3 B 25 2 0
and 2 (Chart 1)° These complexes adopt a relatively robust , - 25 2 0
binuclear structure through the phosphido bridges, in which each 5 14+ao 25 2 92 10 1.8 99 80 30 42/
of the two metal centers bears a terminal alkyl ligand. In view of 6 1+A —10 16 41 4.3;03 1.6;1.4 100 96 80 28/148
7 1+A —20 48 50 3.2;0.3 1.7;1.4 100 10099 30/154

the novel activity observed recently for the cationic alkyl species 4 % 2 100 12 3 9% 80 30 ;
generated from the mononuclear rare earth metal dialkyl complexes, 9 hﬁ _1(5) 16 160 §'7 1'6 100 96 80 ?1/138
such as8 and4 in olefin polymerizatiordabewe became interested 19 1+A —20 48 87 50 16 100 100>99 33/162

in the olefin polymerization behavior of the cationic alkyl species 119 1+A 25 2 65 0.8 1.6 99 25 38/
generated from the binuclear complexesand 2. In this Com- 12 1+B 25 2 85 14 13 99 40 n.d.
munication, we report that such binuclear cationic alkyl species 13 %ig gg % 6153 ié ig gg 38 23
can show unprecedented regio- and stereoselectivity in the polym-15 44aA 25 2 100 09 1.06 86 nd.

erization of isoprene, which afford isotactic 3,4-polyisoprene with
extremely high regio- and stereoselectivity (3,4-selectivity: 100%,  2Conditions: GHsCl, 10 mL; neutral complex, 2.5¢ 1075 mol;

mmmm> 99%). As far as we are aware, this is the first example [iSopreney/[complexh = 600, [complexj/[activatorh = 1:1, unless oth-

fi ii ) | . i ' - | P erwise notedA = [PmC][B(C5F5)4] B = [PhMe&NH][B(CeFs)4], C =
of isospecific 3,4-p_o _y_merlzatlon of isoprene. Previously, various B(CsF<)s. In runs 5-7, isoprene was added to a mixture band A. In
metal catalysts or initiators have been reported for the polymeri- runs 8-15, an activator, B, or C was added to a mixture of a neutral
zation of isoprene, but most of them vyielded predominantly 1,4- complex and |soprené.Determ|ned by GPC against polystyrene standard.

; : s ¢ Determined by*H and3C NMR. ¢ Determined by DSC¢ Thetrans-1,4
polyisoprene and none were reported to show isospecific 3,4~ iic'a major componentn.d.= not determined? Toluene was used as

selectivity?8 a solvent The 1,4-unit: 34%.
The binuclear Y and Lu dialkyl complexdsand2 were easily
obtained in 66-70% isolated yields by reaction of MV&i(CsMesH)- dialkyl complex1 or the borate compoundl with isoprene. In the

(PHCy) (Cy= cyclohexyl) with an equimolar amount of Ln(GH case of1, no reaction was observed under the similar conditions
SiMes)s(THF), in hexane® 'H NMR monitoring of the reaction of  (Table 1, run 1), while the borat alone caused cationic isoprene

1 with an equimolar amount of [BRE][B(CsFs)4] (A) in CsDg Or polymerization and yielded a polymer with 1,4-rich microstructures
CsDsCl showed instant disappearance of the signals for the neutraland a very broad molecular weight distributiokl,{M,, = 7.9)
complex1 and appearance of new signals assignable t€@H,- (Table 1, run 2). When the polymerization was carried out at low

SiMe;. However, the possible resulting cationic Y alkyl species temperatures by use of a combinationlofnd A as a catalyst,
could not be assigned because of the complexity of the spectrum.further high regio- and stereoselectivity (3,4-selectivity 100%,
Nevertheless, addition of 600 equiv of isoprene to a mixturé of mmmmup to 99%) were achieved (Table 1, runs 6 and 7).
and A in CgHsCl led to rapid polymerization of isoprene, which  Unfortunately, however, the GPC curves of the polymers obtained
yielded regiospecifically 3,4-polyisoprene (99%) with isotactic-rich at low temperatures became bimodal. These results suggest that
stereo microstructuresnm~ 80%, mmmnr 30%) and a relatively the cationic alkyl species generated in the reactiot with A is
narrow molecular weight distributiotM,/M,, = 1.8) (Table 1, run unstable and could decompose or change to other sgetesap

5). This is in sharp contrast with the reaction of either the neutral and utilize more efficiently the cationic alkyl species prior to its

14562 m J. AM. CHEM. SOC. 2005, 127, 14562—14563 10.1021/ja055397r CCC: $30.25 © 2005 American Chemical Society
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Scheme 1. A Possible Polymerization Mechanism isoprene molecule would follow the same way at the Y2 center.

After the insertion of the second isoprene, the interaction between

74 SiMe: — #‘ Meww:.  —Si + A
siC /{ R : '\P/\YZ R : sz'w Y1 and the SiMg group could be replaced by that between Y1
R [PraCUBCePo] | R SR || eyt 2 and a G=C double bond in the side chairiff. Therefore, the
X iL “PhsCCHoSiMes 4 P T . ) N '
Me3Si Messlf/ F~r coordination and insertion of the following isoprene monomers
1 (R = cyclohexyl) 1a "ﬁ'\ could take place always at the Y2 metal center in the same fashion,

+ and thus afford isotactic 3,4-polyisoprene selectively.
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decomposition, the polymerization reaction was then carried out

by addition of the activatoA to a mixture of the neutral dialkyl

the Internet at http://pubs.acs.org.

and isoprene, so that the resulting cationic metal alkyl species could
have a chance to react immediately with isoprene, although this
might risk undesired isoprene polymerization causeébBy use

of this improved experimental procedure, a significant increase in
catalytic activity was achieved without loss of the selectivity, and
more remarkably, the bimodal problem observed above was also
solved successfully (Table 1, runs-80 versus 57). No polym-
erization caused b\ was observed, suggesting that the reaction
of A (or a reaction intermediate éf and isoprene) witii to give

an active cationic Y alkyl species is extremely fast and should be
much faster than its reaction with isoprene. Thus, when the
polymerization was carried out at20 °C by addition ofA to a
mixture of 1 (1 molar equiv) and isoprene (600 equiv) igHsCl,

a polyisoprene polymer with almost perfect isotactic 3,4-micro-
structure (3,4-selectivity 100%nmmm> 99%), high molecular
weight M, = 5 x 1), and unimodal narrow molecular weight
distribution M,/M, = 1.6) was obtained (Table 1, run 10). No
evidence for other structures was observedHnand 3*C NMR.

At low temperatures, an increase in molecular weight of the
resulting polymers was also observed, possibly as a result of
decrease in chain transfer. The isotactic 3,4-polyisoprene obtained
is a new polymer, which is crystalline, as shown by XRD, and has
a melting point at 162C (DSC).

Since the true active species in the present catalyst system is
extremely unstable, it is very difficult to obtain experimentally a
piece of information about its structure and its interaction with
isoprene. A theoretical study was therefore carried out, which shed
some light on the mechanistic aspects of the polymerization process.
A possible mechanism based on DFT calculation is shown in
Scheme 1. The reaction of the dialkyl compliewith an equimolar
amount of A should yield straightforwardly the corresponding
binuclear monocationic monoalkyl species, suchlasA DFT
calculation suggested that the remaining alkyl group,$iMes,
in 1a prefers bridging the two metal centers, Y1 and Y2, via the
methylene carbon and yielding simultaneously an agostic interaction
with Y1 via a Me group, thus leading tdb.1°® These new
interactions makéb 6.90 kcal/mol more stable thaka. Because
of the agostic interaction between Y1 and the SiMeoup, the
coordination of an incoming isoprene molecule could occur
selectively at Y2 in a 4,3-fashion to affortt, which after 4,3-
insertion of isoprene would affortid. The newly inserted isoprene
unit in 1d could also bridge the two metal centers via its methylene
end, while the agostic interaction between Y1 and the Sileup
remains. Hence, the coordination and insertion of the second
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The decomposition product of the initially formed cationic active species
might be active for isoprene polymerization, but its lifetime at room
temperature might be very short, and further decomposition to give an
inactive species could take place very rapidly. At low temperatures,
however, it might survive for a longer time to initiate isoprene polym-
erization.
Attempts to confirm the alkyl bridge BYC NMR analysis of the in situ
generated cationic Y alkyl species at low temperatures was not successful
because of the poor solubility and instability of the organometallic species.
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