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Nature provides mankind with highly stereoregular polyter-
penes, i.e., polymers of isoprene, featuring distinct proper-
ties.!l Natural rubber (NR, caoutchouc or cis-1,4-polyiso-
prene, cPIP; >99% cis content, M, ~2 x 10° gmol™') is the
most important polymer produced by plants and is the raw
material for numerous rubber applications. Taking into
account new developments in synthetic polymer chemistry,
a mechanism for living carbocationic polymerization has
recently been proposed for NR biosynthesis.”! Gutta-percha
obtained from Palaquium gutta and several other evergreen
trees of East Asia is an isomer of NR displaying an all-trans
(>99%) configuration and much lower molecular weight
(M, =1.4-1.7 x10° gmol™!).'! Unlike NR it is a thermoplastic
crystalline polymer with a melting point (7,) of 62°C.
Although for most applications gutta-percha has been super-
seded by advanced functional polymers, controlled cross-
linking of synthetic trans-1,4-polyisoprene or its blending
(with, for example, natural rubber, styrene-butadiene rubber,
and butadiene rubber) and block copolymerization (e.g., with
a-olefins) might afford new high-performance materials.”!
The synthesis of highly stereoregular cPIP with Ziegler-
type catalysts is well established.*”) In particular, catalyst
mixtures with rare-earth-metal components such as neo-
dymium represent a prominent class of high-performance
catalysts for the industrial stereospecific polymerization (>
98 % cis-1,4) of 1,3-dienes, even though the molecular weights
and molecular weight distributions remain difficult to con-
trol.) Molecular systems based on lanthanide metallocene
and postmetallocene congeners afford polymers with very
narrow molecular weight distributions and very high stereo-
regularity.’! A combination of [(CsMes),Ln(AlMe,)]/Al-
(iBu),/[Ph;C][B(C¢Fs),] (Ln =Sm, Gd) gave cis-1,4-polybuta-
diene with excellent stereocontrol (up to 99.9% cis) and
narrow molecular weight distributions (M, /M, =1.20-1.23),
while the polymerization of isoprene was not observed to be
living.”! cPIP with comparable characteristics (95-99% cis-
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1,4; M, /M,=13-1.7) was obtained with neodymium allyl
complexes in the presence of aluminum alkyls as activators!®!
as well as with supported catalysts of the type Et,AlICI@
Nd(AlMe,);@MCM-48."! Tt was only recently that cationic
lanthanide alkyl initiators [{PNP"™}Ln(CH,SiMe;)(thf),]"
(PNP™" = ({2-(Ph,P)C4H,},N], Ln =Sc, Y, Lu) were reported
to yield high cis-1,4 selectivity in the living polymerization of
isoprene and butadiene in the absence of any aluminum
additive (>99% cis-1,4; M,/M,=1.05).'""l The fabrication of
synthetic gutta-percha and gutta-balata has been achieved by
utilization of mixed organo-Ln/Mg initiators such as
[(CMe,CsH,),Sm(C;Hs)MgCL(OE,),LiCI(OEt,)]  (>95%
trans-14;  M,/M,=132)"  and  half-sandwich-based
[(CsMemnPr)Nd(BH,),(thf),]/Mg(nBu), (Mg/Nd=0.9;
98.5% trans-1,4, M,/M,=1.15).131

Intrigued by the exceptional catalytic performance of the
cationic =~ monocyclopentadienyl  complexes  [{CsMe,
(SiMe;)}Ln(CH,SiMe;)(thf)][B(C4Fs),] developed by Hou
et al.,'”! we examined similar cationization reactions of our
half-sandwich bis(tetramethylaluminate) complexes
[(CsMes)Ln(AlMe,),]. Herein we describe the reactivity of
these half-sandwich complexes toward fluorinated borate and
borane activators as well as their catalytic performance in the
polymerization of isoprene.

Half-sandwich complexes [(CsMes)Ln(AlMe,),] (Ln=Y
(2a), La (2b), Nd (2¢)) were synthesized according to the
alkylaluminate route utilizing [Ln(AlMe,);] (1) and [H-
(CsMes)].1> ¥ In small-scale reactions of 2 (in NMR tubes)
with one equivalent of [Ph;C][B(C4Fs),] (A) or [PhNMe,H]
[B(C4Fs)4] (B) as solutions in C4Dy, the NMR signals for 2
disappeared instantly and the quantitative formation of
Ph;CMe and one equivalent AlMe; and quantitative forma-
tion of PhNMe,, one equivalent of AlMe; and CH,,
respectively, were observed (Scheme 1). New signals for the
CsMes ligand appeared shifted to slightly higher field in
accordance with a stronger coordination toward the highly
electron-deficient rare-earth-metal cation. High-field shifts
were also observed for the signals of the remaining [AlMe,]
ligand. The stability of cationic species 3, however, signifi-
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Scheme 1. Cationization of 2 with borate reagents A and B.
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cantly depends on the size of the lanthanide cation (La>
Nd >Y).

Ion pair [(CsMes)La(AlMe,)][B(C¢Fs)s] (3b), obtained
from 2b and A, dissolves in C¢Dg or CiDsCl, and such
solutions are stable for several days enabling closer more-
detailed NMR spectroscopic investigations. The ''B NMR
spectrum of 3b in C¢Dy4 revealed a broad resonance at § =
—16.2 ppm, which, combined with a '°F chemical shift differ-
ence for the p- and m-F atoms of 6 =4.2 ppm, suggests the
existence of a tight ion pair (C¢D5Cl).l"! A broad singlet at 6 =
—0.30 ppm (12H) in the '"H NMR spectrum clearly corre-
sponds to one [AlMe,] ligand.”"!

On the other hand, treatment of [(CsMes)La(AlMe,),]
(2b) with one equivalent of Lewis acidic B(C¢Fs); (C) in
C¢H;Cl at ambient temperature instantly and quantitatively
yielded ion pair [{[(CsMes)La{(p-Me),AlMe(C¢Fs)}][Me,Al-
(C4Fs),1})] (4) as the product of very fast sequential CH3/CgF
exchange processes (Scheme 2). Caution: Owing to the
formation of thermal and shock-sensitive [Me,Al(C4Fs),] ™,
extra caution should be exercised when handling this mixture,

especially in higher concentrations).*"*”]
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Scheme 2. Synthesis of 4.

Layering hexane on the reaction mixture of 2b and C
afforded light yellow single crystals of 4.*! The X-ray
diffraction study revealed a dimeric contact ion pair, in
which two lanthanum-containing cationic units are bridged by
two [Me,Al(C¢Fs),] anions (Figure 1). Comparatively short
bonds La-C1 (2.78(1) A) and La--C2' (2.79(1) A) suggest a
tight interaction of the electron-deficient lanthanum cation
with the counterion.”**! (All hydrogen atoms at the sp’-
hybridized C1 and C2 carbon atoms were located and refined
isotropically.) The electron deficiency is further substantiated
by significantly shortened La—C(CsMes) bonds (av. 2.66 A
versus 2.78 A in 2b).

Moreover, a CH,/C¢F5 exchange at the former tetrame-
thylaluminate ligand facilitates a close La-F contact (La--F5
2.62(1) A) in the solid state,”* which is apparently favored
over {La(u-Me);Al(C4F5)} coordination.””’ This La--F inter-
action results in an almost linear bond angle between the
(CsMes) centroid, the lanthanum center, and the adjacent
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Figure 1. X-ray crystal structure of 4 (atomic displacement parameters
set at the 50% level). Hydrogen atoms and fluorine atoms at Al(C4Fs),
are omitted for clarity. Selected distances [A] and angles [*]: La—
C(CsMey) 2.63(1)-2.67(1), La--C1 2.78(1), La--C2’ 2.79(1), La—C3
2.62(1), La=C4 2.65(1), La--Al1 3.16(1), Al1-C3 1.99(1), Al1-C4
1.98(1), Al1-C5 1.88(1), Al1-C6 1.95(1), Al2-C1 1.96(1), Al2-C2
1.95(1), Al2-C22 1.95(1), Al2-C28 1.96(1), La-F5 2.62(1); C1--La--C2
82.2(3), C3-La-C4 76.8(4), La-C3-Al1 85.1(4),La-C4-Al1 84.5(4), C3-All-
C5 111.7(6), C3-Al1-C6 101.2(5), La-C1-Al2 169.3(6), La-C2-Al2’
176.8(5), La--F5-C11 139.8(7), C3-Al1-C4 111.0(5), C1-Al2-C22
108.9(5), C1-Al2-C28 112.1(5), C2-A12-C22 109.6(5), C2-Al2-C28
110.2(5), (CsMes) (centroid)-La-+-F5 177.2(2) [symmetry code: 1—x,
T—y 1-2].

fluorine atom ((CsMes)(centroid)—La-F5 177.2(2)°) and a
considerable elongation of the C11-F5 bond to 1.35(1) A.
(The lengths of C—F bonds to noncoordinating fluorine atoms
average to 1.30 A).

The 'H, F, and ?’ Al NMR spectra of 4 indicate a solution
structure consistent with that observed in the solid state. Two
sets of C¢Fs resonances with Ad,, ,=5.5 and 4.1 ppm appear in
the "FNMR spectrum at 25°C which are assigned to the
{Me,Al(C¢Fs),} and {AlMes(C4Fs)} unit, respectively. How-
ever, the La-F5 interaction appears to be less pronounced in
solution, based on the absence of any upfield '°F signals.”"!
Further evidence of two aluminium-containing moieties is
provided by the Al NMR spectrum, which exhibits two
distinct signals at 0 =142 and 157 ppm (2b: 6 = 166 ppm).”*’)
Facile alkyl/C¢F;5 exchange is a favorable reaction observed in
several catalytic systems based on methylaluminoxane
(MAO)/AIR; and M(C4F5); (M=Al, B) activators and is
commonly discussed as an undesirable catalyst-deactivation
pathway.pl‘zz‘zo]

In contrast, the cationic species generated in situ upon
treatment of 2 with one equivalent of A, B, or C showed good
to excellent activities for the polymerization of isoprene
(Table 1).P"! The stereoregularity of the produced polyiso-
prene corresponds very well to the stability of the cationic
species (see above) and depends on the size of the rare-earth-
metal cation and the boron activator involved. While high cis-
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Table 1: Effect of Ln size and the cocatalyst on the polymerization of isoprene.

Angewandte

quantitatively in 1h (Table 1,

entries 10 and 11). In both cases

Entry® Precat.  Cocat t[h] Yield[%] Structure!d M, (x10°) M, /M, EffE
trans-1,4-  cis-1.4- 3,4 the activities of 68 kgmol 'h™! are

1 2a(Y) A 24 >99 206 605 189 0.2 g05 39s & factor of 2 higher than those

2 2a(Y) B 24 >99 28.7 435 278 06 159 106 mentioned in literature for similar

3 2a(Y) ¢ 24 >99 93.6 1.9 45 09 178 082  trans-specific polymerizations."* "

4 2c (Nd) A 24 >99 69.7 140 163 03 2.87 2.11 Activities obtained for 2b/C are

5 2c (Nd) B 24 >99 79.9 6.9 132 04 1.16 1.73 comparatively low (Table 1,

6 2c (Nd) C 24 >99 92.4 3.8 38 1.3 1.35 0.52 entry 12) because of a long induc-

7 2b(La) A 24 >99 87.0 35 95 0.7 128 198 o eriod: however, the polymer-

8 2b(La) B 24 >99 79.5 34 170 06 1.22 1.08 . . . ’ .

9 2b(la) C 24 =99 99 5 3 05 24 118 08  lzation rates increase slowly with
10 2b(la) A 1 >9 894 12 94 07 128 104 time (see  the  Supporting
1 2b(La) B 1 >99 87.5 29 96 0.7 1.23 104 Information). The first insertion
12 2b(La) C 18 >99 99.5 - 05 24 118 0.28  of an isoprene monomer into the
]3[2 2b (La) A 2 >99 92.5 0.7 6.8 1.3 1.22 1.03 La—Me bond of the very stable
141 2b (La) B 2 >99 89.7 1.5 88 1.2 1.23 1.17 cation 4 appears to be kinetically
158 2b(La) C 24 >99 99.4 - 06 4.4 1.19 031 gisfavored  and  furthermore
16 4 - 24 >99 99.0 0.2 08 23 1.19 0.30 . e . .
170 2b(La) C 24 >99 08.7 _ 13 ndl ndll explains the low initiation effi-

[a] Conditions: 0.02 mmol precatalyst, [Ln]/[cocat.]=1:1, 8 mL toluene, 20 mmol isoprene, 24 h, 40°C.
[b] Catalyst formed within 20 min at 40°C. [c] Determined by 'H and "C NMR spectroscopy in CDCl.
[d] Determined by means of size-exclusion chromatography (SEC) against polystyrene standards.
[e] Initiation efficiency =M, (calcd) /M, (found). [f] 12 mL toluene; after polymerization of 20 mmol of
isoprene for 1 h, another 20 mmol of isoprene were added and the reaction mixture was stirred for
another hour. [g] 12 mL toluene; after polymerization of 20 mmol of isoprene for 18 h, another 20 mmol
of isoprene were added and the reaction mixture was stirred for another 6 h. [h] 8 mL hexane. [i] Not

determined.

1,4 selectivity was a striking feature of tetramethylaluminate-
containing catalyst mixtures reported so far (e.g., [Ln-
(AlMe,);] (Q)/Et,AICI and [(CsMes),Sm(AlMe,)]/Al-
(iBu)/[Ph;C][B(C¢Fs),]),l*7!" the catalyst systems reported
herein afford highly regular trans-1,4 PIP.'">¥ The trans-1,4
selectivity increases significantly with increasing size of the
rare-earth-metal cation and when B(C¢Fs); is used as the
activator (Table 1, entries 1-9). Polyisoprene with very high
trans-1,4 content (99.5 %) and very narrow molecular weight
distributions (M,/M,=1.18) could be obtained from a
[(CsMes)La(AlMe,),]/B(C4Fs); catalyst mixture (Table 1,
entry 9); this polymeric product has the highest rans-1,4
content so far reported for those generated with a homoge-
neous single-site catalyst.'>"¥ Signals assignable to cis-1,4-
PIP units were not observed in the *C NMR spectrum.
Employing the isolated cationic complex 4 as catalyst under
the same reaction conditions afforded trans-1,4-PIP with
almost the same polymer properties (Table 1, entry 16); this
supports the assumption that well-defined 4 serves as the
catalytically active species in the catalyst mixture prepared in
situ.

In accordance with a different activation mechanism, the
use of A and B as activators for [(CsMes)Ln(AlMe,),] led to
extremely high activity for the polymerization reactions,
however, with lower trans-1,4 selectivity than that observed
with C as the activator (up to 89.4 %, Table 1, entry 10). The
highest number of trans-1,4 connectivities and very narrow
molecular weight distributions were again observed for
cationized derivatives of lanthanum precursor 2b (Table 1,
entries 7 and 8).

Catalyst precursor 2b was therefore examined in more
detail. Mixtures 2b/A and 2b/B afforded polyisoprene
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ciency (28%). Theoretical studies
on permethylated lanthanidocene
catalysts point to a dependency of
the monomer coordination on the
steric hindrance around the metal
center. Accordingly, the sterically
crowded complex 4 is proposed to
favor a single 1’ coordination of
the diene over an n* coordination,
leading to trans polymerization.”” In any case, the molecular
weight of the resulting polymers increased linearly with
increasing isoprene Addition of another
1000 equivalents of monomer to a completed polymerization
run yielded PIP with almost double the molecular weight,
sustained high trans-1,4 selectivity, and narrow molecular
weight distributions (M,/M,=1.19-1.23, Table 1, entries 13-
15).

In conclusion, cationization of donor-solvent-free half-
sandwich complexes [(CsMes)Ln(AlMe,),] with fluorinated
borate/borane reagents gave access to new initiators for
controlled isoprene polymerization. The systematic investi-
gation of the affect of the size of the metal ion and
interactions with the cocatalyst (borate vs. borane) resulted
in highly active, trans-1,4-selective (99.5 %) catalysts for the
living polymerization. Successful isolation and structural
characterization of the cationic complex 4 give unprece-
dented insights into the activation mechanism and provide a
“single-component” catalyst for the production of polyiso-
prene with high trans-1,4 selectivity. Our findings point to a
stabilizing effect of organoaluminum reagents for cationic
rare-earth-metal half-sandwich complexes involving the for-
mation of polymerization-active (fluorinated) tetraalkylalu-
minate ligands.
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