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Introduction

Statistical copolymerization of conjugated dienes with a-ole-
fins is of particular interest for industrial applications,[1] be-
cause the elastomeric materials obtained exhibit improved

properties compared with their parent homopolymers. How-
ever, this reaction remains a challenge to perform since
these two kinds of monomers polymerize through different
mechanisms. Most of the initial reports of systems that allow
such copolymerizations were binary or ternary catalytic sys-
tems based on vanadium or titanium coordination com-
plexes.[2] The first homogeneous copolymerization of buta-
diene and ethylene involving a metallocene was reported by
Kaminsky and Schobohm, who used a zirconocene-based
catalyst.[3] Since then, the copolymerization of dienes and
small olefins have attracted much interest,[1,4] but published
examples of the reaction have remained limited to a small
number, with the majority of those utilizing rare-earth-
based catalysts.[5] Among them, some examples of copoly-
merization of conjugated dienes with ethylene or hex-1-ene,
using lanthanide-based metallocene catalysts, have been re-
ported. Our group discovered the copolymerization of iso-
prene with hex-1-ene, with up to 10 % hexyl units inserted
within a trans-1,4-polyisoprene chain, by means of the ansa-
samarocene complex [(Me2CC5H4)2Sm ACHTUNGTRENNUNG(C3H5)2Li ACHTUNGTRENNUNG(dme)].[5c]
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Spitz�s group then reported the ternary catalytic system
{Me2Si(3-SiMe2-C5H3)2}NdClACHTUNGTRENNUNG(LiCl) ACHTUNGTRENNUNG(OEt2)2/nBuLi/ ACHTUNGTRENNUNG(tBu)2AlH,
which catalyzes the copolymerization of butadiene and eth-
ylene with up to 60 % ethylene units inserted.[5d] More re-
cently, Carpentier et al. published the copolymerization of
isoprene and ethylene with an olefin content of 24 mol %,
using the single-component catalyst [(CpCMe2Flu)Nd-ACHTUNGTRENNUNG(C3H5)ACHTUNGTRENNUNG(thf)] (Cp=cyclopentadienyl, Flu= fluorenyl).[5e] The
copolymerization of butadiene with olefins was also report-
ed in several patents from Ube Industry,[1a] Sumimoto
Chemical Company,[1b] Mitsui Chemicals,[1c] and Michelin[1d]

using ansa-Cp-amido and ansa-Cp-phenoxy compounds. All
of these homogeneous catalytic systems exclusively involve
metallocenes or constrained-geometry complexes. The half-
sandwich framework based on Group 3 metals has proved
highly versatile as a catalyst towards homo- and copolymeri-
zation for a wide range of apolar monomers, with very high
activities and selectivities.[6] Hou et al. recently described
the statistical copolymerization of isoprene and ethylene
using a cationic scandium-based half-sandwich complex.[7]

We report herein the first example of this kind of statistical
copolymerization with a neutral half-sandwich lanthanide-
based catalyst. While the homopolymerization of olefins has
remained of interest, reports of copolymerization of olefin/
diene systems catalyzed by lanthanidocenes and/or hemi-
lanthanidocenes are rather limited. Computational ap-
proaches have provided important insights into various as-
pects of the mechanism of olefin homopolymerization cata-
lyzed by Group III, IV, and lanthanide d0 complexes.[8] How-
ever, such studies remain scarce for the cases of diene ho-
mopolymerization and monoene–diene copolymerization. In
the homo- or copolymerization of butadiene, a key question
is how the allyl complex, resulting from the insertion of a
butadiene unit into the metal�R bond (R= growing organic
chain), reacts with another olefin monomer or conjugated
diene. While the h3-coordination mode of the allyl group is
the most favorable, there has been considerable discussion
about a putative h3- to h1-haptotropic shift during the pre-
coordination of the incoming monomer, or at its insertion
transition state. This structural change may depend in a
subtle way on the electronic and steric properties of the cat-
alyst and of the reactant, which can thus be important fac-
tors in determining the preference for homo- versus copoly-
merization. In an early study of butadiene and isoprene co-
polymerization catalyzed by [CpTiR]+ (used as a model for
CpTiCl3/MAO) (MAO= methylaluminoxane), it has been
suggested, on the basis of Hartree–Fock geometry optimiza-
tion, that the h3-allyl ligand goes toward h1-coordination
during the reaction; this structural change is suggested to be
rate determining.[9] Tobisch and co-workers have carried out
numerous computational studies of butadiene oligomeriza-
tion mostly catalyzed by electron-rich metal (NiII) com-
plexes,[10,11] but also by CpTiIII.[12] In all cases, insertion of
butadiene occurs into an h3-allyl complex and not into an
h1-allyl complex. For the latter catalyst, further studies on
the stereoselectivity of butadiene polymerization led to a
similar conclusion.[12b] In the study of the tetramerization of

butadiene catalyzed by RhI, both h3- and h1-allyl coordina-
tion modes have been proposed.[13] In the case of lanthanide
d0 complexes, a study of the coordination and reaction of
butadiene with [Cp*2SmH] has been carried out.[14] It was
shown that the h1-allyl complex is 15 kcal mol�1 higher in
energy than the h3-complex, and that the h1-allyl complex
corresponds to the transition state for the rotation/isomeri-
zation of the allyl ligand. It was concluded that the allyl
ligand may go from h3- to h1-coordination during the reac-
tion with the incoming monomer, but no computational
study has yet confirmed this hypothesis. However, in a pre-
vious study on the mechanism of polystyrene polymerization
catalyzed by ansa-lanthanidocenes, we demonstrated that
the successive 2,1-insertions of styrene occur directly on an
h3-styrenyl ligand.[15]

Herein, we investigate the statistical copolymerization of
isoprene with ethylene and hex-1-ene, using four different
lanthanide half-sandwich preinitiators: [(C5Me5)Sc ACHTUNGTRENNUNG(BH4)2-ACHTUNGTRENNUNG(thf)] (1), [(C5Me5)Nd ACHTUNGTRENNUNG(BH4)2ACHTUNGTRENNUNG(thf)2] (2), [(C5Me5)La ACHTUNGTRENNUNG(BH4)2-ACHTUNGTRENNUNG(thf)2] (3) and [{(C5H5)Nd ACHTUNGTRENNUNG(BH4)3}2][Mg ACHTUNGTRENNUNG(thf)6] (4)
(Scheme 1). Complexes with borohydrido groups were
chosen for two reasons: 1) the BH4 group allows the
straightforward isolation of well-defined monomeric com-
plexes;[16] and 2) in terms of catalytic efficiency, BH4 is
equivalent to a halide.[17]

We also demonstrate that the steric hindrance induced by
the presence of the aliphatic chain in hex-1-ene plays a
major influence on the copolymerization. A computational
study supports and rationalizes our experimental results,
and allows us to propose a catalyst structure/copolymeriza-
tion activity relationship. Finally, the theoretical study high-
lights the behavior of the allyl ligand in mono- and diene in-
sertion reactions.

Results and Discussion

Experimental investigation of copolymerization

Statistical copolymerization attempts with isoprene and hex-
1-ene by using half-sandwich lanthanide-based catalysts : Stat-
istical copolymerization of isoprene and hex-1-ene was at-
tempted by using borohydrido half-sandwich Group 3 and
lanthanide-based complexes, such as 1, 2, 3, or 4 (Scheme 1),
with n-butylethyl magnesium (BEM) as an alkylating re-
agent.

Scheme 1. Half-sandwich rare-earth based pre-initiators.
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Complexes 1, 2, and 3 were synthesized by ionic metathe-
sis, according to published procedures,[16a–c] whereas com-
plex 4 was prepared by using the “borohydride alkyl route,”
as previously reported by our group.[16d] All of these half-
sandwich complexes are active and selective preinitiators to-
wards isoprene polymerization, and lead to either highly cis-
(with 1[16a]) or trans-1,4- (with 2,[6a] 3[16c] or 4[16d]) polyiso-
prenes. In this context, one could expect catalysts based on
2, 3, and 4 to insert a-olefin comonomers into the trans-1,4-
polyisoprene structure, because catalysts able to statistically
copolymerize diene and a-olefin mainly give rise to a trans-
1,4-arrangement of diene units in the copolymer produ-
ced.[5d,18] Statistical copolymerization reactions were carried
out in toluene at 50 8C over 2 to 22 h, and the results are
summarized in Table 1. Except for complex 1, which does

not display any activity under these conditions, catalysts in-
volving complexes 2, 3, and 4 lead to the formation of a
polymeric material despite the presence of the hex-1-ene.
1H and 13C NMR spectroscopy revealed the formation of
highly trans-1,4-polyisoprene, but with no hexyl units insert-
ed within the polymer chains. The use of lithium n-butyl-tri-
n-octyl aluminate instead of BEM as an alkylating reagent
led to similar results (see the Supporting Information).

Statistical copolymerization of isoprene with ethylene by
using pre-initiator 2 : The statistical copolymerization of iso-
prene with ethylene was further performed by using borohy-
drido half-sandwich complex 2 coordinated to lithium n-
butyl-tri-n-octyl aluminate (AlR4Li; Scheme 2) as the alky-
lating reagent. The reaction was performed in toluene at
90 8C under an ethylene pressure of 2 bar over 1 h. Con-
sumption of ethylene was observed, as expected, on the
basis of the known ability of Ln-based catalysts to perform
ethylene–diene copolymerization, as mentioned above. The

copolymers obtained were analyzed by 1H and 13C NMR
spectroscopy, which brings further insights into the micro-
structure of the polymer chains (see Figures 1 and 2).

The alkyl initiators (n-butyl or n-octyl) appeared in these
spectra as classical alkyl groups with a greater amount of
CH2 moieties than expected. This suggests that some ethyl-
ene monomers insert into the alkyl–neodymium bonds, most
probably into the initiator–neodymium bonds, during the
early stages of the reaction, since ethylene activity decreases
over the course of the reaction. Beside the main peaks,
which can be attributed to the presence of trans-polyiso-
prene blocks, a set of neighboring peaks reveals the pres-
ence of isoprene (i) moieties close to ethylene (e) motifs
(isoprene–ethylene (ie) sequences). The chemical shifts of
these peaks are in accordance with published values for al-

ternating polymers.[5e, 7] Quanti-
tatively, we observed that ethyl-
ene signals in the ie sequences
have integrals four times higher
than those of the alkyl initia-
tors, while the trans-polyiso-
prene signals (ii sequences)
have integrals of 20 monomer
units. The aforementioned
excess of CH2 groups (ee se-
quences), with respect to the in-
itiators, can be estimated at
four ethylene units inserted per
chain. Some defects due to 3,4-

Table 1. Attempted statistical copolymerization of isoprene (i) with hex-1-ene (h) using 1–4/BEM.[a]

Run Cat. [i]/[Ln] [h]/[Ln] Tol[b]

[mL]
t
[h]

Yield[c]

[%]
h contentACHTUNGTRENNUNG[mol %][d]

Mn
[e]ACHTUNGTRENNUNG[g mol�1]

PDI[f] 1,4-trans[c]

[%]

1 1 575 460 0.5 22 0 – – – –
2 2 575 460 0.5 20 48 0 19 100 1.36 97.5
3 3 575 460 0.5 20 50 0 35 100 1.43 98.5
4 4 575 460 1 2 44 0 16 500 1.66 96.5

[a] Experimental conditions: 50 8C in toluene, [Ln]=8.7� 10�6 mol, [Mg]/[Ln]=1. [b] Tol refers to the volume
of toluene used as a solvent. [c] Calculated taking the two monomers into account. [d] Determined by
1H NMR spectroscopy in CDCl3. [e] Mn corrected with factor 0.5.[19] [f] PDI=polydispersity index. Determined
by gel permeation chromatography with respect to polystyrene standards.

Scheme 2. Synthesis of the poly(isoprene-co-ethylene) copolymer. According to integration of the NMR spectra, e= 4 (ethylene inserted after initiator),
ie =4 (ethylene inserted after isoprene), i=20 (isoprene : 1,4-trans-insertion) and d= 0.8 (defects : 3,4-insertion of isoprene).

Figure 1. 1H NMR spectrum of the poly(isoprene-co-ethylene) copoly-
mer. A) CH3 of alkyl initiators. B) CH2 of alkyl initiators and ee sequen-
ces. C) CH2 in b-position from alkenes, in ie sequences. D) CH3 of i.
E) two allylic CH2 of i. F) CH2 of d (3,4-insertion of i). G) CH of i.
s) solvent.
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insertion of isoprene (id sequences) can be detected with a
mean value of 0.8 units per chain. All of these results sug-
gest that the microstructure of the copolymer consists of
chains with alkyl initiators linked, on average, to four ethyl-
ene units, followed by approximately 24 isoprene units with
four ethylene units scattered within their frame (see
Scheme 2).

This allows us to determine an averaged molecular weight
for these oligomers of Mn =2000 g mol�1 and an ethylene
content of around 25 mol %. A reference run fed only with
ethylene gave coherent results,[20] albeit the turnover fre-
quency with pure ethylene was generally higher than for the
copolymerization run. Other copolymerization runs aimed
at varying the ethylene/isoprene ratio in the product result-
ed in the growth of either ethylene block or isoprene block
polymers, but never in an increased level of ie sequences.

In summary, we have shown experimentally that ethylene
behaves differently from 1-hexene in such copolymeriza-
tions: ethylene does insert, whereas 1-hexene does not. This
is rationalized in the following theoretical study. It is, how-
ever, noteworthy that the presence of 1-hexene does not
impede the polymerization of isoprene when both mono-
mers are present in the reaction mixture.

Theoretical investigation of the copolymerization : The
second insertion of the monomer into the active site of the
catalyst has been modeled to represent the copolymerization
reactions. In a first approach, ethylene and butadiene were
used as simple models of a-olefin and diene, respectively.
Cp and Cp* ligands have been explicitly represented and
treated at the DFT level. For the purpose of clarity in the
figures and simplification in the text, the {(h5-C5Me5)ACHTUNGTRENNUNG(h3-
BH4)M} fragment will be denoted [M] hereafter. In all cal-
culations, La has been selected as M, since this is realistic
with respect to experiments. In addition, we have previously
shown computationally that the thermodynamics and kinet-
ics of reaction catalyzed by d0 lanthanides are marginally af-
fected by the nature of the lanthanide.[21] Finally, we have
assumed that the catalytically active species is [Cp*-ACHTUNGTRENNUNG(BH4)LaR] (R= alkyl or allyl) without considering addition-
al solvent (THF) molecules coordinated to La. In a previous

theoretical study, we demonstrated that decoordination of
THF to the metal center is thermoneutral for this type of
complex.[15]

Ethylene/butadiene copolymerization : Gibbs free energy
profiles have been computed for the homopolymerization of
the olefin (insertion of the olefin into an alkyl complex
(Figure 3)), for the two cross insertions of copolymerization

(insertion of butadiene into the alkyl complex and insertion
of olefin into the allylic system (see Figure 4 A and B below,
respectively)) and for the homopolymerization of butadiene
(trans-1,4- and cis-1,4-insertion of butadiene into the syn-
allyl complex, (see Figure 5 A and B below, respectively)).
Thermodynamically, all of the reactions are computed to be
favorable: [Cp* ACHTUNGTRENNUNG(BH4)LaR] should homo- and copolymerize
both monomers, depending on the monomer feed. This is in
agreement with the experiments carried out with ethylene,
but not with hex-1-ene. Thus, an explicit modeling of the ali-
phatic chain of hex-1-ene is necessary, even in the computa-
tion of simple insertion reactions. To gain insights into the
experimental results, we have analyzed the energy profiles
in more detail and further investigated the effect of the hex-
1-ene side chain on catalyst activity.

The homopolymerization of ethylene is computed to be
kinetically facile with an activation barrier of 13.4 kcal
mol�1. For this reaction, the front-side (fs) insertion is slight-
ly favored over the back-side insertion (bs) by 2.6 kcal mol�1

(Figure 3). However, the precision of the method does not
allow unambiguous attribution of the regiochemistry of the
insertion. This insertion is exergonic by 10.7 kcal mol�1. The
final product exhibits a b-C�H agostic interaction. Since a
nonagostic complex was also optimized, a stabilization
energy of 2.5 kcal mol�1 was attributed to this interaction.
The low energy profile associated with this sequence of in-
sertions is typical of a fast reaction, and it explains the suc-
cessive insertions of ethylene at the early stage of the co-
polymerization (see the Experimental Section). This is also

Figure 2. 13C NMR spectrum of the poly(isoprene-co-ethylene) copoly-
mer.

Figure 3. Gibbs free-energy profile for the homopolymerization of ethyl-
ene. [La] refers to the {Cp* ACHTUNGTRENNUNG(BH4)La} fragment, fs and bs to front-side
(fs) and back-side (bs) insertion modes, respectively.
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in agreement with the control experiment carried out with
only ethylene, which revealed the high activity of the cata-
lyst in the polymerization of ethylene. This corroboration
between experiment and theory confirms the validity of our
computational approach and the adequacy of the theoretical
method used for studying in further detail the various initial
steps involved in monoene/conjugated-diene copolymeriza-
tion.

Gibbs free-energy profiles of butadiene insertions into an
alkyl chain have been computed (Figure 4 A) and compared
to the profile for ethylene insertion (Figure 3). For sake of

clarity, only the trans-1,4-insertion is presented, since it is
the lowest-energy pathway. The cis-1,4-insertion was also
computed and found to be kinetically higher in energy by
1.8 kcal mol�1. From the computational point of view, the
cis-1,4-insertion mode is competitive with the trans-1,4-
mode. This small difference in activation barrier between
the two configurations has been attributed to steric effects,
since the cis-1,4-coordination requires less steric congestion
around the metal center prior to insertion to be efficient.

As for ethylene insertion, trans-1,4-insertion of butadiene
into the alkyl complex [La]Et is thermodynamically favora-
ble. There is no thermodynamic discrimination between
trans- and cis-1,4-insertion; both of them are exergonic by
26.0 kcal mol�1, which is about 15 kcal mol�1 more favorable
than ethylene insertion. This is due to the greater interac-
tion between the allyl group and the metal center than be-
tween the alkyl chain and the lanthanide. The kinetics of the
trans-1,4-butadiene insertion is characteristic of a facile reac-
tion, with an activation barrier of 11.9 kcal mol�1. According
to our calculations, there is no regioselectivity in the inser-
tion; butadiene insertions in [La]Et from the front and back
sides have similar activation barriers. The activation barrier
is calculated to be slightly lower (1.5 kcal mol�1) for 1,4-bu-
tadiene insertion than for ethylene insertion, but this is not
significant within the precision of the method. Thus, buta-
diene can competitively insert in a 1,4-manner into an alkyl
chain to form an allyl complex with a slight preference for
the trans isomer over the cis. This is in good agreement with
the experimental observation that the hemilanthanidocenes
tested herein yield mainly trans-1,4-isoprene motives in the
polymer chains.

To consider all of the initial steps involved in copolymeri-
zation, it is necessary to study all possible 1,4-butadiene
(Figure 5 A and B) and ethylene (Figure 4 B) insertions in

Figure 4. Free-enthalpy profiles. A) Front-side and back-side insertions of
butadiene into the ethyl complex [La]Et. [La] refers to the {Cp* ACHTUNGTRENNUNG(BH4)La}
fragment. B) Insertion of ethylene into the allyl complex [La](h3-syn-
C4H7), where a and b are the facial isomers of the allyl complex [La](h3-
syn-C4H7).

Figure 5. Gibbs free-energy profile for the trans-1,4- (A) and cis-1,4- (B)
homopolymerization of butadiene. Only the supine–supine configuration
has been taken into account. [La] refers to the {Cp* ACHTUNGTRENNUNG(BH4)La} fragment.
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the allyl complex [La](h3-syn-C4H7). For butadiene inser-
tions, from which the bb (ii experimentally) sequence arises,
1,4-cis and 1,4-trans insertions have been studied. For ethyl-
ene, insertions into the two allylic facial isomers (a and b,
Figure 4 B) of complex [La] ACHTUNGTRENNUNG(h3-C4H7) were considered. Since
this isomerism has no effect on the energy profile, it will not
be discussed in further detail.

Ethylene insertion into the allylic complex [La](syn-h3-
C4H7) is endergonic by 5.0 kcal mol�1. This endergonicity
partly results from the replacement of an allyl ligand by an
alkyl ligand on an unsaturated metal center. However, the
reaction is exothermic by about 10 kcal mol�1; the difference
between these two values is attributed to the loss of transla-
tional and rotational entropy of the incoming monomer
during the coordination/insertion reaction. In the gas phase,
these entropic effects are overestimated; thus, ethylene in-
sertion in the allylic complex [La](syn-h3-C4H7) should be
regarded as thermoneutral. In the insertion reaction, the
main-chain unsaturation yielded is coordinated to the metal
center; the loss of this coordination is unfavorable by 6 kcal
mol�1. In the same allyl complex, the supine-trans-1,4-inser-
tion of butadiene is exergonic by 7.0 kcal mol�1 (Figure 5 A).
From the kinetic point of view, both ethylene and butadiene
insertions in [La] ACHTUNGTRENNUNG(h3-C4H7) are computed to be energetically
accessible, although the barriers are higher than for the
mono- and diene insertions into the [La]Et alkyl complex
previously described. In that sense, insertion of ethylene and
butadiene into the allyl complex can be viewed as the rate-
determining steps of the copolymerization, and this reflects
the key role played by the allyl intermediate. For the 1,4-bu-
tadiene insertion into the allyl complex, the trans-syn config-
uration is thermodynamically and kinetically slightly more
favorable than the cis-anti one (Figure 5 B). This result is in
agreement with the experimental characterization of succes-
sive trans-1,4-polyisoprene motifs in the copolymers synthe-
sized, although it contrasts with interpretations put forward
in the literature that attribute the cis-polydiene sequence as
a kinetic product and the trans-polydiene as a thermody-
namic product.[22] If one considers the precision of the calcu-
lations and the difference in energy computed, such attribu-
tion cannot be discussed unambiguously.

From a mechanistic viewpoint, it should be noted that the
mono- or diene insertion into the p-allyl system of [La](syn-
h3-C4H7) occurs directly and in a concerted way. There is no
need to form an intermediate s-allyl complex;[15] this was
also reported by Tobisch for Ti-based catalysts.[12c]

The optimized transition-state geometry of the of the eth-
ylene (Figure 6 A) and butadiene (Figure 6 B) insertions into
the allyl complex [Cp* ACHTUNGTRENNUNG(BH4)La(syn-h3-C4H7)] shows that the
but-2-enyl ligand is p bonded, with the La�C distance close
to 2.9 �. Similarly, the incoming monomers are h2- and h4-
coordinated to the metal center with La�C distances ranging
from 2.6 to 3.3 �. The distance between the two carbon
atoms undergoing coupling is close to 2.05 �, which is typi-
cal of this type of transition state. It should be emphasized
that no s-bonded allyl complex could be located as a mini-
mum on the potential energy surface. This is in agreement

with previous computational studies in which the s-allyl co-
ordination could only be located as a transition state for iso-
merization between two p-allyl complexes. Thus, the inser-
tion into the metal–allyl bond occurs on an h3-coordinated
allyl for both electron-rich and -poor metals (d1 and d0).[10–12]

The free-enthalpy barrier for ethylene insertion into [La]-ACHTUNGTRENNUNG(h3-C4H7) is slightly lower (by 2.7 kcal mol�1) than that for
the trans-1,4-insertion of butadiene (Figure 4 B vs. 3 A).
Once again, this difference in energy is not significant
within the precision of the method, but it does indicate a
slight kinetic preference for ethylene insertion. In contrast,
there is a clear thermodynamic preference for trans-1,4-bu-
tadiene insertion (Figure 4 B vs. 3 A). As a result, the buta-
diene–butadiene sequence is more likely to occur than the
butadiene–ethylene sequence, although the latter remains
possible. According to previous results,[31] if an ethylene in-
sertion occurs, it will be followed by a 1,4-butadiene inser-
tion, which would lead to butadiene–ethylene–butadiene se-
quences and an overall low ethylene content . This interpre-
tation is in line with our experimental results, since the iso-
prene–isoprene sequence occurs five times more frequently
in the copolymer than the isoprene–ethylene motif, with an
ethylene content of about 25 mol %.

At this stage, our theoretical approach is consistent with,
and helps to rationalize, our experimental observations.
More sophisticated approaches, involving kinetic models,

Figure 6. 3D-structure of the transition states of ethylene (A) and buta-
diene (B) insertions in [Cp* ACHTUNGTRENNUNG(BH4)La(syn-h3-C4H7)] and their geometrical
parameters. Distances are in �, angles in degrees. Cpcent refers to the geo-
metrical center of the Cp ring.
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could be utilized for this purpose. However, inserting our
barriers into a kinetic model for copolymerization
(Scheme 3)[23] leads to similar conclusions (r1r2 =0.8 � 10�3

with r1 =79.5 � 10�3 and r2 =10.5 � 10�3).

The form of the catalyst is an important issue. Thus far,
we have only considered that the magnesium complex is ex-
changing one ligand with the lanthanide complex. However,
the remaining BH4 ligand on the lanthanide fragment could
also be displaced by the Mg complex to form either a bis-
alkyl or an allyl–alkyl complex. Therefore, we carried out a
similar computational study with these two putative com-
plexes to check the likelihood of their formation. The acti-
vation barriers for the four considered processes were com-
puted (see Table 2).

The three complexes are predicted to react in an analo-
gous way with similar activation barriers, and the results do
not change our conclusion on the possible copolymerization.

In summary, the copolymerization is mainly under ther-
modynamic control, because all possible reactions are kinet-
ically accessible. The formation of the highly stable p-allyl
complex, rather than the alkyl complex, controls the kinetics
of the reaction and induces the microstructure of the result-
ing copolymer. Additionally, the reaction is guided by a
subtle balance between steric factors around the metal

center, which explains the slight preference for the trans-1,4-
insertion over cis-1,4-insertion of butadiene. The acidic char-
acter of the metal center also accounts for efficiency of the
catalyst in the mono-/diene copolymerization. Indeed, met-
allocene complexes that do not contain an ansa arm, where
the steric hindrance is higher and the charge of the metal
fragment is lower,[24] have never been reported, to the best
of our knowledge, to allow efficient statistical copolymeriza-
tion of olefins and conjugated dienes.

Hex-1-ene/butadiene copolymerization : Discrepancies be-
tween experimental results for the isoprene/hex-1-ene co-
polymerization and theoretical calculations based on ethyl-
ene and butadiene revealed the inadequacy of the structural
modeling along a side-chain a-olefin by ethylene. To address
this point, we investigated the influence of the n-butyl chain
on the reactivity of the catalyst. The free-enthalpy profiles
of hex-1-ene homopolymerization (Figure 7) and hex-1-ene/
butadiene copolymerization (Figure 8) have been computed.

Among the four steps implied in mono-/diene copolymeri-
zation, the major difference between the free-enthalpy pro-
files computed for hex-1-ene and ethylene is caused by the
difference in thermodynamics for the olefin insertion into
the p-allylic intermediate complex (Figure 8 B). This initial
step is endergonic by 13.5 kcal mol�1 and hence cannot
occur. As a consequence, no insertion of hex-1-ene is ex-
pected in the trans-1,4-polybutadiene. This is in agreement
with our experimental observations. Kinetically, the front-
side 1,2-insertion of hex-1-ene into the hexyl complex [Cp*-ACHTUNGTRENNUNG(BH4)La ACHTUNGTRENNUNG(n-Hex)] is less facile than the equivalent ethylene
insertion. An activation barrier of 22.5 kcal mol�1 has been
computed for hex-1-ene insertion in [La]Et, which is 9 kcal
mol�1 higher than that computed for ethylene insertion in
[La]Et. This reaction is also computed to be marginally en-
dergonic by 1.3 kcal mol�1, whereas it is clearly exergonic in
the case of ethylene (�10.7 kcal mol�1). This trend is in
agreement with the previous work of Barros et al.[25] on the
hydromethylation of propene by [Cp2MCH3] (M =Sc or
Lu), where calculations revealed that the second insertion of
an a-olefin was not competitive with hydromethylation for
kinetic reasons. On the other hand, trans-1,4-insertion of bu-

Scheme 3. Modeled propagation steps involved in ethylene homopolyme-
rization (step I), ethylene–butadiene copolymerization (steps II and III)
and butadiene homopolymerization (step IV); kij are the rate constants
of the insertion reactions. PE: polyethylene, PB: polybutadiene, P ACHTUNGTRENNUNG(E-co-
B): ethylene-co-butadiene (statistical copolymer).

Table 2. Computed activation barriers for the three possible complexes
in kcal mol�1.

Reaction Cp ACHTUNGTRENNUNG(BH4) Cp(Et) Cp ACHTUNGTRENNUNG(C3H5)

ethylene insertion into Ln–Et 13.4 14.1 17.2
butadiene insertion into Ln–Allyl 25.5 24.3 27.3
butadiene insertion into Ln–Et 11.9 13.6 17.2
ethylene insertion into Ln–Allyl 22.8 25.5 22.1

Figure 7. Gibbs free-energy profile for the homopolymerization of hex-1-
ene by 1,2-front-side insertion. [La] refers to the {Cp* ACHTUNGTRENNUNG(BH4)La} fragment.
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tadiene into the hexyl complex [Cp* ACHTUNGTRENNUNG(BH4)La ACHTUNGTRENNUNG(n-Hex)] is
computed to be as facile as its equivalent insertion into the
ethyl complex [Cp* ACHTUNGTRENNUNG(BH4)La(Et)]. This indicates that the
ethyl group is a reasonable model for the hexyl radical.

Conclusion

In this study, a joint experimental/theoretical investigation
of the olefin–diene copolymerization activity of [Cp*-ACHTUNGTRENNUNG(BH4)LnR] complexes is reported. It was possible to achieve
ethylene–isoprene copolymerization, which led to partially
statistical copolymers of trans-1,4-polyisoprene-co-ethylene.
This is, to the best of our knowledge, the first report of such
activity with a hemimetallocene complex. On the other
hand, no hex-1-ene insertion was observed in the polymeric
product, and pure trans-1,4-polyisoprene was obtained. Our
computational study was able to reproduce and explain
these findings. Indeed, it was found that trans-1,4-butadiene
insertion into an alkyl complex is the most favored reaction,
both thermodynamically and kinetically. This reaction leads
to the formation of a highly stable allyl complex. According
to our calculations, insertion of ethylene into the allylic
system is marginally disfavored thermodynamically, but ki-
netically favored with respect to the 1,4-insertion of buta-
diene into the allyl complex, which is thermodynamically
more favorable. This explains the formation of the statistical
copolymer. A subtle balance between steric and electronic

effects controls this reaction. Even better reactivity is ex-
pected with a less bulky Cp ligand. The preference for the
trans-1,4-insertion is reproduced theoretically, and is associ-
ated with the steric hindrance around the metal center.

The case of hex-1-ene was also rationalized. Hex-1-ene in-
sertion into an allyl complex is calculated to be endergonic
by 14 kcal mol�1, which prevents hex-1-ene insertion. Experi-
mentally, trans-1,4-poly-isoprene is obtained under copoly-
merization conditions. Finally, ethylene cannot be consid-
ered to be a realistic model for a-olefin, even for simple in-
sertion reactions.

Experimental Section

Computational details : Lanthanum was represented with a Stuttgart–
Dresden pseudopotential that includes the 4f electrons in the core in
combination with its adapted basis set.[26] This basis set was augmented
by a set of f polarization functions (a =1.000). All carbon, boron, and hy-
drogen atoms have been described with an all-electron 6-311G ACHTUNGTRENNUNG(d,p)
triple-z basis set,[27a,b] except the carbon and hydrogen atoms of Cp*
methyl groups, which were represented with an all-electron 6-31G triple-
z basis set.[27c] Calculations were carried out at the DFT level of theory
using the hybrid functional B3PW91.[28] Geometry optimizations were
carried out without any symmetry restrictions, and the nature of the
minima was verified with analytical frequency calculations. For all transi-
tion states, the intrinsic reaction coordinate was followed according to
the intrinsic reaction coordinate technique, and the thermodynamic data
were obtained within the harmonic approximation at T =298.15 K. All
these computations have been performed with the Gaussian 03[29] suite of
programs.

Materials : All operations were performed under dry argon with Schlenk
techniques. Solvents were dried over sodium/benzophenone ketyl, deoxy-
genated, and stored over molecular sieves (3 �) in a glove box. Hex-1-
ene and isoprene (99 % from Aldrich) were dried over calcium hydride,
distilled twice, and stored over molecular sieves (3 �) in a glove box.
BEM (20 % solution in hexanes) from Texas Alkyl was used as received.
Ethylene (from Air Liquide, 99.95 % purity, O2 and H2 <10 ppm, H2O
and CO2 <5 ppm) was used as received. Lithium n-butyl-tri-n-octyl alu-
minate was synthesized by following a literature procedure[30] using tri-n-
octyl aluminum (from Schering) and n-butyl lithium in 1.6m hexane solu-
tion (from Aldrich). Complexes 1–4 were all synthesized according to lit-
erature procedures.[16] 1H and 13C NMR spectra of the polyisoprenes were
recorded on a Bruker Advance 300 spectrometer in CDCl3 and on a
Bruker AC 400 spectrometer in C2D2Cl4 solutions at 130 8C for the iso-
prene–ethylene copolymer.

Typical isoprene/hex-1-ene statistical copolymerization : In a glove box
under argon (H2O and O2 <2 ppm), the half-sandwich pre-initiator was
dissolved in toluene (dry and degassed; 0.5 or 1 mL). Isoprene (0.5 mL)
mixed with hex-1-ene (0.5 mL) was then added, followed by BEM
(1 equiv). The reaction was then stirred and heated at 50 8C for a given
time. The reaction was quenched by the dropwise addition of methanol.
The polymer was then poured into a large excess of methanol, filtered,
and dried under vacuum. 1H and 13C NMR spectroscopy of the polymers
in CDCl3 revealed that no hex-1-ene was inserted into the polymer chain,
and that only pure polyisoprene was obtained, except in run 1 in which
no polymer was formed.

Isoprene–ethylene statistical copolymerization : In a glove box, the neo-
dymium preinitiator 2 (22.7 mg, 50 mmol) was dissolved in toluene
(4 mL), and drawn up into a syringe. Lithium n-butyl-tri-n-octyl alumi-
nate (107.7 mg, 250 mmol) was dissolved in isoprene (2.4 g), drawn up
into a syringe, and made up to 16 mL with toluene. The aluminate solu-
tion was injected into the polymerization reactor at 90 8C under an at-
mospheric pressure of ethylene, before the absolute pressure was raised
to 2.0 bar. An ethylene inlet allowed continuous saturation of the inner

Figure 8. Gibbs free-energy profiles for the initial steps of the cross inser-
tion of butadiene/n-hex-1-ene copolymerization. A) 1,4-trans insertion of
butadiene into [La]Et; B) hex-1-ene insertion into [La] ACHTUNGTRENNUNG(h3-C4H7). [La]
refers to the {Cp* ACHTUNGTRENNUNG(BH4)La} fragment.
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medium at constant pressure. The neodymium solution was then injected
to start the polymerization, and the ethylene consumption was monitored
with a flowmeter. Initial activity was near 10 kg C2H4 h�1 mol�1 Nd, and
was followed by an exponential decrease. After 1 h, the green homogene-
ous mixture was poured into methanol (100 mL with 15 mg of butylated
hydroxytoluene, as antioxidizer). The polymer was then separated from
the solution, dried, and weighed (1.10 g). Integration of the flowmeter
signal gave the mass of consumed ethylene (0.16 g), which allowed the
calculation of the mean turnover frequency (TOF) for ethylene insertion:
TOFethylene =110 h�1. After deducting the mass of consumed ethylene and
of the initiating alkyl species, the resulting mass of polymer consists of re-
acted isoprene. Thus, the conversion rate and the mean TOF for isoprene
can be calculated: r= 35%, TOFisoprene =250 h�1.
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