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ABSTRACT A computational mechanistic study of the butadiene homopolymerization reaction
performed with scandium and gadolinium catalysts [(2-Me-Ind)>(N(TMS)2)]M (M = Sc, Gd) in
presence of [Ph3C][B(C¢Fs)4] or [PhNMe>H][B(CsF5)4] and Al2Ets has been performed at the DFT
level. The speciation of mono- and poly-metallic complexes involving alkylaluminum and the
cationizing agent has been achieved. Their dormant or active character has been revealed. This
speciation shows a thermodynamically favorable transmetalation reaction between the aryl group
of [B(C¢Fs)4]” and the alkyl group of AIR3. The reactivity of [(2-Me-Ind)(Et)M]* (M = Gd, Sc)
toward monomer insertions is detailed. Computed energy profiles demonstrate the preference for
cis-1,4 over trans-1,4 insertion. The influence of the counter-ion on the reactivity and selectivity
of the catalyst has been investigated. For Gd-based system, the counter-ion has an impact on the
reactivity and selectivity of the catalyst and cannot be omitted in the chemical model. Finally, the
ability of these cationic complexes to copolymerize ethylene with butadiene is assessed and

compared to neutral and efficient Nd based catalytic systems.

INTRODUCTION

Since the discovery of Ziegler-Natta catalysts in the 1950s, many catalytic systems have been
developed for olefins and dienes homo- and co-polymerization. These polymers are present in our
daily lives and their synthesis and properties currently meet new challenges like recyclability, raw-
material economy and low carbon footprint.” For those purposes, researchers are aiming to
develop new catalysts with high activities and high control of polymer microstructures. Since the
1960s, catalytic systems mainly based on group 3 or group 4 metals and lanthanides were designed

and elaborated. Interestingly, the control of the microstructure of synthesized polymers conferred



by these catalytic systems can still be enhanced by the fine adjustment of the structure of the
(pre)catalysts and the usage conditions of the catalytic mixture.'-

In this context, several organometallic catalysts for butadiene polymerization have been
developed to obtain synthetic Butadiene Rubbers (BR) that are of particular interest for the tire
industry. The development of stereocontrolled butadiene homopolymerization catalysts is
peculiarly appealing and challenging as synthetic BR properties strongly depend on polybutadiene
microstructures.* For example, a high content of cis-1,4 units increases elastomeric properties that
confer better abrasion and fatigue resistance or a higher resilience to the material.*>° Efficient
catalytic systems are mainly based on cobalt, nickel, titanium and neodymium.* The latter provide
linear polymers with a quasi-regular cis-1,4 content'> whereas cobalt based catalysts yield
branched frameworks.” Interestingly, it has been shown that rare earth metallocene complexes,
when associated to a cationizing agent like [Ph3C][B(CsFs)4] and a cocatalyst such as (AIR3), or
(MgR2)n, yield half-sandwich cationic species that are much more active than neutral ones towards

butadiene polymerization.'-

For example, Wakatsuki and coworkers have characterized the
cation [(CsMes):Ln]" (Ln = Pr, Nd)’ and have reported the activity of [(CsMes)Ln]* (Ln = Pr, Nd,
Sm, Gd) towards cis-1,4-butadiene polymerization in the presence of alkylaluminum.”*’
Similarly, Tardif et al. have reported the structure of [(2-R-Ind)Ln(N(TMS).)(L)a]" (Ln = Sc, Gd;
L =THF and n=2, L = PhNMe; and n = 1) complexes and their activity towards cis-1,4-butadiene
polymerization in the presence of alkylaluminum.® Regarding the complexity of the catalytic
mixtures mentioned above, the molecular structure of both dormant and active species is
questioned in most experimental studies that aim to relate catalyst activities and selectivities to

catalyst components. From these experimental studies, putative structures of the active species are

most often suggested or inferred.



Several communications raised this interrogation and mentioned that different polymetallic
species can be formed between the activated precursor and alkyl reagents.!%!!>!? For example, in a
joint theoretical / experimental study, Ehm et al. have reported the characterization by NMR
spectroscopy of polymetallic edifices between zirconocene complexes and trimethylaluminium
(TMA) depending on the concentration of TMA.!° Calculations carried out at the DFT level have
justified that the formation of the heterobimetallic complexes highlighted in Scheme 1 is
thermodynamically favorable relative to mixed reagents. In a recent and joint theoretical /
experimental study, the group of Zuccaccia in collaboration with the Dow Chemical Company has
reported the characterization of cationic bridged Hf-Al and Hf-Zn heterobimetallic complexes and

has highlighted the role played by agostic interactions in stabilizing the complexes.'?

Scheme 1. Stable adducts formed between cationic amsa-zirconocene complexes and

trimethylaluminium (TMA).'°

Mathis et al. have not only investigated the speciation between Zr and Al based compounds, but
they more specifically focused on the transmetalation reaction between boron-CeFs compounds
(B(CeFs)3 or [Ph3C][B(CeFs)4]) and AlxRe. Different aggregation modes between B(CeFs)3 and

trialkylaluminum were thus characterized during the activation of zirconium complexes.



Depending on B:Al ratio, two heterobimetallic species were depicted and characterized, Scheme
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Scheme 2. Representative zirconium complexes formed, as observed by NMR spectroscopy, upon

exchange reactions between boron fluoroaryl compound B(C¢Fs)s and alkylaluminum species

ADRes, Cp* = CsMes.'?

If AIR3 is in excess relative to boron fluoroaryl compound B(C¢Fs)3, a consequence of the
transmetalation is the formation of the Zr/Al bimetallic complex in which aluminum supports two
or three fluoroaryl groups. If boron fluoroaryl compound B(C¢F5s)3 is in excess relative to AIR3, a
mixture of Zr/Al and Zr/B in which aluminum or boron supports three fluoroaryl groups has been
characterized. This illustrates the efficiency of the Al / B transmetalation reaction. As the counter-
ion ensures the stability of the ion pair, its spectator or actor character towards the reactivity, and
more specifically the selectivity, of catalytic systems is questioned. Several studies suggest that
during olefins polymerization, the approach of the monomer towards the metal center expels the

counter-ion from the inner-sphere to the outer-sphere and consequently that this latter has thus a



minor influence on computed energy barriers once the catalyst is activated and if the counter-ion

)'14,15,16,

does not support a Me group (Figure 1 17 The influence of ion-pairing on the activity and

selectivity of diene polymerization has thus motivated our detailed computational investigation.
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Figure 1. Mechanism of first coordination sphere counter-ion displacement induced by monomer

coordination (ArF = Ce¢Fs; M = Hf, Zr, Ti).!4!516:17

In the present communication, we focused on the mechanistic investigation of the catalytic
systems developed by Tardif® who synthetized both scandium and gadolinium metallocene
complexes supported by one silylamido group and two indenyl ligands substituted in position 2.
When engaged in butadiene polymerization in presence of a cationic agent ((PhNHMe;][B(C¢F5)4]
or [Ph3C][B(CeFs)4]) and iBuszAl as an alkylating agent, the catalytic system proved to be selective
towards cis-1,4 units (Scheme 3).° The major question raised by this polymerization reactions
concerns the determination of the active species and subsequently the dormant ones by considering
the interactions between the alkylaluminum, the cationizing agent and the Sc- or Gd-based
precursors towards the selectivity of butadiene insertion. A second aim, is to assess the ability of
such catalytic system to copolymerize ethylene with butadiene for the synthesis of ethylene

butadiene copolymers.
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Scheme 3. Butadiene polymerization reaction with bis(indenyl) amido metallocene complexes (M

= Sc or Gd; R = H, Me or Ph).°

After a presentation of the modelling strategy and of the level of calculation, we address the
speciation of the catalytic system (Ind’)>M(N(TMS)2) (M = Sc, Gd; Ind’ = 2-substituded indenyl,
TMS = SiMe3) in presence of the cationizing agent and alkylaluminum. Then energy profiles for
monomer insertions is presented, and the impact of the counter-ion on the reactivity is discussed.
Finally, of the ability of the active species to perform the copolymerization of butadiene with

ethylene is assessed computationally.

MODELLING STRATEGY AND COMPUTATIONNAL DETAILS

Since this computational study involves d metal complexes based on scandium (d-block) and
gadolinium (f~block), Relativistic Electron Core Potentials (RECPs) were used.'® In this approach,
only valence electrons are explicitly represented, the influence of core electrons on the valence are
represented by a potential. As the oxidation state of Gd and hence the 4/ population do not change
during the polymerization reaction, a large core RECP (53 electron in core) adapted to the +III

oxidation state was used,'®!%-20-2!

in combination with its associated basis sets augmented by a f
function ({ = 1,0).?>?* This approximation is reasonable as the 4f electrons have a neglectable

contribution in the metal-ligand bonding picture.!”?! Scandium was described by a 10 electrons



full-relativistic Stuttgart-Cologne RECP and its associated polarized basis set.’>** Silicon was
represented by a 10 electrons Stuttgart-Koln relativistic pseudopotential and its associated basis
sets.”* For C, H, F, B, and N atoms, the polarized all-electron triple-{ 6-311G(d,p) basis sets were
used.”” Aluminum was described by the augmented 6-311++G(d,p) basis set’>>*° that enables a
proper depiction of the structural diversity of alkylaluminum clusters.?’-*® Concerning the choice
of the density functional, it has been shown that the hybrid functional B3PW912%" allows to obtain
a good comprise between accuracy and cost of the calculations.?!'*?3* Solvation by toluene was
modeled during optimization by an implicit model (SMD-toluene),** when THF is used as a co-
solvent, explicit THF molecules were added to the model in order to complete the coordination
sphere of the metal. Dispersion contributions were added by means of a single-point correction

33,3637 Energy values correspond to Gibbs

using the damped empirical Grimme D3-BJ correction.
energy given in kcal mol™! estimated at 298 K and 1 atm. Enthalpy and entropy contributions are
estimated within the harmonic oscillator approximation. All calculations were performed with
Gaussian 09 revision D01.’® Geometry optimization of the reactants and transition states were
performed without any symmetry restrictions or geometrical constraints. The nature of extrema
(minimum or transition state) was verified by analytical frequency calculation. The connectivity
of each transition state has been checked by following the Intrinsic Reaction Coordinate of each
transition state. Conformational sampling has been performed by hand. Only the most stable
conformers are presented. The exhaustivity of the sampling is presented as a supporting
information (see ESI). Finally, as a chemical model, experimental Sc and Gd-based complexes

were fully represented without any structural simplification. The polymer chain is depicted by at

least by an ethyl group in order to avoid artefacts.*



RESULTS AND DISCUSSION

Notations. First, 5° and S¢ are respectively used as prefix tags for scandium and gadolinium
based complexes, except for the cationic complex [(2-Me-Ind)(Et)M]* which is noted [M]" (M =
Sc, Gd). Additional notations are used to define insertion sequences. As the primary insertion of
butadiene yields an alkyl site while the secondary insertion forms an allyl site, the four different
modes of insertion of butadiene are noted: trans primary (?’B), cis primary (*?°B), trans secondary
(*"B) and cis secondary (“#°B). Additionally, at an allyl site M(n3-RC3H4), insertion can either
occur at the central M-C? bond of the allyl group, leading to a ?/“B unit, or at the terminal M-C!
bond yielding to a /B unit. Furthermore, two additional monomer approaches originate from the
asymmetry of the substituted indenyl ligand. These two approaches are differentiated as depicted
in Scheme 4. Notation r corresponds to a monomer approaching on the side of the indenyl
substituent. Notation / corresponds to a monomer arriving on the side of the indenyl benzene ring.
Transition state are quoted with an asterisk mark after the inserted monomer (eg ?“B/?CB*),
monomer adducts to an active site are noted with an underscore character (eg ?“B_7?¢B). Neutral
ion pairs in which the counter-ion is explicitly considered in the chemical model are labelled by

the suffix ° (eg 1?°B_7?B°).

left (1) right (r)
Scheme 4. Definition of left / right notations (in orange: indenyl ligand, in pink: polymer chain

noted P).



Speciation. Dimer monomer equilibrium of triethylaluminum (TEA). In order to establish a
common and global energy reference, the most stable form of each species present in the catalytic
solution were defined. The mechanisms that relate all the species considered have not been
investigated and the associated kinetics is assumed to be fast and not determinant. In order to avoid
the extensive sampling of the conformational space originating from the iBu groups of
triisobutylaluminium (TIBA), TIBA was modelled by TEA though the steric hindrance of the
isobutyl groups significantly hampers aggregation.*’ Based on previously reported speciation of
trimethylaluminum (TMA),*'** one monomer and two types of dimer were optimized. Monomer
Aly has a trigonal plane geometry, dimers AL and AL display respectively cis- or trans-
periplanar alkyl bridges (Scheme 5). Isomer AL"" is the most thermodynamically stable. The
dimerization of Alj in AL™" is computed exergonic by 9.1 kcal mol™! that is in fair agreement
with the experimental Gibbs energy value of 7.4 kcal mol™! estimated at 298 K.** Optimization
attempts of clusters with a higher degree of aggregation turned out to be dissociative. This is in

4445

line, so far, with the absence of characterization of larger aggregates, and the bonding picture

of alkylaluminum compounds.*®

Determination of dormant and active species. The cationic species reported by Tardif et al. are
obtained after the activation of the bis-indenyl-silylamido Sc neutral complex 5¢1 by [CPhs]" or
[PhNHMe:]" borate salts. For the sake of clarity, results are presented with [CPh3][BArF] ((BArF]

= [B(CsFs)4]) as a cationizing agent but very similar trends were computed with the anilinium salt

[PhNHMe:|[BArF] (see Scheme S1).

10
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Scheme 5. Optimized isomers of TEA and their relative Gibbs energies in kcal mol.

Though the cationic mono-indenyl species 5¢2 and 5¢4 (Scheme S1 and 6) were synthesized and
characterized by X-ray diffraction analysis, we have also considered a pathway in which the
cationic bis(indenyl) species ¢3 is formed resulting from the abstraction of the amido group by
the trityl cation (Scheme S1 and 6). In the presence of THF, the formation of cationic complex 5¢2
is exergonic by 15.5 kcal mol! due to the coordination to the metal center of two tetrahydrofuran
(THF) solvent molecules. This pathway is thermodynamically the most favorable. In absence of
THF, the cationization of precursor 5¢1 into complex 5¢4 remains exergonic by 5.2 kcal mol!
(Scheme 6). The abstraction of the indenyl group is computed more favorable than the
displacement of the bis-silylamido ligand by 2.1 kcal mol!. This thermodynamic trend agrees with
experimental results® and brings confidence in the computational strategy. In order to pinpoint
catalytically active species, all the possible alkylation reaction of complexes 52 and 5¢4 were
considered. The first hypothesis is the formation of monometallic alkylated species, free of TEA.
In this case, alkylation can proceed via the displacement of the amido or the indenyl ligands of 5¢4.
The displacement of the silylamido group by an alkyl group to yield 5¢5a is almost thermoneutral,
and thermodynamically more favorable than the displacement of the indenyl ligand by 23.5 kcal

mol! (see Scheme S1). Finally, polyalkylations of complex 5¢4 have also been investigated and

11



turned out to be unrealistic with computed endergonicity higher than 30 kcal mol™! (see Scheme

S2).
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Scheme 6. Speciation of the ternary system 5¢1 (A) or 691 (B) / [CPhs3][BArF] / TEA, [BArF]=

[B(CeFs)a], relative Gibbs energies in kcal mol™!. All equilibriums considered are presented in the

Scheme S1 and S5, only the most relevants are depicted in Scheme 6.
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Scheme 7. Speciation of the most relevant polymetallic species (M5b-f, M = Sc panel A or Gd
panel B) and their relative Gibbs energy in kcal mol™!, [BArF] = [B(CsFs)4], monometallic species
M5a (M = Sc or Gd) is quoted for comparison. All the polymetallic species, their associated

equilibria and relative energies are available in the Scheme S3 and S6.

In order to complement the speciation, the putative formation polymetallic species with TEA
and or [BArF] have been considered.'®!'" Experimentally, one equivalent of [CPhs][BArF] is
reported to react with the metallocene complex and the resulting mono-indenyl cation is reported
to be contacted with four equivalents of TEA.® The equilibrium between the remaining borate
counter-anion and TEA is illustrated by equation Eq. 1. This transmetalation reaction is exergonic

by 2.4 kcal mol..

[B(C6Fs)a]” + 2 AlxEts = [BEt2(CeFs)2]” + 2 ALEts(CeFs) (1)

Unfortunately, we were unable to properly converge transitions states for this reaction, its
mechanism could not be determined. However, as this reaction shares similarities with some
transmetalation reactions proceeding experimentally under mild conditions,'? we have assumed
that this transmetalation reaction is not kinetically limited and takes place based on its
exergonicity.

The same speciation study has been conducted if the cationization is made with the
[PhNHMe:|[BArF] salt (see Scheme S1, S4). Concerning Sc-based complexes, the cationization
by the anilinium salt does not change the speciation: the most stable monometallic complex

remains 5¢5a whose formation is exergonic by 5.1 kcal mol !, and the most stable bimetallic species

14



remains 5¢Sb whose formation is exergonic by 10.5 kcal mol!. It appears worth mentioning that
the coordination of aniline to the metal center of cationic complex does not bring significant
stabilization as this reaction is always computed thermoneutral.

In the case of Gd-based complexes, both cationizing agents led the same speciation. The most
stable monometallic cationic complex is similar to 5¢5a, the formation of this complex is slightly
exergonic by 2.9 kcal mol™! (see Scheme 6 and S5). In other words, alkylation of the Gd precursor
is apparently less favorable than the alkylation of the Sc precursor by 4.2 kcal mol!, in presence

of the counter-ion, accordingly to the isodesmic equation Eq. 2.

[(Ind”)ScN(TMS),][BArF] + [(Ind’)GdEt][BArF] = [(Ind’)ScEt][BArF] +

[(Ind’)GAN(TMS),][BArF] (2)

The same thermodynamic balance has been computed in absence of the [BArF] counter-ion. In
this case, the reaction is almost thermoneutral. Thus, the differential binding interactions within
the ion pair accounts for this difference. For gadolinium-based complexes, the most stable
bimetallic species are analogs to Sb-e. Relative to the gadolinium bis(indenyl) amido precursor
Gd1, their formation is exergonic by 1.4 to 4.8 kcal mol™! and are most likely present in mixture
and in equilibria in the reaction media (see Scheme 7 and S6, S7). Thereof, regarding the study of
the initiation of the butadiene polymerization, for both metals, all possible mode of insertion of
butadiene in the monometallic M5a complex were evaluated, but also in bimetallic complexes M5b-
f (M = Sc, Gd). Experimentally, Tardif et al. obtained a high proportion, close to 99%, of cis-1,4-

polybutadiene. The reactivity of these different active sites has been studied to understand catalyst

15



selectivity. However, concerning the modelling of propagation steps, the reactivity of both 2-vinyl-
alkyl and allyl sites were explored.

Before raising the interest on the selectivity of butadiene polymerization, we have first assessed
and compared the reactivity metal-alkyl bonds in complexes 5¢5a-e. For Sc-based complex 5¢5a,
the lowest transition state corresponds to the insertion of trans-butadiene. Relative to S¢5a and
trans-butadiene, this barrier has been computed to 15.6 kcal mol!, whereas insertion of cis-
butadiene requires 6.7 kcal mol! more and is thus unlikely (Table 1 and S1). Hence, after
alkylation of the Sc catalyst, initiation specifically yields syn-allyl 5¢TB. For the bimetallic Sc / B
complex 5¢5b, transition state for butadiene insertion in all metal-carbon bonds has been tested.
The lowest energy transition state is for frans-butadiene insertion in the Sc-Et terminal bond. This
transition state is at 10.5 kcal mol! above 5¢5b and frans-butadiene. Insertion of cis-butadiene
requires less a kcal mol™! more and appears kinetically competitive. Alternatives insertion mode
requires either more than 30 kcal mol™! or led to the dissociation of the Sc / B bimetallic complex
such as for Sc / Al bimetallic complexes (Tables 1 and S1). Hence, relative to the common energy
reference made of 5¢1 and its associated reactants, 5°5b preferentially initiates polymerization and
yields a syn-allyl S<TB site. We have then considered the selectivity of the second butadiene
insertion in a syn-allyl 5¢TB site. In this case, insertion of cis-butadiene to yield an anti-allyl B
site is kinetically favored as indicated by a difference in transition state Gibbs energy of 5.3 kcal
mol! (Tables 1 and S2). At this stage we can conclude that polymer chain will start by a trans-

butadiene unit, specifically followed by a cis-butadiene unit.
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Table 1. Gibbs energy barriers and thermodynamics for the first insertion of butadiene depending

on the active species and the metal center.

AG# AG®?
active species
(kcal mol ™) (kcal mol ™)

SeCB*° 22.3 SeCBJ° -6.6
Scsa

SeTg[+o 15.6 ScTBJ° -11.7

SeCBp*o 11.4 ScCBre -13.5
Sc5b

SeTg[+o 10.5 ScTBJ° -31.7

GdCpy=o 16.9 GdCgJe -14.2
Gdsa

GdT g0 16.2 Gdrgyo -24.1

GdCRyxo 8.6 GdCByo -20.0
Gd5b

GATB o 8.4 GdTBye -31.7

¢ Gibbs energy difference relative to the most stable complex (i.e. S¢G45b),

The reactivity of Gd-based bimetallic complexes has been explored as well. Regarding ¢95b, the
most reactive bond is the terminal Gd-Et one in which frans-butadiene insertion requires to
overcome an energy barrier of 8.4 kcal mol! relative to ¢95b and rans-butadiene; the similar
insertion of cis-butadiene only requires 0.2 kcal mol! more. These insertions are ca. 6 kcal mol™!
lower in energy than the lowest energy barrier for butadiene insertion in the cationic ¢45a.
Regarding Gd / Al bimetallic, attempts to optimize transition states for butadiene insertion are not
systematically dissociative like for Sc / Al bimetallic complexes but requires at 30 kcal mol™! to
proceed and can thus be discarded (Table 1 and S6). As a result, ©45b accounts for the initiation
of the butadiene polymerization without selectivity regarding stereochemistry of the inserted unit.

As for the Sc-based system, we have considered the second insertion of butadiene in a the syn-
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allyl G9TB. The 2.5 kcal mol! difference in Gibbs energy barriers between cis- and trans-insertion
of butadiene accounts for a high selectivity towards the formation an anti-allyl site. Hence, for the
Gd-based systems, the first unit of butadiene is either cis or trans, whereas the second one is

selectively cis (Table 1 and S7).

Butadiene homopolymerization reactivity landscape.

Energy profile without counter-ion. Although the affinity of [BArF]" towards metal allyl
complexes [(Ind )M(n3-CsHe-Et)]" (M = Sc, Gd) is computed in the order of 20 to 25 kcal mol!,
in a first assumption, we have considered that the ion pair is dissociated during the steady state of
the polymerization. Thus, propagation steps have been examined starting from anti-allyl S¢CB
which is taken as an energy reference. The computed more favorable free energy profile for
butadiene insertions is shown in Figure 2.A. For clarity, only the lowest activation energies have
been reported, alternative possibilities are given in the ESI, Scheme S8 and Tables S3 and S8. In
general, insertions on the left side / i.e. on the opposite side of the indenyl substituent as illustrated
in Scheme 4, are kinetically more favorable than insertions taking place on the right » side. Starting
from active site S<B, the n* coordination of cis-1,4 butadiene corresponds to the formation of the
most stable adduct 5M¢B_©Bl. This coordination step is exergonic by 6.4 kcal mol'. The
subsequent insertion via transition states SC14CBCBI* is associated to the smallest Gibbs energy
barrier of 4.5 kcal mol™! relative to the adduct. This step is thus barrierless relative to separated
S¢CB and trans-butadiene. In contrast, the insertion of frans-1,4 butadiene requires 9.5 kcal mol!

to proceed via transition state SM4CBTBI* and relative to the adduct 514¢B_TBI (Figure 2.A).
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Figure 2. Gibbs free energy profile for the butadiene homopolymerization catalyzed by cationic
scandium (A) and gadolinium (B) complexes M’B (M = Sc, Gd). P, = Et. Energies referring to
kinetics are in italic, energies referring to thermodynamics are in bold. [M]" accounts for 2-Me-
Ind-metal cationic fragment (M = Sc, Gd). All the explored possibilities / conformers are available

in see Tables S3 and S8.
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Figure 3. 3D

representation of transition states SSM4CBCBI*, Sc4TBCB[+ ~GdCBCR[* and

GAI4TRCRJ* . Key metal carbon and coupling CC bond distances are given in A. Inserted butadiene

monomer is highlighted in green.

As 12% of 1,2-vinyl unit were characterized within the microstructure of the polymer, the energy

profile associated to this sequence was computed as shown in Figure 2.A. The energy barrier

between cis-2,1 adduct of butadiene 52'B_CBI and the subsequent insertion transition state

Se2ICBCBI* is relatively low in energy 3.6 kcal mol !, but this transition state remains roughly 4

kcal mol™! higher that the transition state SMYCBCB/*. This energy difference is in fair agreement
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with the small amount of 1,2-vinyl unit, and thus supports the elusive 1,4 insertion of trans-
butadiene whose transition state is even higher in energy.

Similar trends were obtained for the Gd-based complex. For this metal, relative to separated
GICB and trans-butadiene the lowest energy transition state ©44CBCBI* is at 5.0 kcal mol ",
GA4CBTR/* is at 7.9 kcal mol! and C921CBCBI* is at 16.1 kcal mol™!' (Figure 2.B). These values
traduce the enhanced activity of the Sc based-system and the higher specificity towards 1,4
insertion for the Gd-based system, in line with experimental results. However, the computed cis-
1,4 vs the trans-1,4 selectivity mismatches experimental data. This discrepancy may originate from
the omission of the counter-ion in the chemical model. For that purpose, we have re-investigated
the mechanism while explicitly including [BArF]" as a counter-ion as presented in the next section.

In order to relate the energetics of the computed energy profiles and especially the differences
between Sc- and Gd-based systems, to the molecular structure of key transition states, Figure 3
displays transition states MM4CBCB/* and MMCBTB/* (M = Sc, Gd) for Sc-based complexes and
their Gd-based analogs. For both metals, the cis conformation of the inserted monomer allows a
n* binding mode to the metal, whereas the frans conformation is better described by a n* binding
mode as the M..C'(butadiene) distance is raised by ca. 0.4 A between these two isomers. This can
be related to the better interaction with the metal that favors the binding and the insertion of the

monomer.

Energy profile with the counter-ion. In order to evaluate the influence of the counter-ion on the
reactivity of 2-vinyl-alkyle and allyl sites, structures have been re-optimized while explicitly
taking the ion paring into account in the chemical model. Preliminary calculations revealed that,

if a molecular interaction is characterized between the counter-ion and the metal complex, it is
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between a fluorine atom of the fluoroarene and the metal center. Hence, in order to avoid additional

sampling, [Et2B(CeFs)2]" has been represented by [BArF] in the following.
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Figure 4. Gibbs free energy profile for the butadiene homopolymerization catalyzed by scandium
(A) and gadolinium (B) ion-paired neutral complexes M“B (M = Sc, Gd) in presence of [BArF] as

a counter-ion. P, = Et. Energies referring to kinetics are in italic, energies referring to
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thermodynamics are in bold. [Sc] accounts for 2-Me-Ind-Sc cationic fragment. All the explored
possibilities / conformers are available in see Tables S5 and S10. As notation, ° refers to neutral

catalytic complex.

Concerning Sc-based complexes, selectivity trends for butadiene insertions are similar to those
previously discussed without the counter-ion. The cis-1,4 insertion of butadiene via transition state
Scl4CBCB/*° is associated to a Gibbs energy barrier of 2.6 kcal mol™! relative to adduct 5¢14¢B_CB/°
whose formation is exergonic by 3.0 kcal mol! as shown in Figure 4. Hence, even in the presence
of the counter-ion, insertion of cis-butadiene into an anti-allyl is barrierless relative to an anti-allyl
site. Thereof, the proximity of the counter-ion is not detrimental for the catalytic activity and
selectivity. The relative energy of transition states SSMCBTB/#° and S¢12CBCBI*° are still in
agreement with the high specify of the catalyst in good agreement with experiment data.
Regarding the Gd-based system, the trends depicted above remain true but the presence of the
counter-ion significantly modulates catalyst selectivities. For this metal, the lowest energy
transition state C14CBCB/*° is at 7.9 kcal mol!, C14CBTB/* is at 14.5 kcal mol™' and ¢421CBCB/*
is at 11.7 kcal mol™! relative to separated G414CB or G921CB and frans-butadiene (see Table S10).
Compared to the less realistic model in which the counter-ion is not considered, the lowest energy
barrier associated to insertion of cis-butadiene in anti-allyl is raised by ca. 3 kcal mol!'. More
interestingly, the difference in transition state energies between insertions of cis and trans of
butadiene is raised by 3.7 kcal mol™!' by explicitly adding the counter-ion. Thus, the counter-ion
thus accounts for the quasi-specificity of the Gd-based system towards cis-1,4 polymerization.
Similarly, the difference in energy between G414CBCB/*° and GI42ICBCB/*° is raised to almost 4
kcal mol™! that also traduce a quasi-specificity of 1,4- over 2,1-insertions, as characterized

experimentally.®
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Geometry analyses along the reaction path show some interesting feature. In both MCB (M = Sc,
Gd) four fluorine atoms are close to the metal center with, for example, distances ranging from
3.64 to 4.21 A for S¢CB. The n*-coordination of butadiene induces a reorganization of the ion pair.
In S¢14€B_CB/°, only two Sc..F interactions are present with slightly elongated distances of 4.46
and 5.13 A. This structure displays additional weak interactions between CH bonds of the allyl
group pointing towards one ArF ring of the counter ion. These interactions are maintained at the
transition states S¢14CB_CBI*° without displaying any significant interaction. This is in line with a
recent experimental kinetic study on olefin insertion in metal-carbon of metallocenium ion-pair
aggregates.*’

Ethylene-Butadiene copolymerization reactivity landscape. The homopolymerization of
ethylene and butadiene classically requires different conditions, performing the statistical
copolymerization of these two monomers remains thus a challenge in the community.! Thus, the
ability of the cationic catalytic systems depicted above to copolymerize ethylene with butadiene
has been assessed computationally. In order to enlarge the discussion, copolymerization energy
profiles have also been computed for the neutral bis-indenyl Sc- and Gd-based complexes. Gibbs
energy barriers are then compared to those of the neutral bis-fluorenyl Nd-based®’ system that is
known to copolymerize efficiently ethylene with butadiene.*%-

In order to perform the statistical copolymerization of ethylene with butadiene, we have shown
that one critical criterion is the energy barrier for ethylene insertion in an allyl site (BE*) relative
to the one of butadiene in the same site (BB*).?” For both Sc- and Gd-based cationic systems, in
absence of the counter-ion, insertion of ethylene into an allyl site (BE*) requires at least 10 kcal
mol! more than insertion of butadiene into the same site (BB*) (Table 2). Additionally, the

insertion of ethylene into an alkyl site (EE*) requires at least 2 kcal mol™! more than the insertion
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of cis-butadiene (EB*). Thereof, the electrophilicity of both Sc and Gd-based cationic complexes
prevail binding and insertion of butadiene. over ethylene These catalytic systems are thus not
expected to yield ethylene-butadiene statistical copolymers under copolymerization conditions.
However, the group of Hou as reported both statistical and alternating copolymerization of
isoprene with ethylene mediated by cationic half-sandwich scandium alkyl camplexes.’! For these
catalytic systems, the activity and the selectivity proved to be significantly dependent on structure
and nature of the ancillary ligand.”' The exhaustive mechanistic investigation of the ethylene /

butadiene copolymerization reaction is available in Tables S3, S4, S8, S9, S11 to S14.

Table 2. Gibbs energy barrier in kcal mol! characteristic of the ethylene / butadiene

copolymerization.
lsléileur;locne [Sc]"« [Gd]* [Sc]o? [Gd]°? [Nd]° <3
BE* 14.9 19.6 14.7 25.3 15.8
BB* 4.5 anti? 6.7 anti 15.8 anti? 21.8 alkyl? 24.9 syn“
EE* 8.3 14.4 13.8 15.8 22.6
EB* 6.5 anti ¢ 7.6 syn? 17.8 syn 13.4 syn“ 22.6 syn*

“complexes [Ind’MR]" (R = alkyl or allyl) computed without the counter-ion; “neutral complexes
[anti-Ind’>2MR] (R = alkyl or allyl); ‘neutral system [MeSi(Ci3Hs)NdR] / R,Mg. “allyl
conformation yielded.

In order to highlight the effect of cationization, copolymerization energy profiles have been
computed for the neutral system [Ind’>MR] (M = Sc, Gd; R=alkyl or allyl site). In this case, energy
barriers for butadiene insertions in allyl or alkyl are significantly raised and are thus more balanced

with energy barriers for ethylene insertions. For example, the difference in energy barrier between
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ethylene and butadiene insertions into an anti-allyl site (BE* vs BB*) does not exceed a 1 kcal
mol™! for [Sc]° (resp. 4 kcal mol! for [Gd]°). Furthermore, for the neutral Gd based complex
[Ind’>GdR], insertion barriers are comparable to those computed for the bis-fluorenyl Nd-based
complex.?’ For the neutral Sc based complex, analogous insertion barriers are lower (Table 2).

These trends suggest that neutral catalytic systems are more suited than cationic ones to perform
the statistical or alternating copolymerization of ethylene with butadiene but with a lesser global
activity. However, for cationic systems, as the energy barrier for ethylene insertion remains
accessible, formation of ethylene rich sequences appears manageable if the concentration of diene
drops, as observed the group of Cui for thiophene-fused cyclopentadiene-ligated scandium based
catalytic systems,>” and patented as well.>

Finally, for neutral catalytic systems, several transition isomers are within a 3 kcal mol™! (see
Table S11, S12, S13 and S14). As reported for Nd- and Zr-based complexes,' a large diversity of

microstructure is awaited upon fine tuning of the ligand and counter-ion structures as well as

reaction conditions.

CONCLUSION

In this study, the speciation and the reactivity of cationic Sc and Gd d° metal complexes for the
butadiene homopolymerization has been achieved at the DFT level. The formation of a dormant
multicomponent catalytic system is highlighted. The presence of the cationic agent and the
alkylating agent leads to a mixture of several cationic mono- and polymetallic species.
Consequently, it is mandatory to take all plausible species into account. Likewise, the counter-ion
of these cationic catalytic systems can significantly affect both the activity and the selectivity of

the catalytic systems. In this study, in which the counter-ion has been both omitted and added to
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the chemical model, we have demonstrated that the counter-ion enhances the activity of the Sc-
based system and raise the selectivity towards cis-insertion of the Gd based system. The explicit
modelling of ion pairing allowed us to alleviate discrepancies between experimental and computed
trends. Finally, regarding the copolymerization of ethylene with butadiene, by comparison with
the characteristic energy profile of neutral Nd-based catalytic systems, we demonstrate that
cationic Sc and Gd complexes cannot perform such copolymerization due to its lack of affinity
towards ethylene if butadiene is also available in the reaction media. Alternatively, neutral Sc and

Gd complexes which might be potential candidate for ethylene-butadiene copolymerization.
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