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ABSTRACT: This paper reports a DFT study on trans-1,4-specific
polymerization of isoprene catalyzed by the cationic heterobimetallic half-
sandwich complex [(CsMes)La(AlMe,)]*. The possible structures of the
active species, viz.,, [(CsMes)La(u,-Me);AlMe]* (A), [(CiMeg)La(u,-
Me),AlMe,]" (B), and [(CsMe;)La(Me)(u,-Me)AlMe,]* (C), have been
investigated. On the basis of the chain initiation and the structure
transformations among these three species, C has been proposed to be the
true active species smoothly producing trans-1,4-polyisoprene observed
experimentally. Both La/Al bimetal-cooperating monomer insertion and
La-center-based insertion pathways have been calculated, and the latter is
found to be more favorable, where the AlMe; moiety serves as a ligand
coordinating to the La center via a methyl group. In contrast to this, in the
Y analogous system, the AlMe; ligand is proposed to leave away from the Y
center during the chain propagation and the cis-1,4-selectivity is preferred, showing a consistence with experimental results. Such
a situation could be ascribed to the smaller ionic radius of Y and thermodynamically favorable dissociation of AlMe; from Y
center in comparison with the La system. These results suggest that such an alkylaluminum compound plays a crucial role in the
regulation of selectivity in the polymerization system investigated.

B INTRODUCTION performance on the metal center and the alkylaluminum
compounds (e.g., MAO: methylaluminoxane; MMAO: modified
methylaluminoxane; TMA: trimethylaluminum; TEA: triethyla-
luminum; TIBA: triisobutylaluminum, etc.). For instance, the
neodymium isopropoxide Nd(O'Pr);* together with cocatalyst
MAO showed high efficiency in isoprene polymerization at low
[Al]/[Nd] ratios, and the generated polyisoprene has high cis-
1,4-content (90%), high molecular weight (M, = 10°), and
narrow molecular weight distribution (M,/M, = 1.9-2.8).
However, the combination of Nd(OPr); with MMAO gave
relatively lower yield and lower molecular weight of the resulting
polymer. In the meantime, the striking impacts of aluminum
additives have also been found in homogeneous catalyst systems
which showed better control on the molecular weight of
polymers. Carpentier et al. reported that the bimetallic
neodymium—magnesium Nd(allyl),Cl(MgCL,),(THF), com-
bined with TEA or TIBA was highly active and cis-1,4-selective

Polyisoprenes with versatile microstructures show different
chemical, physical, and mechanical properties. cis-1,4-Polyiso-
prene (>99% cis content), featuring low melting point, high
solubility, and high elasticity, is a key component of natural
rubber for tires and adhesives,' whereas its isomer trans-1,4-
polyisoprene called Gutta-percha is thermoplastic crystalline
polymer with high hardness and high tensile strength, mainly
used as the medical materials and a key component of tire sides
and tread rubbers.” Thus far, the precise control on the
microstructure of the isoprene polymers with specific properties
has remained a very attractive and everlasting topic. In this
context, polymers of isoprene have been widely synthesized by
numerous heterogeneous Ziegler—Natta catalysts based on
group 4 and late transition metals such as Ti, Co, Ni, and Cr.?
However, the activity, selectivity, and more-gel formation of 1,3-
dienes polymerization remain to be improved. By contrast the

well-defined Ziegler—Natta rare-earth metal precursors” * with for the polymerization of isoprene. Whereas the yttrium
Nd metal as a pioneer showed the most promising potentials for
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Figure 1. Optimized structures of cationic species A, B, and C (the first row, distances in A) and their isosurfaces of LUMOs (the second row, isovalue =
0.04). Energies shown are free energy in toluene solution relative to species A.

analogue/MAO displaying lower activity enabled the formation
of either cis-1,4 enriched (75%) or trans-1,4 enriched (91%)
polyisoprenes, simply replacing the MAO activator by TEA or
TIBA, respectively.”” Recently, Hou et al. found that the
amidinate-ligated yttrium complex [(NCNy;,,)Y(o-
CH,C¢H,NMe,),] (NCNy,, = PhC(NC(H, Pry-2,6),) with 1
equiv of [Ph;C][B(C¢Fs),] showed extremely high activity and
excellent 3,4-isotacticity for the isoprene polymerization.
However, the addition of TMA shifted dramatically the regio-
and stereoselectivity of polymerization from 3,4-isospecificity to
cis-1,4-selectivity (98%).> Compared to cis-1,4 polymerization,
the trans-1,4 polymerization by rare-earth metal has received
much less attention owing to few suitable active catalyst systems.
Anwander and co-workers reported that half-sandwich hetero-
bimetallic lanthanide/aluminum complexes [ (Cp’)Ln(AlMe,), ]
(Cp’ = CiMe;, CsMe,H, [1,3-(Me,Si),CsH,; Ln = rare earth
metal) with the activation of borate/borane reagents could
catalyze trans-1,4-polymerization of isoprene.® The highest
stereoselectivity was observed for the precatalyst/cocatalyst
system [(CsMe;)La(AlMe,),]/B(CeFs); (trans-1,4 content:
99.5%, M,,/M, = 1.18). One interesting question, as mentioned
above, is that the Y/Al system by Hou et al. and La/Al system by
Anwander give totally different stereospecific polyisoprene. In
this respect, the effect of aluminum salts in microstructure-
control and molecular weight population should not be ignored.
Nevertheless, the related mechanism and factors governing the
activity and regio- and stereoselectivity of 1,3-diene polymer-
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ization by rare-earth metal complexes in the presence of
aluminum reagents have remained to be far from full under-
standing,”

Numerous computational studies® "> have been widely and
successfully conducted to investigate the mechanism of olefins
polymerization catalyzed by group 4 and late transition metal
complexes. These theoretical results have effectively promoted
the design and development of homogeneous transition metal
catalyst. And yet, most of studies focused on mono-olefin

i 8atcf9—11 - )
polymerization; the polymerization of dienes has
remained to be less explored.®"'? On the other hand,
computational studies on the rare-earth-metal-catalyzed poly-
merization of dienes are also very limited'®> and are mostly
conducted for butadiene polymerization according to the 7-allyl-
insertion mechanism introduced by Taube et al."* There are few
examples of computational study on isoprene polymerization
catalyzed by the rare-earth-metal complex. Recently, Maron et al.
conducted computational studies on the polymerization of
conjugated dienes (isoprene was modeled by butadiene)
catalyzed by cationic species [Cp*ScR]* '** and the copoly-
merization of conjugated dienes (butadiene) with olefins
(including 1-hexene) catalyzed by a hemilanthanidocene
[(Cp*)(BH,)LnR]."*® We made the primary computational
investigation on isoprene polymerization catalyzed by cationic
half-sandwich scandium species, in which some complexes and
products were optimized.">* A series of theoretical calculations of
olefin polymerization catalyzed by cationic rare earth metal

dx.doi.org/10.1021/ma500988s | Macromolecules 2014, 47, 4596—4606



Macromolecules

(CeFs)  (CeFs)
(CeFs)
@ ‘,‘q’
N3 o ) ° 9
La & “.“"
@&

] @

Al

CIPA (0.0 kcal/mol)

(O NG Sl
) P 2
‘ a2 4
4% 9P 2 9
@ J J“ Zszw >
S o = PR (i
343 ? 3 (CoFs)
| e
Xl id 9 ‘ J
b 9

CIPB (1.4 kcal/mol)

CIP® (6.3 kcal/mol)

Figure 2. Optimized structures (distance in A) of contact ion pairs CIP*, CIP®, and CIP®. Energies shown are relative free energies in solution.

complexes were also ?revmusly carried out in combination with
experimental studies. Recently, we found that the insertion
of isoprene into the metal—alkyl bond of a cationic binuclear
yttrium complex took place via a kinetically preferable five-center
transition state rather than a conventional four-center transition
state, which is well-known for the mononuclear-complex-
catalyzed alkene polymerization.'*$

Attracted by the strong correlation of the catalytic perform-
ance on the aluminum reagents as well as the sophisticated
mechanism of polymerization catalyzed by bimetallic systems, in
this work, we focus on the mechanism of trans-1,4 (cis-1,4)
polymerization of isoprene mediated by cationic rare earth and
Al heterobimetallic half-sandwich complexes [(C;Me;)Ln-
(AlMe,)]*(Ln = La and Y). Three objectives are to be addressed
in the current theoretical study. The first is to investigate the
structure of the active species. The second is to explore the
polymerization mechanism of isoprene in La—Al bimetallic
systems. The third is to unveil the origin of dramatic difference in
the polymerization selectivity between La and Y systems. We
hope that the results reported here would give valuable
information to the development of more efficient rare-earth-
metal polymerization systems.

B COMPUTATIONAL DETAILS

All calculatlons  were performed with the Gaussian 09 program.
The B3PW91'® functional was utilized to fully optimize all the
stationary points without any symmetry or geometrical
constraints. Normal-coordinate analyses were performed to
verify the geometrically optimized stationary points and to obtain
the thermodynamic data. The 6-31G* basis set was used for C
and H atoms, and Al, Y, and La atoms were treated by Stuttgart/
Dresden effective core potential (ECP) and the associated basis
sets.!” In the Stuttgart/Dresden ECP used in this study, the most
inner 10 electrons of Al and the most inner 28 electrons of Y and
La are included in the core. The basis sets of (4s4p)/[2s2p],
(8s7p6d)/[6s5p3d], and (14s13p10d8f6g)/[10s8pSd4fig] were
used for Al, Y, and La atoms, respectively. One d-polarization
function with exponent of 0.19 was augmented for the Al atom.'®
Such basis sets for geometry optimization are denoted by “BSI”.
In the NBO analysis, the B3PW91 functional and BSI were
applied. To consider the toluene solvation effect, the SMD
model'® developed by Truhlar’s group was taken into account by
performing B3PW91/BSI single-point calculations on the
optimized geometries. Actually, the larger basis set “BSII” (6-
31+G** for C, H, and Al atoms and MWB28 together with
associated pseudopotential for La and Y atoms) was also used for
some calculations of solvation effect, and the obtained relative
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energy (Figure S4 in Supporting Information) has no
significantly change in comparison with that derived from
B3PW91/BSI (Figure S). Therefore, unless otherwise men-
tioned, the reported free energy in solution was calculated at the
level of B3PW91/BS], including the free energy correction from
gas-phase calculation.

B RESULTS AND DISCUSSION

Active Species. Four possible bare cationic species
[(CsMes)La(u,-Me);AlMe]" (A), [(CsMes)La(u,-
Me),AlMe,]* (B), [(CsMes)La(Me)(u,-Me)AlMe,]* (C), and
[(CsMe;s)La(u,-Me)AlMe;]* (D) were considered for modeling
the initial active species. As shown in Figure 1, the species B and
C are higher in energy than A by 4.5 and 15.0 kcal/mol,
respectively. Geometrically, the optimized cationic species A
(Figure 1) with three methyl groups bridging La and Al atoms
has La--Al distance of 2.88 A. The remained methyl group of
AlMe, moiety and two metal atoms (La and Al) almost
constructed a nearly linear connection La---Al-CHj. Optimized
species B with two bridging methyl groups shows a nearly planar
structure constructed by La, Al, and two C atoms of the bridging
methyls. In B, the distances of La-+-Al, La---C1 (C2), and La--C3
are 3.18, 2.56, and 4.44 A, respectively. Unlike A and B, C has a
terminal methyl singly bounding to La, and the resulting AlMe;
moiety serves as a neutral ligand coordinating to the La center via
a methyl group. There is no direct interaction between La and Al
in this species (interatomic distance of 4.99 A). Attempts to
locate species D geometrically led to A (Figure S1). Further
orbital and NBO charge analyses show that the LUMOs of the
former three species are dominated by 5d orbital of metal La
(contributions of 83.0%, 82.4%, and 85.4% in A, B, and C,
respectively), suggesting a feasible access of olefin monomer to
the La center. The positive charge on La follows the order of C >
B > A, and the charge on Al is also the most positive in C than
that in A and B. This suggests that species C has stronger Lewis
acidity in comparison with the other two species.

Considering the relative stabilities of the three bare cationic
species discussed above, we further investigate the stabilities of
their corresponding contact ion pairs CIP*, CIP®, and CIP® in
solution. Optimized structures of these ion pairs are shown in
Figure 2. The anion [B(C4Fs),]™ coordinates with species A, B,
and C via one F atom in CIP*, two F atoms of a —CF; group in
CIP?, and two F atoms of two —C4F groups in CIP. Such a
structural discrepancy among CIP4, CIP®, and CIP could be
ascribed to the La--Al distance and relatively unsaturated
coordination sphere of La and Al centers. The computed relative
free energies in toluene solution of these ion pairs suggest that

dx.doi.org/10.1021/ma500988s | Macromolecules 2014, 47, 4596—4606
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CIPC is less stable than CIP* and CIP®, and two ion pairs CIP*
and CIP® are nearly isoenergetic with respect to the DFT
calculations (Figure 2). On the other hand, the energies required
for the separation of ion pairs via coordination of monomer were
also calculated. The results indicate that the C (30.9 kcal/mol)
involved ion pair is more difficult to be separated in comparison
with A (23.9 kcal/mol) and B (21.8 kcal/mol) cases (Scheme 1).

Scheme 1. Separation of Contact Ion Pairs (CIP) via the
Coordination of trans-Isoprene to La, Generating Isoprene
Coordinated Cationic Complex [C,]* and Counterion
[B(CeFs)s]™
AHp = 23.9 keal/mol
CIP' + isoprene — [C'J* + [B(CgFs)al” AHg = 21.8 kcal/mol

AH¢ = 30.9 kcal/mol
(i=A,B,and C) ¢

Considering this and the relative stabilities of the bare cations
(Figure 1) and their ion pairs (Figure 2), the species C is
excluded from the initially possible active species at the chain
initiation stage. It is noteworthy that an ion pair of C coordinated
by two F atoms of one —C4F; group was found and is higher in
energy than CIPC by 8.3 kcal/mol (Figure S2 in Supporting
Information). Structural comparison of A and B indicates that
the three bridging methyls make the La center of species A more
crowded and be less favorable for monomer insertion (vide
infra). This situation together with the relative stabilities
discussed above led us to initially choose species B as the active
species for chain initiation process.

Mechanism of trans-1,4-Polymerization. It is generally
considered that the #°-7-allyl insertion mechanism works for the
polymerization of conjugated diene catalyzed by transition metal
complexes.*'* The coordination of free monomer to the metal
center generates prereaction complex. According to the trans—
syn and cis—anti correlation, there are four conformationally
different cationic species with 7°-z-prenyl moiety, viz., supine
syn-, prone syn-, supine anti-, and prone anti-prenyl, as shown in
Figure 3.

T T
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Cp*
A ,\L ® e
™ <N
& c3
R’

prone anti-prenyl

M

cis-isoprene

supine anti-prenyl

Figure 3. Four possible species with 7*-7-prenyl moiety for chain
growth.

Repeated monomer insertion into the 7°-z-allylic prenyl-M
linkage implements chain propagation. Therefore,
[(MeC;H,;R )M(Cp*)(CsHg)]" (M = metal) is regarded as
the real active species in the polymerization.'” One knows that
the consecutive insertion of trans-monomer into the allyl—metal
bond of active species with syn-prenyl moiety and the insertion of
cis-monomer into the species with anti-prenyl moiety are direct
pathways leading to trans- and cis-1,4 unit, respectively (Figure
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4). In addition, the isomerization between anti and syn forms is
also possible to occur through a 7'-transition state (Figure 4).
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Figure 4. Isomerization of anti and syn forms and chain propagation.

Thus, the generation of trans-1,4 polyisoprene could proceed via
two possible pathways, viz., the direct insertion of monomer into
syn-prenyl species and anti—syn isomerization prior to monomer
insertion. However, it has been found that the anti—syn
isomerization is more difficult than the direct insertion pathways
(vide infra).

A. Chain Initiation. To access the mechanism working for
trans-1,4-polymerization of isoprene in the current system, at the
chain initiation stage, one needs to investigate the reaction of B
with isoprene to generate active species with supine or prone -
syn prenyl moiety (Figure 3).”¢ It is found that the formation of
the former species is more kinetically favorable (34.6 kcal/mol)
than the latter case (36.7 kcal/mol, see Table S1 in Supporting
Information). In the following, the generation of species with
supine 77°-syn-prenyl moiety is therefore discussed (Figure ).

In Figure S, the labeling Coo, TS, and P denote prereaction
complex, transition state, and insertion product, respectively.
The right superscripts B and C represent active species B and C,
respectively; the subscript t denotes trans-monomer insertion;
the left superscript Al means the Al—Me bond involved insertion.
For example, the Coo®, represents species-C-based prereaction
complex with trans-monomer. The reaction of trans-isoprene
with cation B starts with the formation of complex Coo®; or
AlCoo®,. The latter showing an interaction of monomer with
both La and Al centers goes through a TS A'TS®, with a rather
high energy barrier (43.1 kcal/mol) to give #'P, via a transfer
insertion of terminal Me”. The former, Coo®, goes through
transition state TSP, to generate the insertion product PP, rather
than P€ with (u,-Me)AlMe, moiety (see Figure SS in
Supporting Information). This course showing the y,-Me'
transfer insertion overcomes the high energy barrier of 34.6
kcal/mol and is exergonic by —1.4 kcal/mol. These two pathways
are hard to kinetically occur with respect to olefin insertion/
polymerization. This result shows a good agreement with the
finding that the heterobimetallic 7*-complex being similar to
species B was regarded as a dormant state species in chain
transfer polymerization.*

To our surprise, however, the Coo®, could favorably isomerize
to Coo®, with one y,-Me group and a terminal methyl (Me')
connecting to La. This conversion needs to overcome an energy
barrier of 22.2 kcal/mol (Figure S). The Coo®, is actually the
coordination complex of monomer with cationic species C. The
compelx Coo®, is suitable for the transfer insertion of Me' group,
and the insertion TS, TS, has been successfully located, giving
insertion product P€. This insertion process has an energy
barrier of 27.2 kcal/mol and is significantly exergonic by —11.2
kcal/mol. Although the prereaction complex Coo€, is higher in

dx.doi.org/10.1021/ma500988s | Macromolecules 2014, 47, 4596—4606
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Figure 5. Computed energy profiles (in kcal/mol, free energy in toluene solution, the sign of cation is omitted) for the formation of species with #7°-syn
prenyl moiety via the reaction of B with trans-isoprene. The energies given are relative to the energy sum of B and one molecule of trans-isoprene.
Optimized structures of Coo®, TS®C, Coo®, TS, and P€, are shown in Figure S3 of the Supporting Information.
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Figure 6. Computed energy profiles (in kcal/mol, free energy in toluene solution, the sign of cation is omitted) for the chain propagation; the energies
are relative to the energy sum of B and corresponding monomers. The 3D-structures with important geometrical parameters of the stationary points are

shown in Figure S9.

energy than Coo®, by 10.5 kcal/mol, the final insertion product
P€, is more stable than Coo®, by 17.3 kcal/mol. It is obvious that
such an insertion process is significantly favorable both
kinetically and thermodynamically in comparison with the
pathway though TS®, or #'TS", (Figure 5). This result suggests
that the C having one terminal Me as a transfer insertion group
and a (y,-Me)AlMe, moiety as a monodentate ligand could be
the active cationic species at the chain initiation stage. Actually, a

4600

coordination complex of A and the monomer has been
geometrically optimized, whereas attempts to locate the insertion
TS for subsequent transfer insertion of one of the three y,-Me
groups were fruitless. With the help of relaxed potential energy
surface scan, a TS optimization starting with the geometry at the
top of scanned curve led to TS, (see Figure S6 in Supporting
Information). This result suggests that the species A could be
unsuitable for chain initiation.

dx.doi.org/10.1021/ma500988s | Macromolecules 2014, 47, 4596—4606
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Geometrically, the Me, as a transferring insertion group
adopts y,-manner in Coo®; but is a terminal form in Coo,. This
situation makes the former insertion process kinetically less
favorable due to the cleavages of both La—Me,; and Al—Me,
bonds in comparison with the latter case undergoing only the
cleavage of La—Me, bond. This could account for the higher
relative energy of TS®, compared with TS, (Figure 5). It is noted
that the insertion product P®, with one terminal- and two y,-Me
groups is less stable than the P€, with two terminal- and one -
Me groups. To get better understanding on the relative stability
of the P in comparison with PP, energy decomposition
analyses were performed. For this purpose, single-point energies
were calculated for the fragments of [La]AlMe; ([La]
[Cp*La]**) and [1*-CsHgMe]™ with their geometries in P€,
and P®, respectively. It was found that the [La]AlMe; moiety in
P€, is lower in energy than that in P®, by 4.9 kcal/mol and the 7’-
CsHgMe moiety in P€, is only 0.2 kcal/mol higher than that in
P®,. The interaction energy between the two moieties is also
lower in the former case (—129.6 kcal/mol for P€, vs —128.4
kcal/mol for PB,). These results suggest that the less stability of
P®, could be ascribed to the higher energy of its [La]AlMe,
moiety and weaker interaction between [La]AlMe; and 7-
CsHgMe moieties in comparison with the case of P€,.

B. Chain Propagation. In view of the result that the formation
of P€, is more both kinetically and thermodynamically favorable
compared with PP, the former was considered for the
subsequent monomer insertion event. To model the prereaction
complex during the chain propagation, the frontier orbital
analysis of P€, has been performed. It is found that the LUMO of
P€, is predominated by La-5d (76.5%) and the contribution of
Al-3p orbital is minor (0.7%, Figure S7). This suggests that the
incoming monomer could preferably coordinate to the La center.

As shown in Figure 6, after the formation of the prereaction
complex Coo® showing a coordination of the monomer to La
center of P€, the insertion of isoprene occurs through the
transition state TSC, and then leads to the insertion product
P, This insertion process, which overcomes a free energy
barrier of 25.5 kcal/mol (relative to P<,), is exergonic by 1.9 kcal/
mol (relative to P€,). Similarly, the insertion of the third
monomer could take place via the coordination of the incoming
isoprene to the P,¢;, which was derived from P,%; via a
thermodynamically feasible chain rotation. The newly formed
coordination complex 'CS; goes through transition state "TS,
to give product 'PC,. It is found that these two transition states
(TS and 'TSC,,) are structurally similar, and the chain growth
could smoothly occur. It is noteworthy that the coordination of
the incoming monomer to both La and Al centers of P€, and P®,
and subsequent insertion is less energetically favorable in
comparison with the corresponding process shown in Figure 6
(see Figure S8).

Selectivity. For better understanding of the origin of highly
selective polymerization of isoprene, it is necessary to make a
comparison in details for trans-1,4 and cis-1,4 polymerizations. A
number of computational studies®>'* indicate that the stereo-
selectivity of 1,3-diene polymerization mainly depends on the
configuration of the coordinated monomer and the isomer-
ization between syn- and anti-modes. All the insertion processes
in the current work follow the z-allyl-insertion mechanism
proposed by Taube et al.**

As discussed above, the chain initiation and propagation
actually occur through one CHj-bridged La/Al bimetallic
cationic species such as C, and the insertion event preferably
takes place at the La center. Therefore, the cationic species C and
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P€, were considered for the investigation of selectivity. There are
two manners (trans vs cis) for isoprene to coordinate to the La
center of cationic species C. The chain initiation occurs through
the coordinations and subsequent insertions of trans-isoprene
and cis-isoprene into the La—Me bond of species C to give
products with the syn-i*- and anti-n*-allylic moieties, respec-
tively. The corresponding relative energies are shown in Table 1.

Table 1. Computed Free Energies in Toluene Solution (kcal/
mol, Relative to B and Monomer) for the Insertion of trans-
and cis-Isoprene into La—Me Bond of Species C at the Chain
Initiation Stage®

insertion modes” Coo® TS p°
trans-isoprene(si)© 16.6 (Coo®,) 27.2 (TS —11.2 (P€)
cis-isoprene(si) 19.4 (Coo®,) 28.6 (TSC,) —-8.0 (P€)

“See Table SI in the Supporting Information for other unfavorable
insertion modes (refs 12u and v). bDenoting si-insertion of trans- and
cis-isoprene, respectively. It is similar for that in Table 2. “Data taken
from Figure S.

It has been found that the trans-isoprene is easier to coordinate
with metal center than cis-isoprene (complexation energies of
16.6 vs 19.4 kcal/mol), and the subsequent insertion is also more
favorable for the trans case with respect to the relative energies of
TSs (TS®) and products (P€, Table 1).

Therefore, the trans-isoprene induced product P, with syn-n*-
allylic moiety is preferred at the chain initiation stage.
Geometrically, the transition state TS, with trans/syn
configuration shows a 7°-coordination mode, while the TSC,
with cis/anti configuration shows a 77*-coordination manner
(Figure 7). To further explore the stereoselectivity of isoprene
polymerization, the chain propagation has also been compared.

LIS
(trans, syn)

TsC,
(cis, anti)
[La]* = [Cp*La(i,—Me)AIMe,]
Figure 7. Schematic representation (distances in A) of the transition

states TS, and TSC.. The ligands including AlMe; were replaced by
[La]* for clarity, and the sign of cation is omitted.

As shown in Scheme 2a, the coordinating complexes Coo
and Co0C,, formed via coordination of trans-isoprene to the P,
with syn-configuration and to the PC_ with anti-configuration,
respectively, serve as active species for the productive enchain-
ment cycles.'* Chain propagation could go through the CooC,
— TS, — P€, or Coo®, — TS, — PC, pathway. Similarly, as
shown in Scheme 2b, the cis-isoprene-participated chain
propagation follows Coo, — TS¢, — P¢_ or Coo®, —
TSCBC - PCaC'

It has been found that the trans-isoprene coordinated complex
Co0% is more stable than cis-isoprene coordinated complex
Co0,.. The Coo®, overcomes an energy barrier of 10.2 kcal/
mol to yield the most stable trans-1,4 unit product P€ having
lowest energy of —17.1 kcal/mol among the four products (P€,
P€,, P€,, and P€,.) shown in Scheme 2. Therefore, the process
Coo®, — TS¢, — PC, is the most favorable pathway in

sC C
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Scheme 2. Computed Energy Profiles (in kcal/mol, Free Energy in Toluene Solution, the Sign of Cation Is Omitted) for Isoprene
1,4-Polymerization with [(CsMes)La(u,-Me)AIMe,(;>-C4H,,)]* as the Active Species”

A
(@ Y *
\{!/ [La]*{'/flt . R—>/—[La]]\/L R

_____ CooC TSC, PC,
ﬁa’['—a]’:\' 0.0 10.2 -17.1 trans-1,4 unit

k4
TSis_at /[La]* I
20.6 ) ~ R
CooC, TS, PC.t
2.0 15.4 -15.9 cis-1,4 unit

Lal = CpLatir e

R ~
(b) // ,,,, [La] [La]
%{_[La]* ...... ¥ fk XA —
WX ‘
" L */>/ CooCy, P
ftal \\/ 1.6 8.7 -13.6 trans-1,4 unit

TSpa_sic /( 7 [La]* ¥ ILar:
207 x ""‘.——[La]*ii.’._% R/\// N {

C
ac P ac

44.6 11.6 -12.1 cis-1,4 unit

“The labeling Coo, TS, and P denote prereaction complex, transition state, and insertion product, respectively; the superscript C represents active

species C; the subscripts st, at, sc, and ac denote syn/trans, anti/trans, syn/cis, and anti/cis configuration, respectively. For example, the Coo®,,

represents species-C-based prereaction complex with syn/trans configuration. Other unfavorable transition states with various orientations of the allyl
group and the incoming monomer, as the isomers of TSS and TS, are shown in Table S2.

La-C4 =3.48
La-C5 = 3.09 La-C4 =3.10
La-C8 =2.63

\ La-C5 = 3.02
\ La-C9=2.79 La-C8 =2.70
\ La-C10=2.70 La-C9=2.79
\ La-C2 = 3.02 La-C10=2.72
La-C13=6.10 La-C2 = 3.06
Pcst Pcac

Figure 8. Geometric structures (distances in A) for products P, and P€,.. The hydrogen atom and the bonding between La and the growing chain were
omitted for clarity. La--C13 distance of 6.10 A in P€,; suggesting no bonding between the two atoms.

thermodynamlcs, which is consistent with the experimental

polyisoprene is a thermodynamic product.'* It is noteworthy
observation® and the previous result that the trans-1,4-

that an alternative pathway Coo®, — TS, — P also giving
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trans-1,4 polymer shows the lowest energy barrier of 8.7 kcal/
mol. Nevertheless, an anti—syn regulation (via transition state
TSE’ sJc) would be required prior to the next loop of Coo®,. —
TS, — PC.. By contrast, the anti—syn isomerization needs to
surmount the higher energy barrier (20.7 kcal/mol) than that for
the direct C—C bond formation along with Coo®,. — TS®,. —
P€,,, leading to product P€,_ (an energy barrier of 11.6 kcal/mol,
Scheme 2b). However, this pathway is kinetically and
thermodynamically less favorable in comparison with the
formation of product P€ with trans-1,4 unit via the Coo®;, —
TSC, — P€, pathway (Scheme 2a). Such kinetic and
thermodynamic priorities for the formation of trans-1,4 unit
were also suggested by the results derived from MPWI1K and
BP86 functionals (see Table S3 in Supporting Information).

For a better understanding of the thermodynamic priority for
the formation of trans-1,4 product, the geometrical structures of
P€,. and P€; have been compared. As shown in Figure 8, in the
P€,,, there is steric repulsion between the Cp* ligand and the
methyl groups of the inserted 7°-prenyl units, while such
repulsion is absent in P€. This could account for the more
stability of the latter. The same is true for the corresponding
coordination complexes of Coo®,. and Coo. Further energy
decomposition analysis indicates that the less deformations of
the isoprene moiety and its counterparts also account for the
more stability of Coo®; in comparison with Coo®,. It is
noteworthy that the AlMe, constructed plane in the PS is
perpendicular to the growing chain due to the steric effect of
methyl groups of prenyl unit, whereas such a plane is parallel to
the growing chain in P€,.. The free rotation of the AlMe, ligand
around the La—MeAlMe, bond axis should be beneficial to such
an orientation adaptation of AlMe; ligand.

Cis-1,4-polymerization of Isoprene by Analogous
Yttrium System. One interesting question is that, unlike the
La—Al catalyst system, the Y analogue tends to produce cis-1,4
polyisoprene. To uncover the origin of the experimentally
observed different stereoselectivity, the chain initiation and
propagation steps promoted by the Y analogue [(CsMe;)YMe-
(4,-Me)AlMe,)]* (Cy) have been also investigated.

Table 2 shows the computed relative energies for the chain
initiation stage, viz., the insertion process of isoprene into Y—Me

Table 2. Computed Free Energies in Solution (in kcal/mol)
for the Insertion of Isoprene (trans- and cis-Forms) into Y—
Me Bond of Cy (Energies Are Relative to the Energy Sum of
trans-Isoprene and Cy)“

insertion coordination complex  transition state  insertion CBroduct
modes (Co0®Y) (TSY) <)
trans- 8.7 (Coo®Y,) 19.3 (TSY) -17.6 (P<Y)
isoprene(si)
cis- 9.0 (Coo®Y,) 17.9 (TSY,) —14.3 (P<Y)

isoprene(si)
“See Table S4 in the Supporting Information for other unfavorable
insertion modes (refs12u and v).

bond of Cy. As shown in this table, the insertion of trans-isoprene
is kinetically less favorable by 1.4 kcal/mol, but the resulting syn-
n-allyl product is energetically more stable by 3.3 kca/mol in
comparison with cis-isoprene insertion giving anti-n-allyl
product. This suggests that the syn-1>-prenyl and anti-i’*-prenyl
products are the thermodynamically and kinetically controlled
products, respectively.

In the chain propagation as indicated in Table 3, cis-isoprene
insertion process overcomes a free energy barrier of 25.7 kcal/
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mol and is endergonic by 0.5 kcal/mol. However, the trans-
isomer insertion needs to overcome a free-energy barrier of 22.0
kcal/mol and is exergonic by —4.9 kcal/mol. Both the
prereaction complex (Coo“Y,) and transition state (TSY)
for trans-isoprene insertion are lower in energy than those for cis-
isoprene insertion by 2.7 and 3.7 kcal/mol, respectively. And
trans-isoprene insertion product P, is also stable than the cis-
isoprene insertion P, . Thus, the trans-isoprene insertion is
more kinetically and thermodynamically favorable. Nevertheless,
this result is inconsistent with the experimental result showing
dominant cis-1,4 selectivity.

To clarify this descrepancy, a further analysis of energy
decomposition of TS®Y, and TSY, was carried out. We define
the isoprene moiety in these transition states as fragment F1 and
the remained part as fragment F2. The energies of the fragments
F1 and F2 at the geometry they have in the TS®Y, (or in TS®Y,.)
were evaluated through single-point calculations. These single-
point energies, together with the energy of the respective
fragments in their optimized geometry, allow for the estimation
of the deformation energies of the two fragments, AE4¢{(F1) and
AE; (F2). Such single-point energies of the fragments and the
electronic energy of TS were used to estimate the interaction
energy AE,, (corrected by basis set superposition error, BSSE)
between F1 and F2 fragments. As the energy of the TS, AErs, is
evaluated with respect to the energy of the two separated
fragments, the relation AEg = AE,, + AE4{F1) + AE4{F2)
holds. The following results were found for TS“;: AE, = —31.6
kcal/mol, AE;{(F1) = 12.2 kcal/mol, AE4{F2) = 20.2 kcal/
mol, and therefore AErg = 0.9 kcal/mol. While the results of
energy decomposition for TS, are AE,, = —36.2 kcal/mol,
AE (F1) = 15.7 kcal/mol, AE4{F2) = 21.9 kcal/mol, and
therefore AErg = 1.4 kcal/mol. The AE,, value of 0.9 kcal/mol
for TS®Y, is lower than that for TSY,. by 1.4 kcal/mol. It is
obvious that the total deformation energy AEy of 37.6 (21.9 +
15.7) kcal/mol in TS®Y,. shields the superiority of strong
interaction (—36.2 kcal/mol) between F1 and F2 fragments in
TSCY,_ and further makes this TS less stable. On the basis of this
result, we speculated that the observed cis-1,4-polymerization in
the Y complex system could occur under the situation of less
steric hindrance and that the AlMe; ligand might departed from
the Y metal center during isoprene polymerization. Therefore,
we made further calculations on chain propagation promoted by
[(CsMes)Y(CgHy)]* species without the AlMe; ligand. The
results are shown in Table 3. As expected, the cis-isoprene
insertion process leading to cis-product overcomes an energy
barrier of 8.6 kcal/mol and is exergonic by 12.5 kcal/mol,
whereas the trans-insertion process leading to trans-product
P, is less kinetically favorable (11.5 vs 8.6 kcal/mol). This
result is in line with the experimental observation that the cis-1,4-
selective polymerization was favored in the Y complex system.
Unlike the case of TS,  and TS®Y,, the total deformation
energies in the AlMe,-free TSs, viz, 'TS®Y,. and 'TS®Y, are
almost same (28.5 and 29.9 kcal/mol, respectively), as suggested
by further energy decomposition analyses. Therefore, it is
proposed that the AlMe; ligand could depart from Y center
during isoprene polymerization to produce cis-1,4-polyisoprene.
For better understanding of such a behavior of AlMe; ligand, the
dissociation free energies of AlMe; in the TSs TSY,_ and TS,
(Table 3) were calculated at the level of M06-D3*' with
dispersion correction. To get more reliable dissociation energies
of AlMe;, the BSSE and D3 dispersion corrections were
considered. It has been found that the calculated dissociation
free energies are —7.3 and —1.0 kcal/mol for the case of TS,
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Table 3. Computed Relative Free Energies in Toluene Solution (kcal/mol) for Chain Propagation Promoted by Y Complexes with
and without AlMe; Ligand (Energies Are Relative to 'Coo®")”

; g . g b
active species insertion mode

[(CsMes )Y(SYU"IS'CéHl (- Me)AlMe,) ]
[(CSMe5 )Y(unti-r]s-CsHl 1) (4-Me)AlMe,) ]*
[(CsMe )Y(SYH"?S'CeHl I
[(CsMeg )Y(‘mti"ls'céHl Nk

cis-isoprene (si)-anti

cis-isoprene(si)-anti

trans-isoprene(si)-syn

trans-isoprene(si)-syn

Coo® TS P
14.7 (Coo™Y,) 22.0 (TSYy) —4.9 (P9
17.4 (Coo™,, 25.7 (TSY,0) 0.5 (PY,)
0.0 ("Coo™Y,, 11.5 ('TSY) —12.7 ('P<Y)
4.1 ('Coo®Y,, 8.6 ('TS®Y,.) —12.5 ('PY,.

“See Table S5 in the Supporting Information for other unfavorable insertion modes (refs12u and v). YFor example, the trans-isoprene(si)-syn
denotes the si-insertion of trans-isoprene into the species with syn-moiety.

and TS®Y,, respectively (Table S6 in Supporting Information).
This result suggests that the dissociation of AlMes in TS®Y, is a
significantly exergonic process during the chain propagation and
is therefore favorable to give "TSY,. (Table 3) to achieve cis-1,4-
polymerization. For a comparison, such dissociation free energies
were also calculated for the corresponding TSs involved in the La
system, viz., TSC,. and TS, (Scheme 2), and the free energies of
—1.9 and 0.1 kcal/mol were found for the cases of TS®,. and
TSC,, respectively (Table S6). This suggests a less favorable
dissociation process in comparison with the case of TS, (7.3
kcal/mol). Considering that DFT methods might fail to describe
bridging Al alkyls and that the MPWIK functional was reported
to be comparable to multireference methods,”* the MPW1K
functional was also used. The result and that from B3PW91-D3
also indicate more favorable dissociation of AlMe; in the case of
TS, compared with other three TSs (Table S6). This is not
surprising since La has bigger ionic radius (1.36 A) and larger
general coordination number (12) than that of atom Y (ionic
radius of 1.08 A and coordination number of 9).>® Therefore, the
AlMe; ligand plays a key role in regulating the stereoselective
polymerization of isoprene in the system studied.

H CONCLUSION

In conclusion, the mechanistic details of trans-1,4 polymerization
of isoprene by cationic species [ (CsMe;)La(AlMe,)]* have been
theoretically disclosed here. Three possible bare active species
[(CsMes)La(u,-Me)sAIMe]" (A), [(CsMes)La(pu,-
Me),AlMe,]* (B), and [(CsMes)La(Me)(p,-Me)AlMe,]* (C)
as well as their corresponding contacting ion pairs with
[B(C4Fs),4]™ counterion have been structurally optimized. In
comparison, species A and B are more stable than species C, and
the C shows stronger interaction with counterion [B(C¢Fs),] ™ in
comparison with other two species. The isoprene-coordinated
complexes Coo”, Coo®, and Coo, have also been located for
bare species A, B, and C, respectively. Kinetically, the chain
initiation promoted by Coo® is less favorable than the
transformation from Coo®, to Coo®, and the chain initiation
promoted by Coo?, failed because of big steric hindrance around
La center. The chain initiation promoted by complex Coo®, has
relatively lower energy barrier and the C could be the true active
species for chain initiation. During the chain propagation, the
monomer insertion achieving trans-1,4 polymer occurs at La
center of Coo®, with AlMe, moiety as a ligand, whereas La/Al
bimetal-cooperated monomer insertion pathways have been
found to be unfavorable. The current calculation results indicate
that the experimentally observed trans-1,4 stereoselectivity is
under thermodynamic control. Interestingly, in the Y analogous
system, the AlMe; ligand tends to go away from the Y center
during the chain propagation, which results in a more favorable
process producing cis-1,4 polyisoprene. This discrepancy could
be ascribed to the larger ionic radius of La and less favorable
dissociation of AIMe; moiety from the La center in comparison
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with the case of analogous Y system. Having achieved good
agreement with experimental results, it is proposed that the
AlMe; moiety serves as a ligand coordinating to La center via one
of the three Me groups during the La-catalyzed trans-1,4-
polymerization of isoprene, but it dissociates from the rare earth
metal center in the analogous Y system producing cis-1,4-
polymer, suggesting a crucial role of the AlIMe; moiety in the
regulation of stereoselectivity in such polymerization systems.
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