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In nonpolar solvents, alkyllithium-initiated 1,3-butadiene polymerization exhibits high 1,4-selectivity, which
shifts towards 1,2-selectivity upon the addition of Lewis bases. For the past 50 years, the prevailing
hypothesis has suggested that Lewis bases primarily influence regioselectivity through electronic effects.
However, our study reveals that steric hindrance also plays a crucial role. Using X-ray single-crystal
diffraction, we analyzed the structure of the active species and proposed a new model for the chain-
growth transition state. Techniques such as in situ NMR spectroscopy, isotope labeling studies, and density
functional theory (DFT) calculations were employed to compare the impact of electronic and steric effects
of various Lewis bases on regioselectivity. Our findings demonstrate that during 1,4-addition, the butadiene
monomer is forced into close proximity with the Lewis base ligand, leading to significant steric interference

and thus favoring 1,2-addition. Furthermore, we applied the concepts of “conformational restriction” to
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Accepted 17th Novernber 2024 explain the enhanced 1.2-selectivity observed with ring-containing Lewis bases such as 12-

dipiperidylethane. Building on this understanding, we have designed several highly efficient and cost-
DOI: 10.1039/d4sc05144k effective Lewis bases which achieves close to 100% 1,2-selectivity under mild conditions and significantly

rsc.li/chemical-science outperforms the best previously reported Lewis base, 1,2-dipiperidylethane, across a broad temperature range.
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Introduction

Anionic polymerization, a fundamental method in polymer
synthesis, is notable for its “living” and “controlled”
characteristics."® It's extensively utilized for the synthesis of
monodisperse polymers,”® multiblock copolymers,'*** hyper-
branched polymers,">" and telechelic polymers,'®* playing
a crucial role in polymerizing various polar and nonpolar mono-
mers, particularly conjugated dienes.”** This versatility and
precision in polymer synthesis highlight the importance of deeply
understanding the initiator systems that drive these reactions.
Among various initiators, alkyllithium is the most common
and widely used for diene anionic polymerization.>*** The
regioselectivity of anionic polymerization initiated by alkyl-
lithium is strongly influenced by Lewis bases, known as polar
modifiers or polar additives.>®*****” For instance, butadiene
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polymerization typically exhibits a high 1,4-selectivity in the
absence of Lewis bases, whereas the addition of Lewis bases
increases the 1,2-unit content. Diethyl ether, tetrahydrofuran
(THF), tetramethylethylenediamine (TMEDA), and 1,2-dipiper-
idylethane (DiPip) are among the most employed Lewis bases,
showing significant differences in their ability to influence
polymerization selectivity.*****>

Deciphering the active centers and mechanisms of poly-
merization remains a significant challenge. The selectivity
mechanisms of stereoregular polymerization catalyzed by
transition metals and rare earth elements are well-explored,**¢
but those of butadiene anionic polymerization are less under-
stood. In the context of polybutadiene, stereoselectivity
narrowly refers to the ability of the catalyst (or initiator) to
control the chiral arrangement of neighboring 1,2-units (i.e.,
isotactic, syndiotactic, or atactic). Meanwhile, regioselectivity
indicates the system's capacity to control the ratio of 1,2- to cis/
trans-1,4-structural units. Given that stereoselective control is
nearly unachievable in the anionic polymerization of dienes,
the focus typically centers on regioselectivity. Research has long
concentrated on understanding how Lewis bases influence the
regioselectivity of anionic polymerization, as well as the corre-
lation between the structure of these bases and the resulting
polymer microstructure. The initial theory posits that higher
solvent polarity leads to an increased 1,2-unit content in poly-
mers.*”*®* This theory partially explains the prevalence of
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polymers with high 1,2-structure in polar solvents like THF and
ether. Nevertheless, it does not adequately account for certain
experimental observations, particularly the marked increase in
1,2-unit content observed when minute quantities of TMEDA
(less than 0.1 wt%) are added to nonpolar solvents. Conse-
quently, THF and similar “so-called” solvents have increasingly
been considered as acting primarily as Lewis bases, influencing
the polymerization mechanism through this role.

On the other hand, the more recent and widely accepted
theory argues that Lewis bases contribute to regioselectivity by
modifying the charge distribution of the chain-end allylic
carbanion.*******° This modification leads to a concentration of
electron density on the y-carbon, thereby promoting 1,2-prop-
agation. This electron effect-based theory partially elucidates
the role of Lewis bases in anionic polymerization regiose-
lectivity. However, some intriguing phenomena still contradict
these existing theories, casting a shadow of uncertainty over the
mechanism of anionic polymerization.

In this study, we meticulously revisited and examined
existing theories through extensive experimental work, identi-
fying both the strengths and shortcomings of previous mecha-
nisms. Following these findings, we proposed a new model for
the active center, derived from X-ray single-crystal diffraction
studies of active species. Building on this new model, we
introduced a mechanism mainly dictated by steric hindrance to
elucidate the influence of Lewis bases on the regioselectivity of
butadiene polymerization. This proposed active center model
and regioselective mechanism have been strongly supported
through in situ NMR experiments, isotope labeling studies, *H-
NMR, and DFT studies. With these new insights into the
mechanism, we have successfully designed highly effective
Lewis bases capable of facilitating the synthesis of poly-
butadiene with an unprecedented near-100% 1,2-unit content,
effective across a broad temperature range.

Results and discussion

Initially, we reviewed the reported potential reaction mecha-
nisms of lithium-initiated living anionic polymerization of
butadiene. It is widely acknowledged that the structure of the
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final structural unit before the next monomer addition into the
C-Li bond is uncertain due to possible isomerization of the
terminal allylic group.**** As shown in Scheme 1, the main-
stream view>**** that proposed by Morton and his co-worker
holds that in nonpolar solvents, the majority of electron
density resides on the a-carbon of the chain-end allylic group,
leading to the nucleophilic attack on butadiene at this site and
resulting in 1,4-addition. However, in the presence of Lewis
bases, the chain-end allyl anion become highly delocalized,
transitioning into m-allyllithium. Moreover, the electron density
of the chain-end allylic group shifts from the a-carbon to the y-
carbon, causing the nucleophilic attack on butadiene to occur at
the y-carbon, thereby facilitating 1,2-addition. This theory is
primarily supported by the experiments of Young et al.** and
Fraenkel et al.,*” their findings revealed that 1,2-addition in
dienes is attributed to ionic allylic species instead of covalent
secondary allyllithium, and the addition of Lewis bases to
hydrocarbon solvents leads to a high-field shift in the y-H
chemical shifts, a clear sign of elevated electron density at the y-
carbon.

Another viewpoint,* as depicted in Scheme 1b, suggests that
Lewis bases induce a transition of the active species from the
anti-isomer to the syn-isomer, thereby favoring the production
of 1,2-polybutadiene. The main basis for this mechanism is that
Lewis bases such as 6 DiPip promote the formation of syn-active
species, which in turn enhance the 1,2-selectivity.

Although widely accepted, particularly Morton's theory,*® we
still encountered certain experimental phenomena that this
mechanism fails to explain. Particularly, Lewis bases with
strikingly similar structures exhibited vastly different effects on
the 1,2-addition ratio (e.g., 6 DiPip and 7 DiAze), despite their
expected similar electronic effects. To assess the reliability of
this mechanism, we selected a series of Lewis bases and tested
their impact on anionic polymerization (Table 1). Furthermore,
we used in situ "C-NMR to analyze the electron distribution of
the chain-end allyl anions (Fig. 1).*>**

Fig. 1b illustrates that the addition of various Lewis bases to
“living” polybutadienyllithium leads to higher field shifts in the
3C-NMR chemical shifts of y-C, though the degree of shift
varies among the bases. The efficacy of Lewis bases in
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Scheme 1 Existing mainstream mechanisms for Lewis base-induced 1,2-addition in anionic polymerization of butadiene.
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Table 1 Butadiene polymerization initiated by t-BuLi with different Lewis bases ¢

Microstructure? (%)

Entry Lewis base Conv. M, *(10%) PDI 1,2 Trans-1,4 Cis-1,4 Trans/cis
1 1 Glyme >99% 32.7 1.09 78.1 11.3 10.6 1.1
2 2 THF¢ >99% 39.0 1.10 91.3 3.7 4.0 0.9
3 3 TMEDA >99% 34.0 1.11 82.7 10.6 6.7 1.6
4 4 TEEDA >99% 35.2 1.09 86.4 8.0 5.6 1.4
5 5 DiPyr >99% 31.4 1.09 92.2 5.4 2.4 2.3
6 6 DiPip >99% 33.5 1.10 97.7 1.9 0.4 4.8
7 7 DiAze >99% 33.4 1.18 82.7 10.9 6.4 1.7

“ Polymerization conditions: in n-hexane at 20 °C for 10 h, designed molecular weight = 30 000, [Bd] = 0.1 g mL ™', [Lewis base]/[Li] = 1.5 (molar
ratio). * Determined by GPC in THF at 35 °C against a polystyrene standard, and universally calibrated with the Mark-Houwink equation.
¢ Considering THF is a monodentate ligand with a relatively low complex stability constant, it was employed as the solvent. ¢ Determined by *H-

NMR and *C-NMR.
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Fig.1 C-NMR study of Lewis base effects on y-C electron density in
“living” polybutadiene. (a) ¥*C-NMR study process. (b) **C-NMR spectra
of active species (y-C region, CgDg). (c) Relative charge distribution at
the “living" chain ends with various Lewis bases as determined by *C-
NMR spectra, and the corresponding 1,2-unit content of the polymers
measured by *H-NMR.

decreasing y-C chemical shifts (correlating with the electron
density at y-C) was ranked as 3 TMEDA > 5 DiPyr > 7 DiAze > 4
TEEDA > 6 DiPip.”* However, their ability to promote 1,2-addi-
tion was in the order of 6 DiPip> 5 DiPyr > 4 TEEDA > 3 TMEDA
=~ 7 DiAze (Fig. 1b and Table 1). Contrary to expectations, no
clear correlation was observed between the ability of Lewis
bases to enhance y-C electron density and their effectiveness in
promoting 1,2-addition. Particularly, while 6 DiPip demon-
strated a substantially higher capability to increase the 1,2-unit
content in the polymer than other Lewis bases,* its effect on
elevating v-C electron density was relatively low, challenging the
previous mechanism.>®

With greater precision, we measured the relative distribution
of negative charges on the chain-end allylic group at the o and vy

© 2024 The Author(s). Published by the Royal Society of Chemistry

positions in the presence of various Lewis bases, using the
technique developed by Bywater and Worsfold (Fig. 1c).**
Without any Lewis base, the charge ratio between the y and
o positions is approximately 2 : 8; however, with the introduc-
tion of various Lewis bases, this ratio shifts to around 4 : 6. This
differs significantly from the 1,2- to 1,4-unit ratio in the corre-
sponding polymer (ranging from 4 : 1 to 50 : 1). This discrepancy
is unexpected, as previous theories suggested that the charge
ratio at these positions should closely reflect the proportion of
1,2-units in the polymer. Moreover, despite the use of different
Lewis bases, the distribution of negative charges at the y and
o positions showed minimal changes, indicating that the elec-
tronic effects of these amines in this system are almost
consistent. Overall, charge distribution analyses estimate that
electronic effects contribute merely about 40% to the
enhancement of 1,2-addition, with this contribution being
relatively consistent across different Lewis base types. Given the
significant variation in polymerization selectivity with different
Lewis bases, we can conclude that electronic effects are not the
sole factor determining regioselectivity in this system.
Additionally, deuterium labeling technology was employed
to study electron distribution in the “living” chain-end. Termi-
nating polymerization in the presence of different Lewis bases
with methanol-d, led to deuterium replacing lithium at the
polybutadiene chain-end, resulting in deuterium-labeled poly-
butadiene (Fig. 2a).** This reaction essentially involves the
chain-end allylic carbanions abstracting D" from deuterated
methanol, thereby reflecting the charge distribution in these
chain-end carbanions. Fig. 2b demonstrate that, despite the
addition of Lewis bases, deuterium predominantly resides at
the terminal a-position (indicative of 1,4-addition), with only
about 25% at the y-position (indicative of 1,2-addition), which
is consistent with previous observations.”* This indicates that
even with the addition of Lewis bases, the electron density in
the chain-end allylic group remains concentrated at the o-
carbon—this would logically lead to a higher 1,4-addition
selectivity. However, in practice, the polymerization reaction
predominantly results in 1,2-addition (Table 1). It is worth
noting that while both >H NMR and "*C NMR analyses provide
consistent conclusions regarding charge distribution, there are

Chem. Sci., 2024, 15, 20493-20502 | 20495
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Fig. 2 Study of chain-end charge distribution using isotopic labeling.
(a) Quenching the polymerization reaction with methanol-d4 to label
the chain-end charge distribution. (b) 2H NMR spectrum of the labeled
polymer, showing that the type of Lewis base has minimal influence on
the chain-end charge distribution.

quantitative differences between the two methods. A more
detailed discussion of these differences is provided in the ESL.{

These results suggest that the negative charge on the “living”
chain-end predominantly localizes on the a-carbon, rather than
the y-carbon, regardless of the Lewis base added. Furthermore,
the electron density on the y-carbon does not correlate directly
with the 1,2-selectivity, suggesting that the electronic effects of
these various Lewis bases on the active species are nearly
identical. However, the structure of the Lewis base has
a significant impact on the selectivity of the polymerization
reaction, indicating that factors other than electronic effects
play an important role in this process.

To unravel the real form of the active species, we synthesized
allyllithium-Lewis base complexes, which serve as models for
the active center, and tried to grow their single crystals.
Specifically, we first prepared tetraallyltin, then synthesized
solid allyllithium through a Sn-Li exchange reaction.*® Subse-
quently, we attempted to prepare allyllithium complexes by
mixing allyllithium with various Lewis base ligands (Fig. 3). Due
to the high self-ignition propensity and poor stability of these
complexes, only the complex 6a with 6 DiPip as the ligand
yielded crystals suitable for X-ray diffraction. We tried initiating
butadiene polymerization with 6a. The resulting polymer
showed a structure nearly identical to that obtained from the
BuLi/6 DiPip system, with a very narrow molecular weight
distribution. MALDI-TOF-MS analysis of the polymer confirmed
the presence of allyl end groups (Fig. S4 and S5t), demon-
strating that complex 6a successfully initiated butadiene poly-
merization. X-ray diffraction analysis revealed that the complex
6a is a mononuclear compound, adopting a distorted tetrahe-
dral geometry. The 6 DiPip chelates to the Li* ion in a k>-N,N
bidentate mode, while the allyl anion coordinates in an n*-
coordination mode at the Li" ion. The torsion angle (C1-C3-N1-
N2) formed by the line connecting C1 and C2 in the allyl anion
and the line connecting N1 and N2 in the DiPip ligand is
81.705°, suggesting that the axes of the two ligands are almost

20496 | Chem. Sci,, 2024, 15, 20493-20502
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Fig. 3 (a) Synthetic route of complex 6a. (b) ORTEP drawings of
complex 6a. Ellipsoids at the 45% probability level. The unit cell
contains two highly similar asymmetric units. The figure only depicts
one for clarity. Selected distances (A) and angles (degrees). Lil-N1
2.170(3), Li1-N2 2.161(3), Li1-C1 2.237(3), Li1-C2 2.093(3), Li1-C3
2.208(3), C1-C2 1.356(4), C2-C3 1.388(4), C1-Li1-C3 68.00(11). (c)
The proposed active center model.

orthogonal. The chelation angle C1-Li1-C3 [68.00(11)] in the
complex is relatively small due to the small bite size of the allyl
ligand.*” The C1-C2 and C2-C3 bond lengths in the allyl group
are very close, indicating a high degree of delocalization of the
allyl electrons.

Drawing insights from the X-ray single-crystal diffraction
analysis, we have developed a model for the active species, as
depicted in Fig. 3c. This model suggests that the active species
is a Lewis base complex of polybutadienyllithium, similar to
coordination polymerization active species,****** but without
monomer coordination.

Based on this model, we conducted a DFT study of the chain
propagation process. Utilizing the Gaussian 09 (ref. 50) and
OCRA 5.0.3 (ref. 51) packages, we examined the transition states
and their barriers in chain propagation step in presence of
Lewis bases 1-6. It's well-known that the “living” chain-end can
be either syn-m-allyllithium or anti-r-allyllithium, depending on
the type of ligand and reaction conditions.*®* DFT results indi-
cate a preference for anti-w-allyllithium at the chain-end with 1
glyme, 2 THF, and 3 TMEDA as ligands, while 4 TEEDA, 5 DiPyr,
6 DiPip favor syn-r-allyllithium. This is corroborated by our in
situ "*C-NMR and deuterium labeling experiments, as shown in
Fig. 2b and c.

The DFT calculations provide a clear and compelling expla-
nation for the regioselectivity in the chain-growth process of
butadiene polymerization. Considering the existence of cis- and
trans-configurations of butadiene monomers, syn- and anti-
configurations of allyllithium, and the possibilities of 1,2- or
1,4-addition, a total of 2 x 2 x 2 = 8 possible chain propagation
scenarios were computationally simulated. We performed DFT

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Energy profile of butadiene anionic polymerization with TMEDA as ligand and potential transition states. (Energies were calculated at

wB97X -2-D3(BJ)53/def2-QZVPP level) (b) and (c) Visualizing how steric hindrance influences energy barriers of 1,2 and 1,4-additions.

calculations for each of these scenarios with various Lewis bases
as ligands. For example, using 3 TMEDA as a ligand (Fig. 4a),
polybutadienyllithium species A dissociates upon addition of 3
TMEDA to form the mononuclear Li complex B. The anti-rt-allyl
configuration exhibits lower free energy compared to the syn-m-
allyl configuration. Notably, not all Lewis bases lead to
a predominant anti-m configuration; this is thought to be
related to the steric hindrance of the Lewis base, as discussed in
detail later. During chain propagation, the monomer
approaches the active species through van der Waals forces and
undergoes addition via transition states TS1-4 or TS5-8, leading
to either 1,2- or 1,4-polybutadiene. Both cis and trans butadiene,
as well as anti and syn forms of the active species, can lead to
1,2- or 1,4-PB, though the barriers differ. It is important to note
that, as an irreversible process, anionic polymerization is gov-
erned by kinetic control.”* According to transition state theory
(TST), the reaction rate is determined by the pathway with the
lowest energy barrier. Thus, the barrier difference between 1,4-
and 1,2-propagation directly influences the selectivity of the
polymerization. Thus, even though TS2 and TS4 have the
highest barriers for 1,2-growth, the actual 1,2-addition rate
depends on TS1, which has the lowest energy. Therefore, the
1,2-chain propagation barrier (TS1: 18.6 kcal mol ') is lower
than that for 1,4-chain propagation (TS6: 20.0 kcal mol ),
resulting in a 1,2-unit dominance in the product PB.

Crucially, during the transition state of 1,4-addition, the
monomer is closer to the ligand than in 1,2-addition, facing
greater steric hindrance, thus leading to a higher barrier for 1,4-
addition. This results in a higher energy barrier for 1,4-addition
compared to 1,2-addition (Fig. 4b and c). This steric hindrance-

© 2024 The Author(s). Published by the Royal Society of Chemistry

driven regioselectivity mechanism is vividly demonstrated in
ESI Movie S1.}

In addition to 3 TMEDA, we have calculated and summarized
the energy barriers for chain propagation with other Lewis
bases, detailed in Fig. 5, S148 to S1531 and Table 2. Regardless
of the Lewis base used, the energy barrier for 1,2-propagation is
consistently lower than that for 1,4-propagation by approxi-
mately 1-3 kcal mol ™. According to TST theory, this suggests
that the rate of 1,2-propagation is about 10 to 100 times faster
than that of 1,4-propagation, which is consistent with the high

24 T T T T T T 110
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Fig. 5 Comparison of minimal energy barriers (calculated at wB97X-
2-D3(BJ)/def2-QZVPP level) for 1,2, cis-1,4 and trans-1,4 butadiene
additions with various Lewis bases, including corresponding 1,2-unit
content data from polymerization experiments.
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Table 2 Chain propagation energy barriers in butadiene polymerization with various Lewis bases® (in kcal mol™)

Addition mode Configuration (allyl-BD) 3 TMEDA 4 TEEDA 5 DiPyr 6 DiPip 1 Glyme 2 THF

1,2 Syn-trans 18.6 18.8 18.3 18.8 17.2 18.2
Syn-cis 22.9 23.1 23.7 24.7 20.5 21.1
Anti-trans 19.2 19.4 18.5 18.9 17.5 17.6
Anti-cis 23.8 24.2 23.9 23.2 21.2 23.1

Trans-1,4 Syn-trans 21.4 21.2 21.2 21.9 20.7 21.2
Syn-cis 20.0 23.0 23.1 23.5 19.3 20.4

Cis-1,4 Anti-trans 22.9 21.1 22.0 22.5 21.5 21.6
Anti-cis 20.5 23.0 22.8 24.0 19.8 20.3

¢ Energies were calculated at wB97X-2-D3(B])**/def2-QZVPP level.

1,2-unit content observed in the resulting polybutadiene.>***
When ethers serve as ligands, the activation energy for chain
propagation is considerably lower than with amines, approxi-
mately 17.4 kcal mol ™, corresponding with the experimental
findings that polymerizations with ethers usually proceed much
faster than those with amines.*"**** When employing amines as
ligands, the energy barriers for 1,2-addition are closely similar,
approximately 18.5 kcal mol ', while the 1,4-addition barriers
vary significantly with the ligand. We conducted a quantitative
analysis of the steric hindrance of these Lewis bases using the
SambVca 2 program® (Fig. S6). The results show a significant
correlation between the parameter percent buried volumes and
the 1,2-selectivity of the system.

Based on the above discussion, larger Lewis bases should
lead to higher 1,2-selectivity in polymerization reactions.
However, some Lewis bases, such as 7 DiAze, deviate from this
rule despite their larger size compared to 6 DiPip, showing
poorer 1,2-selectivity. To explain these exceptions, we utilized

, Ll O 7
N N [N EN
N [N N N
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1,2-Unit% :
Conformational

barrier (KJ/mol) :
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Fig. 6
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the concept of “conformational constraint”. As illustrated in
Fig. 6b, ligands like 4 TEEDA and 7 DiAze facilitate monomer
addition by allowing internal rotation of the C-C bonds in their
ethyl or azepanyl groups. This conformational flexibility,
however, reduces the 1,2-selectivity during polymerization. In
contrast, for 6 DiPip, the high conformational change barrier of
its cyclohexyl groups makes it difficult to adjust to a conforma-
tion favorable for 1,4-monomer addition. The calculated
conformational change barrier of 4 TEEDA, 7 DiAze, and 6 DiPip
are 2.7, 1.8, and 11.2 kcal mol ™", respectively, supporting our
estimates of their flexibility. Furthermore, the conformational
change barrier of all other Lewis bases correlates well with the
1,2-unit content in the polymers.

To further validate the “conformational constraint” theory,
we synthesized a series of Lewis bases 8-11 (Fig. 6a and 7).
Compared to 6 DiPip, 8 MeDiPip has methyl groups at the 3,5-
positions of its piperidinyl rings, slightly increasing its volume.
However, the conformational change barrier for 8 shows no
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(@) Correlation between conformational change barriers of Lewis bases and 1,2-unit content in polybutadiene. (b) Conformational

flexibility in 4 TEEDA and 7 DiAze leading to reduced regioselectivity, while enhanced regioselectivity in 6 DiPip due to conformational constraint

effects.
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significant difference from that of 6. Consistent with expecta-
tions, when used in butadiene polymerization, the 1,2-unit
content of the polymer produced with 8 closely mirrors that of 6.
Compared to 6 DiPip, Lewis Bases 9-11 feature substitutions at
the 4-position of the cyclohexyl rings with O, N-Me, and N-'Pr,
respectively. It is well-known that the flexibility decreases
progressively from C-O-C to C-C-C to C-N(Me)-C to C-N("Pr)-C
structures. This is evidenced by the conformational change
barriers of 9, 10, 11, and 6, which are 7.7, 12.2, 13.4 and,
11.2 kecal mol™", respectively. Correspondingly, the 1,2-unit
contents in the polybutadienes produced with these Lewis bases
are 92.5%, 98.2%, 99.8%, and 97.7%, respectively, showing
a strong correlation.

These findings provide strong support for the “conforma-
tional constraint theory”. On one hand, it is obvious that the
flexibility of C-O-C structures is much higher than that of
C-C-C structures, which enables 9 to easily adjust its confor-
mation to accommodate the higher steric hindrance during 1,4-
addition, thereby reducing its 1,2-selectivity. Conversely, the
much lower flexibility of C-N('Pr)-C increases the rigidity of 11,
resulting in the highest 1,2-selectivity among the Lewis bases
tested, at 99.8%, significantly exceeding the levels previously
reported for 6 DiPip. On the other hand, the introduction of O
and N atoms markedly changes the electronic effect of the
ligands. As illustrated in Fig. 7, the ">N-NMR chemical shifts of
the coordinating N atoms in ligands 6, 9, 10, and 11 are 48, 43,
54, and 46 ppm, respectively, indicating substantial variations
in electron density of N atoms. However, similar to the results
shown in Fig. 1b and c, there appears to be no clear correlation
between the electronic effects of the Lewis bases and their 1,2-
selectivity.

Remarkably, the enhanced conformational constraint effect
allows 11 'PrDiPz, when used in butadiene polymerization, to
not only significantly exceed all known Lewis bases in 1,2-unit
content (>99.8%) at room temperature but also to maintain
excellent performance at higher temperatures. At 40 °C and 60 °
C, the 1,2-selectivity remains above 98% and 93%, respectively.
In contrast, under the same conditions, 6 DiPip achieves only
95% and 86% selectivity, while 7 DiAze, lacking these confor-
mational constraints, reaches only 74% and 60% (Fig. S17).

Increasing Conformational. Riﬁw
Conformational barrier
7.7 kecal/mol _11.2 kcal/mol_12.2 kcal/mol 13.4 kcal/mol

3 /gz p; ;N

[.N EN\ ..N\' .N\'
0 C N N
H» / 'Pr
43 ppm 48 ppm 54 ppm 46 ppm
N NMR chemical shift of chelating N
9 DiMph 6 DiPip 10 MeDiPz 11 iPrDiPz

Fig. 7 Influence of CH,, O, N-Me, and N-'Pr substitutions on the
conformational rigidity of Lewis bases and the electronic properties of
chelating N atoms.
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Building on the discussion of Lewis bases' effects on 1,2-
selectivity, we must also consider their influence on the distri-
bution of cis-1,4 and ¢rans-1,4 units, which are influenced by
similar, yet distinctly impactful, steric interactions. This
consideration is crucial for ruling out the second mechanism
proposed in Scheme 1.

We have observed an interesting phenomenon: ligands that
exhibit high 1,2-selectivity also tend to produce polymers with
a higher ratio of ¢trans-1,4 to cis-1,4 units (see entries 5 and 6 in
Table 1). We believe that this intriguing coincidence arises
because both the cis-1,4, trans-1,4 and the 1,2-selectivity are
governed by steric effects. It is crucial to understand that the
changes in the syn/anti ratio of active species and the 1,2/1,4-
unit proportion are parallel phenomena, both resulting from
the steric effects, and not causally related.

The DFT calculations indicate that when Lewis bases with
significant steric hindrance are involved in polymerization, the
energy barrier for trans-1,4 addition is lower than that for cis-1,4
addition, matching the cis-trans ratio in product polymer. Fig. 8
clearly shows that, compared to the “C-shaped” anti-allyl
species (leading to cis-1,4-units), the “zig-zag-shaped” syn-allyl
active species (leading to trans-1,4-units) encounters less steric
hindrance when bulkier Lewis bases are present. We assessed
the distribution of syn- and anti-isomers in the active species by

! Higher spatial demand

i anti (cis) :
b Mo
" syn-isomers
LN n-Hexane Lewis Base Jun =14 Hz
t-BuLi + e .
H CeDs
R anti-isomers
®m Jun=9Hz
Cc
Nobase /"\__
3TMEDA anti/syn=1:05 AV
|4 TEEDA _anti/syn=1:1.3 M
5 DiPyr anti/syn=1:23 /\MM
6DiPip _anti/syn=1:101 i
7DiAze _anti/syn=1:2.1 _/\A_
THF-g8 __anti/syn=1:1
—_—
5.0 4.5 4.0 35

Chemical shift (ppm)

Fig. 8 (a) The mechanism by which bulky Lewis bases increase the
trans proportion in 1,4-units. (b) Preparation of selectively deuterated
polybutadienyllithium for observing the ratio of anti/syn active species
isomers. (c) 2H-NMR spectra of selectively deuterated poly-
butadienyllithium after the addition of different Lewis bases.
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measuring the coupling constants between the B-H and y-H at
the “living” chain end using in situ "H-NMR. To eliminate the
interference from «-H and &-H in the coupling of B-H and y-H,
we synthesized 1,1,4,4-tetradeuterobutadiene and initiated its
polymerization into “living” selectively deuterated poly-
butadiene. The coupling constants between B-H and y-H for the
syn- and anti-isomers are approximately 9 and 14 Hz, respec-
tively, and the syn-anti ratio calculated from the integration
areas of these signals is presented in Fig. 8b. It becomes evident
that ligands with larger volumes and conformational
constraints lead to a higher proportion of syn-active species,
resulting in the formation of trans-1,4-polybutadiene units. This
aligns with the findings derived from '*C-NMR techniques, as
illustrated in Fig. S2.1

This work elucidates the decisive role of steric hindrance and
conformational constraints in anionic polymerization.
However, it is undeniable that other factors also influence the
polymer's microstructure, such as polymerization tempera-
ture*** and the coordinating ability of Lewis bases.”* The
influence of temperature on selectivity is well-established,
whereas the coordination capabilities of Lewis bases require
further exploration. Some scholars have correlated the coordi-
nation capacity of Lewis bases to their structural regulatory
ability.** Our study posits that the active center is essentially
a lithium complex, with the Lewis base acting as the ligand. The
functionality of the ligand relies on its coordination with the
central metal. However, excessive steric hindrance, unsuitable
chelation angles, or inadequate coordination sites may lead to
a weaker coordination force constant, which can impede
effective coordination with lithium. Therefore, in the practical
application of this theory, it is essential to ensure that the
ligand can form a stable and effective complex with allyllithium.
This is straightforward: Lewis bases function as ligands, and if
they fail to form complexes with Li', they naturally have no
effect.

Conclusions

The quest to unravel the regioselectivity mechanisms in anionic
polymerization has been a progressive journey, much like
a detective story. Over the years, various theories have emerged
and evolved, including “solvent polarity theory”, “active species
conformation theory”, and “electronic effect theory”. Each
theory, built upon the efforts of previous scholars, has played
a crucial role in gradually uncovering the mechanisms of
butadiene anionic polymerization regioselectivity.

Despite the longstanding belief that Lewis bases primarily
modify the regioselectivity of diene anion polymerization
through electronic effects, our studies indicate that steric
hindrance also plays a decisive role. Utilizing X-ray single-
crystal diffraction, we identified the structure of the active
species—an allyllithium-Lewis base complex in a tetrahedral
configuration. The mechanism by which Lewis bases enhance
1,2-regioselectivity has been clarified. In addition to altering the
charge distribution of the chain-end allyl anion, steric effects
play a decisive role in increasing the 1,2-selectivity of the poly-
merization. The distance between butadiene and the Lewis base
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ligand during 1,4-addition is considerably closer than during
1,2-addition, leading to significant steric hindrance. Therefore,
1,4-addition is hindered, and the polymerization predomi-
nantly occurs via 1,2-addition. Our theory does not exclude the
electronic effect theory and does not imply that electronic
effects are entirely insignificant in this process; on the contrary,
in situ NMR quantitative studies reveal that the electronic
effects of Lewis bases contribute to 30-40% of the selectivity for
1,2-addition.

Lewis bases characterized by “conformational constraints”,
such as Lewis bases 6, 8, 10, and 11, exhibit enhanced structural
regulation, resulting in superior 1,2-selectivity. This enhanced
selectivity can be attributed to the high rigidity of these con-
formationally constrained ligands, which restricts their ability
to adjust their configurations to accommodate the spatial
demands of 1,4-addition.

Moreover, our approach offers the first compelling expla-
nation for the distribution of cis and trans 1,4-units in anionic
polybutadiene when Lewis bases are present, an effect attrib-
uted to steric hindrance. The enhanced trans-1,4 selectivity
attributed to Lewis bases is due to synm-allyl active species
(leading to trans-1,4 units) requiring less space than anti-allyl
active species (leading to cis-1,4 units). Therefore, Lewis bases
with significant steric hindrance not only induce an increase in
1,2-selectivity but also lead to an enhanced trans-1,4-
selectivity.

Drawing on these insights, our newly developed Lewis base
11 with enhanced conformational constraint effect exhibits
unparalleled control over the microstructure of polymers. Not
only does it achieve unprecedented 1,2-selectivity (>99.8%) in
the polymerization of butadiene at room temperature, but it
also maintains superior performance at higher temperatures,
surpassing all known Lewis bases.
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