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The globally increasing demands for polymer materials stimulate the significantly intense attention
focused on the Lewis pair polymerization (LPP) of various polar vinyl monomers catalyzed by Lewis pairs
(LPs) composed of Lewis acid (LA) and Lewis base (LB). According to the degree of interaction between LA
and LB, LPs could be divided into classical Lewis adduct (CLA), interacting Lewis pair (ILP) and frustrated
Lewis pair (FLP). Regulation of the Lewis basicity, Lewis acidity, and steric effects of these LPs has a sig-
nificant impact on the polymer chain initiation, propagation and termination as well as chain transfer
reaction during polymerization. Compared with other polymerization strategies, LPP has shown several
unique advantages towards the polymerization of polar vinyl monomers such as high activity, control or
livingness, mild conditions, and complete chemo- or regioselectivity. We will comprehensively review
the recent advances achieved in the LPP of polar vinyl monomers according to the classification of the
employed LPs based on different LAs, by highlighting the key polymerization results, polymerization
mechanisms as well as the currently unmet challenges and the future research directions of LPP
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1. Introduction

As an emerging polymerization technique, Lewis pair polymer-
ization (LPP) of polar vinyl monomers has attracted much attention
in recent years. Different from other polymerization methods, such
as anionic/cationic polymerization [1,2], radical polymerization
[3], group transfer polymerization (GTP) [4,5], and coordination-
insertion polymerization [6], LPP is catalyzed by frustrated Lewis
pairs (FLP), interacting Lewis pairs (ILP), or classical Lewis adducts
(CLA) depending on the degree of interaction between LA and LB.
The first example of LPP of conjugated acrylic monomers was
reported by Chen’s group [7] in 2010. Since then, LPP has shown
its high polymerization activity towards different types of mono-
mers, such as polar vinyl monomers, lactones, lactide, and other
cyclic monomers, exhibiting very promising prospects in the field
of polymer synthesis [8-10]. Recently, Chen and co-workers
[11,12] overviewed the polymerization of polar monomers cat-
alyzed by main-group Lewis pairs, Wu and co-workers [13] pub-
lished a mini review on the polymerization of lactide and cyclic
esters by LPs, and we also reviewed the polymerization of acrylic
monomers by LPs [14,15]. This review will focus on the recent
advances that have been made in the LPP of polar vinyl monomers.
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LPP of polar vinyl monomers generally adopts a bimolecular
activation polymerization mechanism (as shown in Scheme 1)
[16]. First, in the chain initiation step, the LB nucleophilically
attacks the LA-activated monomer to generate zwitterionic inter-
mediates. Next, in the propagation step, the zwitterionic interme-
diates and LA-activated monomers undergo the repetitive Michael
addition reaction to produce polymer chains, which is the rate-
determining step. The shuffle of the LA catalyst from its complex
with the last inserted monomer unit in the growing polymer chain
to an incoming monomer is relatively fast. It is noted that Lewis
basicity, Lewis acidity, and steric effects of LPs significantly affect
the polymerization performance of LPP. Therefore, various com-
plexes based on Al, B, Si or rare-earth elements were utilized as
LAs to combine with different LBs, such as N-heterocyclic carbenes
(NHCs), N-heterocyclic olefins (NHOs) and phosphines, to achieve
highly effective polymerization of polar vinyl monomers.

According to the classification of LPs based on different LAs, we
divided the current advances made in LPP of polar vinyl monomers
into three sections including polymerization by Al-based LPs, B-
based LPs, and Rare-earth metal- or Si-based LPs and discussed
chain initiation, propagation and termination as well as chain
transfer during LPP in detail, followed by the Summary and Out-
look section. The employed polar vinyl monomers, LA and LB were
summarized in Figs. 1 and 2, respectively.
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Scheme 1. (Color online) General LPP mechanism for polar vinyl monomers.

2. Al-based LPs

Al-based complexes are widely used in catalysis, such as organic
synthetic methodology [17], small molecule activation [18] and
polymer synthesis [19,20], due to their easy modification and low
toxicity. The first example of Al-based LA (AlEt3) in combination
with a phosphine LB (EtsP) in 2:1 ratio was reported for the poly-
merization of methyl methacrylate (MMA) in the 1960s, only show-
ing sluggish activity [21]. In 1971, Ikeda and co-workers [22]
expanded this system by using AlEts, InEts, or ZnEt, as the LAs
and o,/ -dipyridal or PhsP as the LBs for polymerization of MMA
and acrylonitrile, obtaining similarly low activity and TOF of ~2
h~. Later in 1992, AlEt; was mixed with P-based LB in 2:1 ratio
for polymerization of MMA and other methacrylates as well as
the block copolymerization of MMA and t-butyl methacrylate
(‘BMA) [23]. Although these early examples demonstrated that
both LA and LB are necessary for the polymerization, this LP poly-
merization strategy did not attract much attention due to their poor
polymerization activity and elusive polymerization mechanism.

On the other hand, ever since Stephan and Erker disclosed the
concept of “frustrated Lewis pair” in 2006, the field of FLP chemistry
has received explosive interests [24,25|. However, compared with
the well-established application of FLPs in small-molecule chem-
istry, the application of LPP in polymer synthesis is still in its
infancy [17,26-30]. In 2010, Chen and co-workers [7] achieved
the first example of LPP of polar vinyl monomers such as linear
MMA and its cyclic analogue, o-methylene-y-butyrolactone (MBL)
and y-methyl-o-methylene-y-butyrolactone (MMBL) by Al-based
FLP or CLA. It should be noted that neither LA nor LB itself is effec-
tive for MMA polymerization in toluene (TOL), whereas they could
synergistically promote the MMA polymerization. Due to the inac-
tivity or low activity of the combinations of AlMes, B(CgFs); or MeAl
(BHT), (BHT = 4-Me-2,6-‘Bu,CgH,0) with phosphines, they focused
on the LPP by using the strongly acidic, sterically encumbered Al
(CeFs)3 as the LA to combine with different LBs, such as phosphines
(‘BusP, MessP, and PhsP) or NHCs (I'Bu and IMes). Their studies
revealed that the addition sequence of LA and LB plays an important
role in affecting the polymerization activity. No polymerization
occurred when MMA was added to the mixture of ‘BusP with either
Al(CgF5)5-0.5TOL adduct or unsolvated Al(CgFs);. However, if ‘BusP
was added to the mixture of MMA and Al(CgFs); in TOL (P/Al/
MMA = 1/2/800), MMA could be quantitatively converted to PMMA
with number-averaged molecular weight (M,) of 315 kg/mol and
molecular weight distribution (MWD) (P = 1.72) within 7 min,
affording a TOF value of 6,840 h~!. Interestingly, the direct use of
zwitterionic intermediate generated from the reaction of ‘Bu;P with

Al(CgF5)3:-MMA for MMA polymerization led to a drastically
enhanced TOF value of 12,000h~!, suggesting zwitterionic
intermediate was the real active species. Switching from ‘BusP to
MessP, no zwitterionic active species was generated, thus no
MMA polymerization was observed. It is noted that the reaction
of PhsP with Al(CgFs)s generated a CLA that also achieved a high
TOF value of 48,000 h~! for MMA polymerization, despite the for-
mation of polymer with bimodal MWD. On the other hand, LPs
composed of NHCs were extremely active for MMA polymerization.
IMes showed a high polymerization rate with TOF of 48,000 h~! for
polymerization in a ratio of IMes:Al:MMA = 1:2:800, producing
PMMA with M, = 26.6 kg/mol and P = 1.77. I'Bu showed relatively
lower activity (TOF=3,200 h™') and initiation efficiency (I*), as
revealed by the relatively higher molecular weight of PMMA
obtained under the same conditions. In-situ NMR reaction indicated
the formation of stable CLA from the reaction of Al(CgF5); with
either IMes or I'Bu whereas the reaction of Al(CgFs);-MMA with
IMes or I'Bu generated corresponding zwitterionic species, respec-
tively. Stereoregularity analyses revealed that LPP of MMA pro-
duced syndio-rich PMMAs with rr ranging between 72.7% and
75.8%. Furthermore, this Al(CgFs)3 based LPs could also be utilized
for the polymerization of biorenewable MBL and MMBL, which
are the cyclic analogues of MMA and possess greater reactivity than
MMA due to the presence of a nearly planar five-membered lactone
ring. The cyclic ring in both monomers imparts significant enhance-
ments in the properties of the resultant polymers, such as high
glass-transition temperature (T,), increased optical properties as
well as resistance to solvent, heat and scratch [31]. In contrast to
the incomplete monomer conversion observed for MBL polymeriza-
tion by both phosphine/Al(CsFs)s and NHC/AI(CgFs); LPs, LPP of
MMBL in dichloromethane (DCM) is homogeneous and highly
effective (TOF up to 48,000 h™'), achieving quantitative monomer
conversion within 10 min and furnishing PMMBL with M,, up to
192 kg/mol.

In 2012, Chen and co-workers [16] further expanded the scope
of LPP system. A large number of LPs consisting of 11 LAs, 10 achi-
ral and 4 chiral LBs have been investigated for LPP of 12 monomers.
Both experimental data and computational studies revealed that
LPP adopts a bimolecular polymerization mechanism, in which
LB acts as nucleophile to attack the LA-activated monomer to form
zwitterionic an enolaluminate active species in the chain initiation
step, subsequent nucleophilic attack of the LA-activated monomer
by the zwitterionic enolaluminate active species resulted in the
propagation of polymer chain (Scheme 1). Among the investigated
LPs, the combination of phosphazene superbase (‘Bu-P4) with Al
(CgFs)3 showed the highest activity, achieving a remarkably high



1832 W. Zhao et al./Science Bulletin 64 (2019) 1830-1840

Lewis acids

B(C6F5)3 Al(CeF5)3 A|R3(R = Me, Et, r'Bl.l, Ph) Rgsi+

(R = Et, Pr) CIAI(CgFs)> [MeAlO]n

Me,SiNTf, Me;SiOTf Cgy (BHT),AIMe (BHT),AIEt (BHT),AIBu (BHT)AIBu,

NON
“Re “Di
E/%_ ipp

pH Ph B(CeFs)s DIPP=

Re=Sc, Y, Lu

Lewis bases

Ph
'Bu"‘(_\N ~'Bu Mes"‘(_\N‘Mes'Pr/ N-'Pr 7’ \( }_(\ -q,,j y\?=N'

‘Bu ‘Bu ‘Bu
(0]

‘Bu Re
u

‘Bu
Re=Sc, Y, Sm, La

N.lpr Ph- N\E
I'Bu IMes I'Pr 1(Ph)Et IMe I'Pr(Me) TPT
o) = = NN N:_N: :_:
Dipp~ N/R Dlpp \Dlpp Mes-N~_N~Mes ipr—N<_N~Dipp e S b s,
DA e (S S
NHC1 NHO1 NHO2 NHO3 NHO4 NHO5 NHOG6
Ph Ph Ph_ Ph Ph Ph  Ph / N/ /
NN NONG NN NN NN NN N N
OGRS A
NHO7 NHO8 NHO9 NHO10 NHO11  NHO12 NHO13
00 RS
PPh, CL
PPh, /Pr P/\/ O p \©
CgF
Pro d @ O @ (CeFs)2
CP-1 CP-2 cP-3 cP-4 BIN-1
Pr ’;Bu Eh l\ses ger SKA: SiR,
N~ “Pr N “Bu N~ “Ph N~ “Mes N “CqFs

I | .
'Pr\N*N’Pr P’\N)\N"Pr Pr\N N’Pr 'PI'\N* Pf lpf\N NJP[

=0 =0

IAP1 IAP2 IAP3 IAP4

R = Me, ‘Bu, Ph, Et,
Me,EtO,Me,Cl,

IAP5 Mo.Ph

Me3P El3p ’BU3P "BU3P Cygp "H9X3P Mes3P E13N NEt/sz Nph3 Pph3 MePh2P MezPhP
TTMPP TMP ‘Bu-P; 'Bu-P, NBu,Br NBu,OH NaSCN Pyridine [HB(CgFs)s-]

Fig. 1. LA and LB employed in LPP of polar vinyl monomers.

TOF value of 9.6x10* h™! and producing PMMA with
M, =212 kg/mol and D = 1.34. Both Al(CgFs)3/'BusP and Al(CgFs)s/
IMes LPs were ineffective for polymerization of bulky furfuryl
methacrylate (FMA). Al(CgFs)s/'BusP LP exhibited much slower
polymerization rate for N,N-diphenylacrylamide (DPAA) whereas
both Al(CgF5)3/'BusP and Al(CgFs)s/I'Bu LPs were highly active for

polymerization of N,N-dimethylacrylamide (DMAA), producing
PDMAA with M, =293 kg/mol, P =1.43 and M,, = 369 kg/mol and
D = 1.28, respectively. For polymerization of diethyl vinylphospho-
nate (DEVP), both Al(CgFs)s/BusP and Al(CgFs)s/IMes LPs exhibited
comparable activity (TOF=6h~! vs. 10 h™"). As far as the cyclic
esters and lactones were concerned, only incomplete monomer
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Fig. 2. Polar vinyl monomers employed in LPP.

conversion was obtained for polymerization of &-caporalactone
(e-CL) by Al(CgFs)3/P'Buz and none of the five-membered lactones
including 7y-butyrolactone (y-BL), y-valerolactone (y-VL) and
a-angelica lactone («-AL), was polymerized by the investigated
LPs. It is worth mentioning that the combination of Al(CgFs); with
a variety of LBs such as ‘BusP, PhsP, IMes, I'Bu, or TPT all showed
high polymerization activity towards MMBL polymerization in
DCM. Furthermore, they found such LPs could produce highly syn-
diotactic PMMA with 1 ~91% at —78 °C. Up to now, there is no
report on the synthesis of highly stereoregular polymers produced
by LPP under mild conditions. On the other hand, tertiary amines
were also examined for polymerization of MMA and MMBL. Only
NEt'Pr,/Al(CgFs); LP was active for MMBL polymerization, furnish-
ing PMMBL with M,, = 97.7 kg/mol and P = 1.90. In 2015, Chen and
co-workers [32] employed the tetramethylpiperidine (TMP) to
combine with Al(C¢Fs); to quantitatively convert 800 equiv. of
MMBL into PMMBL in 0.5 min, achieving TOF values up to
96,000 h~.

In 2014, Chen and co-workers [33] reported the first example of
LPP of polar vinyl monomers bearing the C=C—C=N functionality
including 2-vinyl pyridine (2-VP) and 2-isopropenyl-2-oxazoline
(iPOx) by Al(CgFs)3/NHC. In sharp contrast with the low activity
for polymerization of iPOx (TOF = 7 h™1), I'Bu/Al(CgFs)s rapidly con-
verts 200 equiv. of 2-VP into P(2-VP) with M, = 80.2 kg/mol and
P =1.60, giving a corresponding TOF of 580 h™'. This polymeriza-
tion was significantly accelerated by increasing the amount of
the LA, suggesting the activated-monomer propagation for the
FLP-mediated polymerization. Meanwhile, the M, of the resulting
polymer also indicated the increased initiation efficiency in the
presence of a higher concentration of the LA. The addition of I'Bu
to the (2-VP)-Al(CgFs)3 adduct cleanly resulted in zwitterionic spe-
cies, which could be structurally characterized by single-crystal
X-ray diffraction analysis. Control experiment revealed that such
zwitterionic species was inactive for 2-VP polymerization whereas
addition of a small amount of the LA (0.2 equiv. Al(CgFs)3) to the
above-mentioned solution immediately started the polymerization
and quantitatively converted monomers into polymers. All these

results confirmed that an excess amount of the LA is required for
LPP such that one equiv. of LA is utilized for the activation of the
monomer while the other equiv. of LA is reacted with LB and
monomer to generate a zwitterionic enolaluminate active species.

Later, kinetic studies revealed that the polymerization of 2-VP
by I'Bu/Al(CeFs); follows a zero-order dependence on monomer
concentration and a first-order dependence on LA and LB concen-
trations, thus indicating a bimolecular, activated monomer propa-
gation mechanism [34]. Chen and co-workers also investigated the
mechanistic aspects of polymerization of polar vinyl monomers by
Al(CgFs)3/NHC FLPs through the combined experimental and theo-
retical studies including active propagating intermediate charac-
terization, propagation kinetics and chain termination pathways.
It is worth noting that they proposed two possible chain-
termination pathways (Scheme 2): termination pathway (a)
proceeded via intramolecular backbiting cyclization where the
C-ester enolate active chain end nucleophilically attacked the acti-
vated antepenultimate ester group of the growing polymer chain to
generate a cyclic g-ketoester-terminated polymer chain. This type
of intramolecular backbiting cyclization was previously observed
in the anionic polymerization of acrylates [2] and polymerization
of acrylates by metallocenium catalyst [35]. Pathway (b) proceeded
via nucleophilic attack of the activated adjacent ester group of the
growing polymer chain by the O-ester enolate active chain end to
generate a six-membered lactone (J-valerolactone)-terminated
polymer chain, which is consistent with what is reported by Lu
and co-workers [36]. Chain-end analyses of the resulting
low molecular weight polymer samples by the matrix-assisted
laser desorption/ionization time-of-flight mass spectroscopy
(MALDI-TOF MS) provided evidence for these possible chain
termination side reactions, but cannot differentiate between the
possible cyclic p-ketoester and J-valerolactone chain ends.
Computational calculation indicated that the formation of cyclic
é-valerolactone-terminated chain ends was kinetically favored
but thermodynamically disfavored, as compared to the formation
of p-ketoester-terminatedw chain ends. In addition, MALDI-TOF
MS of the low molecular weight PMMBL produced by IMes/Al
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Scheme 2. (Color online) Proposed two possible backbiting chain termination pathways that compete with chain propagation cycles in the LPP of methacrylates by LPs.

Reprinted with permission from Ref. [46]. Copyright 2014 American Chemical Society.

(CeFs)3 showed only one major series of mass ions, similar to that
obtained for polymerization of MBL by NHC alone [37], but living
polymerization could not be realized by such LPs.

In 2014, Lu and co-workers [36] employed the strongly nucle-
ophilic N-heterocyclic olefin (NHO) based LPs to achieve highly
effective polymerization of MMA, n-butyl methacrylate ("BMA),
DMAA and DPAA. NMR reactions of NHO1-3 with equimolar
amounts of Al(CgF5)s led to the formation of stable NHO-Al(CgFs)3
adducts. Thus, monomers need to be premixed with Al(CgFs)s to
achieve high polymerization activity. Among the investigated
LAs, the combination of Al(CgFs); with NHO quantitatively con-
verted monomers such as MMA, "BMA and DMAA into high molec-
ular weight polymers within 5 min for polymerization performed
in an 800:2:1 monomer:LA:LB ratio. The corresponding initiation
efficiencies are rather low (I*% < 26), probably due to the formation
of stable NHO-AI(CgFs); adducts. Attempts to synthesize block
copolymer were unsuccessful: only random copolymer could be
obtained when both monomers were added at the same time. Both
electrospray ionization time-of-flight mass spectrometry (ESI-TOF
MS) and NMR spectroscopy revealed the formation of six-
membered lactone chain ends, which was generated from the
nucleophilic backbiting of the polymeric anion to the carboxyl car-
bon of the adjacent unit (Scheme 2).

Much attention has been focused on the chemo- or regioselec-
tivity polymerization of monomers containing two polymerizable
functionalities, such as divinyl polar monomers with a conjugated
acrylic moiety and an unconjugated double bond, since it provides
convenient access to the functional polymers having wide applica-
tions [38-40]. However, it generally could not be achieved by rad-
ical [41-43], anionic polymerization [44], or group transfer

polymerization [45], due to the occurrence of crosslinking reac-
tions in the late-stage of these polymerizations. In 2014, Lu and
co-workers [46] reported the highly regioselective polymerization
of several unsymmetrical divinyl polar monomers including 4-
vinyl-benzyl methacrylate (VBMA), vinyl methacrylate (VMA),
and ally methacrylate (AMA) by Al(CgFs)3-based LPs under mild
conditions. In addition to the higher reactivity of the vinyl group
conjugated with the carbonyl than that of the unconjugated vinyl
group, only the conjugated vinyl group could be activated by LA
during LPP, thus leading to the completely chemoselective poly-
merization of the conjugated vinyl groups and leaving the pendant
C=C bonds unreacted. It should be noted that LPP of all these
unsymmetrical divinyl polar monomers produced high molecular
weight polymers, implying low initiation efficiencies (25%-45%).

In 2018, Lu and co-workers [47] developed a strategy for the
synthesis of block copolymers PMMA-b-PLA via polymerization
of MMA by Al(CgFs)3/NHC LP, followed by the “thio-ene” click reac-
tion to generate “PMMA-OH” as macroinitiators for the ring-
opening polymerization of lactide catalyzed by 1,5-diazabicyclo
[4.3.0]non-5-ene (DBU). Moreover, brush copolymers P(MMA-co-
VMA)-g-PLA were prepared in a similar tandem manner through
random copolymerization of MMA and VMA by Al(CgF5)3/NHO
LP, “thio-ene” click reaction and organocatalytic ring-opening
polymerization of lactide.

Chen and co-workers [48] reported the chemoselective LPP of
renewable multivinyl-functionalized y-butyrolactones, including
y-vinyl-y-methyl-a-methylene-y-butyrolactone (VMMBL) and
y-allyl-y-methyl-o-methylene-y-butyrolactone (AMMBL), by using
NHC as the LB and Al(C¢Fs); as the LA. This system could
quantitatively and chemoselectively polymerize the conjugated
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a-methylene double bond of multivinyl monomers to high
molecular weight polymers with M, ranging between 116 and
122 kg/mol and broad MWD (P >2.90), without participation of
the y-vinyl or y-allyl double bonds.

In 2017, Takasu and co-workers [49] reported the LPP of biore-
newable monomers (E,E)-methyl sorbate (MS) by I'Bu/(BHT),AlMe,
producing functionalized PMS with cyclic structure via 1,4-
addition in THF or TOL at —20 °C. They proposed that during the
LPP of MS, the «-terminal imidazolinium group acted as counter
cation neighboring at the propagating anion chain end, in which
the cyclic propagating chain preferred the ring-closing rather than
H-transfer after reaching full monomer consumption (Scheme 3).
The resulting PMS had a 1,4-trans structure, and 86% of threo
diastereoselectivity with M;, up to 23.0 kg/mol and narrow MWD.
However, both 1,4-addition and 1,2-addition were observed in
the I'Bu-mediated anionic polymerization in DMF, furnishing
PMS with M, of 3.5 kg/mol and relatively broader MWD (D = 2.1).
In the presence of bulky LA (BHT),AlMe, the combination of I'Bu
and (BHT),AlMe could synergistically not only accelerate the con-
sumption of MS but also inhibit the proton transfer reaction, thus
affording relatively controlled MS polymerization.

As revealed by the above overview, the practical application of
LPP was still hampered by the low initiation efficiencies and chain-
termination side reactions, as evidenced by the much higher
observed M, than the calculated M,, broad MWD of the resulting
polymers, and the inability to produce well-defined block copoly-
mers via sequential copolymerization [34,36]. Recently, we
employed E(CgFs)s (E =B, Al) to combine with silyl ketene acetals
(SKAs) to achieve living and controlled polymerization of MMBL,
which proceeded via a GTP mechanism [50,51].

In 2016, by using the well-established fluoride ion affinity (FIA)
as an index for the Lewis acidity of LA [52-54] and Tolman angle
(® in degrees) as a measure scale for the steric demand of LB
[55], Rieger and co-workers [56] employed less acidic organoalu-
minum compounds as the LA and less basic phosphines with less

(@)

H3C

steric encumbrance as the LB to construct highly ILP to precisely
polymerize the Michael-type monomers into polymers with the
predicted M,, narrow MWD, thus affording up to 95% initiation
efficiencies. They proposed that the steric hindrance and electron
cloud density of the monomer should match with the employed
LPs, which could be confirmed by the controlled polymerization
of ‘BMA with high electron-donating ability and steric hindrance
by LPs composed of less acidic AIMes; and sterically unhindered
PMes. Based on this, different polar vinyl monomers were poly-
merized with high precision, furnishing polymers with controlled
M, and microstructure. However, no chain-extension experiment
and block copolymerization have been performed to further con-
firm the living characteristic of this ILP system.

In 2017, our group [19] reported that the combination of Al
(CgFs)3 with NHO could cooperatively promote the living ring-
opening (co)-polymerization of lactones, affording linear (co)
polyesters with medium to high molecular weight (M,, up to
855 kg/mol) and narrow MWD (P as low as 1.02). Since then, our
interest has continued to focus on the development of living poly-
merization system for polar vinyl monomers.

In 2018, we reported the first living polymerization of conju-
gated polar alkenes by a non-interacting, authentic FLP system
[57]. It turned out that for living polymerization, it is essentially
important to strike the fine balance between the sufficient LA acid-
ity needed for monomer activation and the lowest possible LA
acidity to suppress the LA-activated side reaction, as well as the
fine balance between the sufficient LP steric hindrance to minimize
the LA-LB interaction and the reduced LB steric hindrance to
ensure effective initiation of the reaction. Among the investigated
LAs, (BHT),AlMe possessing suitable acidity and steric hindrance
was combined with the strongly nucleophilic NHO bearing exo-
cyclic methyl (NHO4-NHO7) to accomplish the rapid and living
polymerization of alkyl methacrylates. The living characters of this
LPP could be unequivocally verified by five lines of evidence
including: (1) the predictable polymer M, (up to 351 kg/mol) and

Regeneration
of I‘Bu

Scheme 3. (Color online) Proposed (a) ring-closing mechanism to Cyclic PMS, and (b) termination pathway via proton transfer and an enamine intermediate to form a linear

PMS.
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low P (1.05-1.09); (2) high to quantitative initiation efficiencies (I
% ~100); (3) a linear increase of polymer M, vs. monomer
conversion and the monomer-to-initiator ratio; (4) successful mul-
tiple chain extensions; and (5) synthesis of well-defined di- and
triblock copolymers, as shown in Scheme 4. The MALDI-TOF MS
analysis of the low molecular weight PMMA sample produced by
(BHT),AlMe/NHO4 LP also confirmed the formation of living poly-
mer chain without the occurrence of cyclic backbiting chain ends.

Nonetheless, polymerization of DMAA by above-mentioned
highly effective LPP system only produced PDMAA with a bimodal
MWD, indicating the coexistence of different active species [57].
Using Gutmann-Beckett method as an index for the Lewis acidity
of different LAs, we found AIPhs-Et,0 is the right LA with suitable
acidity and steric hindrance to be combined with NHO7 to
synergistically promote living polymerization of DMAA and
N,N-diethylacrylamide (DEAA) [58]. Even 3,200 equiv. of DMAA
could be quantitatively converted into polymers within 1 min,
affording PDMAA with M, = 447 kg/mol and P = 1.13. The living-
ness of this LPP system was also verified by the successful chain
extensions, synthesis of well-defined block polymer as well as
the chain-end analyses by MALDI-TOF MS spectroscopy.

As mentioned above, chemoselective polymerization of polar
divinyl monomers has been received substantial attention since
they provide convenient access to various advanced functionalized
materials with wide applications through post-functionalization
[38-40]. LPP could be employed as a powerful strategy to accom-
plish this goal since it could selectively polymerize the conjugated
C=C double bonds of these unsymmetrically polar divinyl mono-
mers according to the mechanism of LPP. Recently, Lu’s group
and our group [59,60] independently reported the chemoselective
and living/controlled polymerization of polar divinyl monomers by
using NHO-based classical and frustrated LPs. By controlling the
monomers addition time, well-defined block copolymers of MMA
and divinyl monomers as well as copolymers of different divinyl
monomers could be prepared through the sequential addition of
monomer method. Furthermore, we found CLAs consisting of
NHO9-NHO11 and (BHT),AlMe showed comparable polymeriza-
tion activity and chemoselectivity towards the polymerization
with that obtained by FLPs composed of NHO4-NHO7 and (BHT),-
AlMe. It should be noted that the backbiting side reaction was
determined by LA rather than NHO. Moreover, the Claisen-
rearrangement reaction also could lead to the deactivation of
AMA polymerization, in addition to backbiting reaction.

On the other hand, Hong and co-workers [61] also reported that
the combination of NHCs including I(Ph)Et, I‘Bu, and I'Pr with
(BHT),AlMe could shut down the intramolecular backbiting termi-

et %
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nation during polymerization of MMA, achieving high polymeriza-
tion activity up to 3000 h~! TOF and furnishing polymers with high
molecular weight (M, up to 130 kg/mol) and narrow MWD.

In 2018, Chen and co-workers employed (BHT),AlMe as the LA
to combine with NHO, ‘BuOK, or NHC to polymerize methyl croto-
nate (MC), a renewable monomer derived from poly(3-
hydroxybutyrate) [62], into PMC with M, up to 161 kg/mol under
ambient temperature and solvent-free conditions [63]. Without
LA, a single addition product was generated from the reaction of
MC with TPT or IMes via a proton transfer reaction, while a dimer-
ization product was obtained from the reaction of MC with I'Bu or
NHO?7. The addition of LA to the reaction would initiate the poly-
merization of MC. Among the investigated LAs, (BHT),AlMe was
more active and achieved near quantitative monomer conversion
for all ratios. Two different initiation mechanisms were proposed
on the basis of MALDI-TOF MS and NMR spectroscopy (Scheme 5).
The basic pathway was preferred when I'Bu acted as LB whereas
the nucleophilic initiation pathway was preferred when NHO7 or
TPT was used. Chain transfer reaction was observed in all cases
as revealed by high initiation efficiency (I*% > 100). Tacticity mea-
surement revealed that all the synthesized PMC had an approxi-
mately 70% disyndiotacticity.

Considering the high activity, control and livingness feature of
LPP, we envisioned the LPP should enable us to synthesize ultra-
high molecular weight (UHMW) polymer. In 2018, we synthesized
a series of strong organophosphorus superbase, imidazolin-2-
ylidenamino substituted phosphines (IAPs), and employed them
to combine with different organoaluminum LAs for polymerization
of MMA at room temperature [64]. Among the examined LPs, (BHT)
Al'Bu,/IAP3 exhibited the best polymerization performance,
achieving near quantitative monomer conversion at high polymer-
ization rate for all polymerizations with MMA to IAP3 ratio ranging
from 400 to 20,000 and furnishing PMMA with medium to UHMW
(Mpy up to 1,927 kg/mol) and narrow MWD (P < 1.10). Meanwhile,
this LP (Fig. 3) also achieved precise chain extension and well-
defined block copolymerization. In order to synthesize UHMW
polymer, a polymerization system must meet the following three
criteria: (1) the system should have extraordinarily high polymer-
ization activity. (2) The generated active species should exclusively
initiate the polymerization. (3) The system should have long life-
time polymerization performance and no interference with other
side reactions such as chain-termination. Fortunately, our LP sys-
tem met with all the above-mentioned requirements. First, as an
organophosphorus superbase, the combination of IAP3 with
(BHT)AI'Bu, could achieve high to quantitative monomer conver-
sion for polymerization with [MMA]o/[IAP3]o/[(BHT)AI'Bu,], ratio

sy IAH3]
J‘ o
o OR S 0—-R

jf\ MeAI(BHT) R2

0 0 = NHO
u c = MeAl(BHT),
FLP

L 2R 2 2 28 2

Living polymerization evidenced by:

Quantitative initiation efficiency (~100%)
Predictable polymer Mn (up to 351 kDa)
Narrow dispersity (D =1.05-1.09)
Precision in multiple chain extensions
Well-defined di- & triblock copolymers

Scheme 4. (Color online) Structures of NHOs that form true FLP systems with MeAl(BHT), for the living LPP of methacrylates.
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Scheme 5. (Color online) Proposed mechanism for MC polymerization by (BHT),AlMe/I‘Bu, involving basic initiation as well as bimetallic chain propagation and transfer (Not
including unimolecular chain transfer). Reprinted with permission from Ref. [63]. Copyright 2018 American Chemical Society.
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Fig. 3. (Color online) GPC traces of (a) PMMA produced by IAP3/(BHT)AI'Bu, LP at various [MMA]o/[IAP3]o/[(BHT)AI'Bu,], ratio at RT. Conditions: [MMA]o/[IAP3]o/[(BHT)
Al'Bu,]o = 400:1:2, 800:1:2, 1,600:1:2, 3,200:1:2, 6,400:1:2, 10,000:1:2, 15,000:1:2, 20,000:1:2, [MMA], = 0.936 M. (b) GPC traces of PMMA produced from the IAP3/(BHT)
Al'Bu,-catalyzed polymerization of MMA in a ratio of [MMA]o/[IAP3]o/[(BHT)AI'Bu,]o = 800:1:2 (red) and from IAP3/(BHT)AliBu,-catalyzed chain extension experiments of
two batch of 400 equiv. of MMA after the polymerization of the first batch of MMA reach full monomer conversion and kept at RT for 24 h (black) and (c) homopolymer
(black), diblock copolymer (red), and ABA triblock copolymer (blue) produced from the sequential block copolymerization of MMA and EMA by IAP3/(BHT)AI'Bu, in TOL at RT:
polymerizing MMA first, [MMA]o = 0.936 mol/L. Reprinted with permission from Ref. [64]. Copyright 2018 John Wiley and Sons.

ranging from 400:1:2 to 20,000:1:2. Second, IAP3 itself was com-
pletely ineffective whereas (BHT)AI'Bu, only exhibited negligible
effect for polymerization in up to 24 h. Moreover, stoichiometric
NMR reaction of MMA/IAP3/(BHT)AI'Bu, cleanly generated zwitte-
rion species without any side reaction; Third, the living polymer-
ization system was immortal and could reinitiate the desired
living polymerization after 400 equiv. of MMA was fully consumed
and the resulting system was held in the absence of free MMA at
RT for 24 h by the sequential addition of another batch (400 equiv.)
of MMA, producing PMMA with M, =96.1 kg/mol and b =1.18,
which is similar with that (M, =92.8 kg/mol, P=1.10) obtained
from polymerization in an 800:1:2 [MMA]o/[IAP3]o/[(BHT)AI'Bu,-
-MMA]p ratio (Fig. 3).

Furthermore, Al-based LPs were also employed for preparation
of acrylic monomers [65] and lactones [66] containing polymer
brushes in material chemistry.

3. B-based LPs

Compared with Al-containing LA, LPs based on the B-containing
LA generally exhibit lower polymerization activity or higher I*
(because of chain transfer), thus receiving less attention. Only sev-
eral papers have been reported.

For example, Chen and co-workers [7] disclosed that the reac-
tion of ‘BusP with B(CgFs)3-MMA produced zwitterionic phospho-
nium enolborate ‘BusPCH,C(Me)= C-(OMe)OB(CgFs)3, but it was
inactive towards polymerization of MMA, with or without an addi-
tional equiv. of B(CgFs)s. In contrast, its enolaluminate analogue
‘BusPCH,C(Me) = C-(OMe)OAI(CgF5); rapidly polymerizes MMA
into polymers even without additional amount of Al(CgFs)s.

In 2014, Xu and Chen [67] developed seven phosphorus (P) and
borane (B) intra- or intermolecular LPs with different degree of
“frustration” (from FLPs to ILPs to CLAs) for polymerization of the
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renewable acrylic monomer MMBL. Kinetic studies revealed that
the polymerization activity follows the order MessP/B(CgFs5);
(Oh™!)=P/B-1 (Oh !)<P/B-2 (96h !)<P/B-3 (382h')<P/B-4
(1,174h"")<P/B-5 (5,652 h~')<P/B-6 (24,000 h~") (Scheme 6),
displaying an apparent inverse relationship between the polymer-
ization activity and the degree of LP “frustration”. Neither inter-
molecular Mess;P/B(CgFs)s nor intramolecular FLP P/B-1 were
active for polymerization of MMBL, whereas the intermolecular
CLA PhsP-B(CgF5)3P/B-6 exhibited the highest activity. In the pres-
ence of monomer or donor solvent, PhsP and B(CgFs); can be
released from P/B-6, thus resulting in chain initiation and propaga-
tion. Furthermore, varying the substitution on the P and B sites led
to the formation of CLAs with different degree of adduct strength,
which exhibited different activity towards MMBL polymerization.
On the basis of these results, they proposed that to achieve high
polymerization activity, it is important to strike a fine balance
between B site acidity, P site basicity, steric crowding around P
and the strength of the P-B association in solution.

In 2015, Chen and co-workers [68] reported the polymerization
of acrylic monomers including MMA, MMBL and AMA by NHC/B
(CeFs)3 LPs. For MMA polymerization, I'Pr was the most active
and effective LB among the investigated LBs and its combination
with B(CgFs); exhibited high polymerization activity, achieving
TOF value up to 2,722 h™!. It should be noted that chain transfer
reaction occurred in MMA polymerization by I'Pr/B(CgFs); and
IMe/B(CgFs)s LPs, thus producing PMMA with M, lower than the
calculated M,, based on the [MMA]/[NHC] ratio. On the other hand,
these NHC/B(CgFs)3 LPs were highly effective for polymerization of
MMBL, achieving TOF values up to 48,000 h~! while they also
showed chemoselectivity towards the polymerization of conju-
gated vinyl groups in divinyl acrylic monomer AMA, leaving the
unconjugated C=C double bonds unreacted.

Chen and co-workers [63] also found that the combination of B
(CgFs)3 with TPT, NHO7 or I'Bu are all effective for polymerization
of renewable monomer MC, but furnishing PMC with bimodal dis-
tribution and low initiation efficiency (I*% < 50). In sharp contrast,
replacing B(CgF5); with (BHT),AlMe led to a significantly enhanced
activity towards polymerization of MC.

Besides phosphines and NHCs, amines could also serve as the
LBs for polymerization of MMBL [32]. Different from the genera-
tion of CLAs from the reaction of Al(CgFs); with EtsN or TMP, the
reaction of B(CgF5); with TMP afforded FLP. Whereas due to dispro-
portionation reaction, the reaction of B(CgFs); with Et3N yielded
equimolar amounts of ammonium hydridoborate and iminium
zwitterion. Among the investigated amine/B(CgFs)3 LPs, B(CgFs)3/
TMP exhibited the highest polymerization activity, achieving a
TOF value up to 96,000 h~' and producing PMMBL with M, higher
than that obtained by Al(CgFs)s/TMP LPs and bimodal distribution.
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In 2018, we found the reaction of SKA with B(CgFs); generated
FLP, which could be utilized to catalyze the living GTP of MMBL
and MBL, producing well-defined PMMBL and PMBL as well as
block copolymers through sequential monomer addition method
[51]. Kinetic studies revealed the polymerization follows a first-
order dependence on MMBL concentration, first-order dependence
on SKA concentration and second-order on B(CgFs); concentration,
indicating a bimolecular, activated monomer propagation mecha-
nism, which is different from what we observed for the Al(CgFs)3
catalyzed GTP [50].

More recently, Sebastian and co-workers [69] employed a
hydrogenated FLP [TMPH"|[HB(CgFs)3] to achieve the first example
of living/controlled polymerization of cyanoacrylates, including n-
butyl cyanoacrylate (BCA), ethyl ayanoacrylate (ECA) and p-
methoxyethyl cyanoacrylate (MECA) in THF. NBuyBr, NBu,OH, or
NaSCN itself did not show any control on the polymerization of
BCA. Their combination with B(CgFs); yielded CLAs that did not
promote the reaction. Although TMP/B(CgFs); FLP showed certain
control on polymerization, the produced polymers had M, higher
than expected and broad MWD. In contrast, the employment of a
hydrogenated FLP [TMPH'][HB(CsFs)3] can achieve a living/con-
trolled polymerization of cyanoacrylates, affording PBCA with M,
up to 98.9 kg/mol and P =1.02-1.11. Its living characteristic can
also be verified by the successful chain extension experiments
and synthesis of well-defined block copolymers.

4. Rare-earth metal- or Si-based LPs

In 2017, Taton and co-workers [70] reported a Si/P based LPs
composed of N-(trimethylsilyl)bis(trifluoromethane sulfonyl)imide
(MesSiNTf,) as the LA and a phosphine such as tris(2,4,6-trimethox
yphenyl)phosphine (TTMPP), "BusP or ‘BusP as the LB for polymer-
ization of MMA. Among the LPs investigated, TTMPP/Me3SiNTf,
exhibited the highest activity, producing PMMA with M, ranging
between 7.5 and 31.0 kg/mol and narrow P (<1.08). Only the LP
with a 1:2 TTMPP/Me;SiNTf; ratio can polymerize the MMA, sug-
gesting a dual reaction mechanism. Mechanistic studies revealed
that the conjugated addition of the phosphine onto MesSiNTf,-
activated MMA formed a ¢-phosphonium SKA ion pair rather than
zwitterionic-type intermediate LA-stabilized enolate (vide supra)
as observed in the Al-based LP system [16]. The propagation step
proceeded via the attack of an incoming MesSiNTf,-activated
MMA by a-phosphonium SKA along with the concomitant release
of MesSiNTf,. These SKA-type growing chain ends are very similar
to those observed for GTP of MMA [5].

Recently, Xu and co-workers [71,72] developed unique, rare-
earth metal-based LPs. They consist of rare-earth metal such as Sc,
Y, or Lu and the ancillary ligand of phosphorus-tethered

FLP ILP CLA
Mes3P/B(CeFs)3
-~ B(CeFs)2 a
B(CeFs)y MoS2F d Mes,P----B(CgFs)2 Bu, P----B(CgFs)2
e P/B-3 P/B-5
PMes, f
MeszP """ B(CGF5)2 BUZ P"‘"B(CGF5)Z PhaP—>B(CeF5)3
o PI/B1 X P/B-4 P/B-6
\\// P/B-2 /(/\/k
/ }j 0 96 382 1,174 5,652 24,000 A
\’/ TOF (h™") (Ao
MMBL PMMBL

Scheme 6. (Color online) Polymerization activity trend observed for MMBL polymerization by inter- and intramolecular P/B-based FLPs, interacting FLPs and CLAs. Reprinted

with permission from Ref. [11]. Copyright 2018 American Chemical Society.
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p-diketiminate, for polymerization of MMA, MBL, and MMBL at
room temperature. It is noted that all catalysts can not completely
convert MMA into polymers in up to 24h even at a low
monomer-catalyst ratio (50:1). In sharp contrast, MMBL can be
rapidly and quantitatively converted to polymers with M, ranging
between 2.78 and 3.54 kg/mol and D =1.44-1.60. Mechanistic
investigations revealed that the LPP was initiated by the nine-
membered addition intermediate resulting from the intramolecular
1,4-addition of rare-earth metal complexes to the monomer. Later
in 2018, they reported the polymerization of conjugated polar
alkenes, such as MMA, ‘BuMA, DMAA, and FMA as well as divinyl
monomers AMA, VMA, and VBMA, by LPs consisting of homoleptic
rare-earth aryloxides (Ln = Sc, Y, Sm, and La) as the LA and phosphi-
nes or NHCs as the LBs [73,74]. Among the investigated monomers,
polymerization of MMA was relatively controlled over the M, and
MWD in spite of low I*. Moreover, the polymerization activity was
increased with an increase in the ionic radii of the rare-earth metals
(La>Sm>Y > Sc).

5. Summary and outlook

Since Chen group introduced the concept of FLP to the polymer
synthesis in 2010, the development of LPP has achieved significant
progresses in polymerization of polar vinyl monomers. Thanks to
the binary, independent but synergy and cooperativity between
LA and LB catalytic sites, the polymerization performance of LPs
could be tailored by regulating the acidity of LA and basicity of
LB as well as the steric hindrance of both LA and LB. Highly effec-
tive LPP and even living/controlled polymerization of diverse polar
vinyl monomers have been achieved through this manner, not only
producing polymers with predicted molecular weight and narrow
MWD, thus affording high to quantitative initiation efficiencies,
but also achieving some polymers what are difficult to be accom-
plished by other polymerization methods, such as the synthesis
of UHMW PMMA at room temperature, high molecular weight
PMC and so on. Compared with other polymerization strategy such
as GTP, radial polymerization, coordination-insertion, LPP has
shown several unique properties towards the polymerization of
polar vinyl monomers such as the catalysts are easier to synthe-
size, raw materials are cheaper and more environmentally friendly
as well as high activity, control or livingness, mild conditions, and
complete chemo- or regioselectivity.

Although LPP is a powerful synthetic strategy for polymer syn-
thesis, there are still some challenges that have not been overcome
yet. Future research directions in the field of LPP chemistry are spec-
ified in the following five aspects: (1) taking full advantage of the
existing living/controlled LPP systems for preparation of the func-
tionalized polymers, such as thermoplastic elastomers, hybrid poly-
mers, self-assembled polymers, and so on; (2) precise
polymerization of other monomers into polymers with the desirable
molecular weight and narrow MWD; (3) expanding the monomer
scope of LPP to such as «-olefins, allenes, and dienes as well as other
renewable monomers; (4) designing and developing new type of LPP
systems with strong tolerance, excellent recyclability, and green
chemistry characteristics; (5) synthesizing highly stereoregular
polymers by stereoselective LPP system under mild conditions.

Conflict of interest

The authors declare that they have no conflict of interest.

Acknowledgments

This work was supported by the National Natural Science Foun-
dation of China (21774042, 21871107, and 21422401).

Author contributions

Yuetao Zhang designed, instructed and polished the manu-
script. Wuchao Zhao collected the literatures and wrote the initial
draft. Jianghua He and Yuetao Zhang reviewed and finalized the
manuscript.

References

[1] Boileau S, Illy N. Activation in anionic polymerization: why phosphazene bases
are very exciting promoters. Prog Polym Sci 2011;36:1132-51.

[2] Baskaran D. Strategic developments in living anionic polymerization of alkyl
(meth)acrylates. Prog Polym Sci 2003;28:521-81.

[3] Dadashi-Silab S, Doran S, Yagci Y. Photoinduced electron transfer reactions for
macromolecular syntheses. Chem Rev 2016;116:10212-75.

[4] Soller BS, Salzinger S, Rieger B. Rare earth metal-mediated precision
polymerization of vinylphosphonates and conjugated nitrogen-containing
vinyl monomers. Chem Rev 2016;116:1993-2022.

[5] Zhang Y, Gustafson LO, Chen EYX. Dinuclear silylium-enolate bifunctional
active species: Remarkable activity and stereoselectivity = toward
polymerization of methacrylate and renewable methylene butyrolactone
monomers. ] Am Chem Soc 2011;133:13674-84.

[6] Chen C. Designing catalysts for olefin polymerization and copolymerization:
beyond electronic and steric tuning. Nat Rev Chem 2018;2:6-14.

[7] Zhang Y, Miyake GM, Chen EYX. Alane-based classical and frustrated Lewis
pairs in polymer synthesis: rapid polymerization of MMA and naturally
renewable methylene butyrolactones into high-molecular-weight polymers.
Angew Chem Int Ed 2010;49:10158-62.

[8] Piedra-Arroni E, Ladaviere C, Amgoune A, et al. Ring-opening polymerization
with Zn(CgFs),-based Lewis pairs: original and efficient approach to cyclic
polyesters. ] Am Chem Soc 2013;135:13306-9.

[9] Yang JL, Cao XH, Zhang (], et al. Highly efficient one-pot synthesis of COS-
based block copolymers by using organic Lewis pairs. Molecules 2018;23:298.

[10] Naumann S, Scholten PB, Wilson JA, et al. Dual catalysis for selective ring-
opening polymerization of lactones: evolution toward simplicity. ] Am Chem
Soc 2015;137:14439-45.

[11] Hong M, Chen ], Chen EYX. Polymerization of polar monomers mediated by
main-group Lewis acid-base pairs. Chem Rev 2018;118:10551-616.

[12] Chen EYX. Polymerization by classical and frustrated lewis pairs. Top Curr
Chem 2012;334:239-60.

[13] Li X, Chen C, Wu J. Lewis pair catalysts in the polymerization of lactide and
related cyclic esters. Molecules 2018;23:189.

[14] Bai Y, Zhang Y. Polymerization of polar vinyl monomers catalyzed by Lewis
pairs. Acta Polym Sin 2019;50:233-46.

[15] Zhou W, Zhang Y. In organic catalysis for polymerisation. England: The Royal
Society of Chemistry; 2019. p. 473-530 [Chapter 11].

[16] Zhang Y, Miyake GM, John MG, et al. Lewis pair polymerization by classical and
frustrated Lewis pairs: acid, base and monomer scope and polymerization
mechanism. Dalton Trans 2012;41:9119-34.

[17] Han'Y, Zhang S, He ], et al. Switchable C-H silylation of indoles catalyzed by a
thermally induced frustrated Lewis pair. ACS Catal 2018;8:8765-73.

[18] Chen ], Chen EYX. Elusive silane-alane complex [Si-HAI]: isolation,
characterization, and multifaceted frustrated Lewis pair type catalysis.
Angew Chem Int Ed 2015;54:6842-6.

[19] Wang Q, Zhao W, He ], et al. Living ring-opening polymerization of lactones by
N-heterocyclic olefin/Al(CgFs); Lewis pairs: structures of intermediates,
kinetics, and mechanism. Macromolecules 2017;50:123-36.

[20] Zhao W, Wang Q, Cui Y, et al. Living/controlled ring-opening (co)
polymerization of lactones by Al-based catalysts with different sidearms.
Dalton Trans 2019;48:7167-78.

[21] Murahashi S, Nozakura SI, Hatada K, et al. Polymerizability of vinyl monomers
with organometallic compounds. Sen-iken Nenpo 1960:99-104.

[22] Tkeda M, Hirano T, Tsuruta T. Organometallic compound with Lewis base i.
Polymerization of vinyl-compounds by organometallic compound/Lewis base
complex. Makromol Chem 1971;150:127-35.

[23] Kitayama T, Masuda E, Yamaguchi M, et al. Syndiotactic-specific
polymerization of methacrylates by tertiary phosphine triethylaluminum.
Polym ] 1992;24:817-27.

[24] Welch GC, Juan RRS, Masuda ]D, et al. Reversible, metal-free hydrogen
activation. Science 2006;314:1124.

[25] Stephan DW, Erker G. Frustrated lewis pairs: metal-free hydrogen activation
and more. Angew Chem Int Ed 2010;49:46-76.

[26] Stephan DW. Frustrated Lewis pairs: from concept to catalysis. Acc Chem Res
2015;48:306-16.

[27] Scott DJ, Fuchter M], Ashley AE. Designing effective “frustrated Lewis pair”
hydrogenation catalysts. Chem Soc Rev 2017;46:5689-700.

[28] Stephan DW. The broadening reach of frustrated Lewis pair chemistry. Science
2016;354:1248.

[29] Stephan DW, Erker G. Frustrated Lewis pair chemistry of carbon, nitrogen and
sulfur oxides. Chem Sci 2014;5:2625-41.

[30] Trunk M, Teichert JF, Thomas A. Room-temperature activation of hydrogen by
semi-immobilized frustrated Lewis pairs in microporous polymer networks. J
Am Chem Soc 2017;139:3615-8.


http://refhub.elsevier.com/S2095-9273(19)30511-0/h0005
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0005
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0010
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0010
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0015
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0015
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0020
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0020
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0020
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0025
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0025
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0025
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0025
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0030
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0030
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0035
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0035
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0035
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0035
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0040
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0040
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0040
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0040
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0040
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0040
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0045
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0045
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0050
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0050
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0050
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0055
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0055
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0060
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0060
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0065
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0065
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0070
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0070
http://refhub.elsevier.com/S2095-9273(19)30511-0/h9005
http://refhub.elsevier.com/S2095-9273(19)30511-0/h9005
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0080
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0080
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0080
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0085
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0085
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0090
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0090
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0090
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0095
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0095
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0095
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0095
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0095
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0095
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0100
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0100
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0100
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0105
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0105
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0110
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0110
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0110
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0115
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0115
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0115
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0120
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0120
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0125
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0125
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0130
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0130
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0135
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0135
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0140
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0140
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0145
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0145
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0150
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0150
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0150

1840 W. Zhao et al./Science Bulletin 64 (2019) 1830-1840

[31] Miyake GM, Zhang Y, Chen EYX. Living polymerization of naturally renewable
butyrolactone-based vinylidene monomers by ambiphilic silicon propagators.
Macromolecules 2010;43:4902-8.

[32] Chen J, Chen EYX. Reactivity of amine/E(CgFs); (E = B, Al) Lewis pairs toward
linear and cyclic acrylic monomers: hydrogenation vs. polymerization.
Molecules 2015;20:9575.

[33] He], Zhang Y, Chen EYX. Synthesis of pyridine- and 2-oxazoline-functionalized
vinyl polymers by alane-based frustrated Lewis pairs. Synlett
2014;25:1534-8.

[34] He], Zhang Y, Falivene L, et al. Chain propagation and termination mechanisms
for polymerization of conjugated polar alkenes by [Al]-based frustrated Lewis
pairs. Macromolecules 2014;47:7765-74.

[35] Mariott WR, Rodriguez-Delgado A, Chen EYX. Chain termination and transfer
reactions in the acrylate polymerization by a monometallic chiral
zirconocenium catalyst system. Macromolecules 2006;39:1318-27.

[36] Jia Y-B, Wang Y-B, Ren W-M, et al. Mechanistic aspects of initiation and
deactivation in N-heterocyclic olefin mediated polymerization of acrylates
with alane as activator. Macromolecules 2014;47:1966-72.

[37] Zhang Y, Schmitt M, Falivene L, et al. Organocatalytic conjugate-addition
polymerization of linear and cyclic acrylic monomers by N-heterocyclic
carbenes: mechanisms of chain initiation, propagation, and termination. ]
Am Chem Soc 2013;135:17925-42.

[38] Sui X, Hempenius MA, Vancso GJ. Redox-active cross-linkable poly(ionic
liquid)s. ] Am Chem Soc 2012;134:4023-5.

[39] Cherian AE, Sun FC, Sheiko SS, et al. Formation of nanoparticles by
intramolecular cross-linking: following the reaction progress of single
polymer chains by atomic force microscopy. ] Am Chem Soc
2007;129:11350-1.

[40] Wang R, Chen W, Meng F, et al. Unprecedented access to functional
biodegradable polymers and coatings. Macromolecules 2011;44:6009-16.

[41] Nagelsdiek R, Mennicken M, Maier B, et al. Synthesis of polymers containing
cross-linkable groups by atom transfer radical polymerization: poly(allyl
methacrylate) and copolymers of allyl methacrylate and styrene.
Macromolecules 2004;37:8923-32.

[42] Paris R, De la Fuente JL. Solvent effect on the atom transfer radical
polymerization of allyl methacrylate. J Polym Sci Part A Polym Chem
2005;43:6247-61.

[43] Sugiyama F, Satoh K, Kamigaito M. Regiospecific radical polymerization of
vinyl methacrylate in the presence of Lewis acids into soluble polymers with
pendent vinyl ester substituents. Macromolecules 2008;41:3042-8.

[44] Murali Mohan Y, Raghunadh V, Sivaram S, et al. Reactive polymers bearing
styrene pendants through selective anionic polymerization of 4-vinylbenzyl
methacrylate. Macromolecules 2012;45:3387-93.

[45] Pugh C, Percec V. Synthesis and group transfer polymerization and
copolymerization of p-vinylbenzyl methacrylate. Polym Bull 1985:14.

[46] Jia Y-B, Ren W-M, Liu S-J, et al. Controlled divinyl monomer polymerization
mediated by Lewis pairs: a powerful synthetic strategy for functional
polymers. ACS Macro Lett 2014;3:896-9.

[47] Sun XY, Ren WM, Liu SJ, et al. Tandem Lewis pair polymerization and
organocatalytic ring-opening polymerization for synthesizing block and brush
copolymers. Molecules 2018;23:468.

[48] Gowda RR, Chen EYX. Chemoselective Lewis pair polymerization of renewable
multivinyl-functionalized  y-butyrolactones. Phil Trans R Soc A
2017;375:20170003.

[49] Hosoi Y, Takasu A, Matsuoka SI, et al. N-heterocyclic carbene initiated anionic
polymerization of (E, E)-methyl sorbate and subsequent ring-closing to cyclic
poly(alkyl sorbate). ] Am Chem Soc 2017;139:15005-12.

[50] Hu L, He J, Zhang Y, et al. Living group transfer polymerization of renewable -
methylene-y-butyrolactones using Al(CgFs); catalyst. Macromolecules
2018;51:1296-307.

[51] Hu L, Zhao W, He ], et al. Silyl ketene acetals/B(CsFs); Lewis pair-catalyzed
living group transfer polymerization of renewable cyclic acrylic monomers.
Molecules 2018;23:665.

[52] Haartz JC, McDaniel DH. Fluoride ion affinity of some Lewis acids. ] Am Chem
Soc 1973;95:8562-5.

[53] Larson JW, McMahon TB. Fluoride and chloride affinities of main group oxides,
fluorides, oxofluorides, and alkyls. Quantitative scales of Lewis acidities from
ion cyclotron resonance halide-exchange equilibria. J] Am Chem Soc
1985;107:766-73.

[54] Miiller LO, Himmel Daniel, Stauffer ], et al. Simple access to the non-oxidizing
Lewis superacid PhF-Al(ORF); (RF=C(CFs)3). Angew Chem Int Ed 2008;47:7659.

[55] Miiller TE, Mingos DMP. Determination of the tolman cone angle from
crystallographic parameters and a statistical analysis using the
crystallographic data base. Trans Met Chem 1995;20:533-9.

[56] Knaus MG, Giuman MM, Pothig A, et al. End of frustration: catalytic precision
polymerization with highly interacting Lewis pairs. ] Am Chem Soc
2016;138:7776-81.

[57] Wang Q, Zhao W, Zhang S, et al. Living polymerization of conjugated polar
alkenes catalyzed by N-heterocyclic olefin-based frustrated Lewis pairs. ACS
Catal 2018;8:3571-8.

[58] Wang H, Wang Q, He ], et al. Living polymerization of acrylamides catalysed by
N-heterocyclic olefin-based Lewis pairs. Polym Chem 2019;10:3597-603.

[59] Zhang P, Zhou H, Lu X-B. Living and chemoselective (co)polymerization of
polar divinyl monomers mediated by bulky Lewis pairs. Macromolecules
2019;52:4520-5.

[60] Zhao W, Wang Q, He ], et al. Chemoselective and living/controlled
polymerization of polar divinyl monomers by N-heterocyclic olefin based
classical and frustrated Lewis pairs. Polym Chem 2019;10:4328-35.

[61] Wang X, Zhang Y, Hong M. Controlled and efficient polymerization of
conjugated polar alkenes by Lewis pairs based on sterically hindered
aryloxide-substituted alkylaluminumitle. Molecules 2018;23:442.

[62] Spekreijse ], Le Notre ], Sanders JPM, et al. Conversion of polyhydroxybutyrate
(PHB) to methyl crotonate for the production of biobased monomers. ] Appl
Polym Sci 2015;132:42462.

[63] McGraw M, Chen EYX. Catalytic Lewis pair polymerization of renewable
methyl crotonate to high-molecular-weight polymers. ACS Catal
2018;8:9877-87.

[64] Bai Y, He ], Zhang Y. Ultra-high-molecular-weight polymers produced by the
immortal phosphine-based catalyst system. Angew Chem Int Ed
2018;57:17230-4.

[65] Chen S, Hou L, Wang Q, et al. Facile synthesis of cylindrical molecular brushes
via Lewis pair-mediated polymerization. Polym Chem 2018;9:5470-5.

[66] Hou L, Liang Y, Wang Q, et al. Lewis pair-mediated surface-initiated
polymerization. ACS Macro Lett 2017;7:65-9.

[67] Xu T, Chen EYX. Probing site cooperativity of frustrated phosphine/borane
Lewis pairs by a polymerization study. ] Am Chem Soc 2014;136:1774-7.

[68] Chen ], Chen EYX. Lewis pair polymerization of acrylic monomers by N-
heterocyclic carbenes and B(CgFs)s. Isr ] Chem 2015;55:216-25.

[69] Re Saez, McArdle C, Salhi F, et al. Controlled living anionic polymerization of
cyanoacrylates by frustrated Lewis pair based initiators. Chem Sci
2019;10:3295-9.

[70] Nzahou Ottou W, Conde-Mendizabal E, Pascual A, et al. Organic Lewis pairs
based on phosphine and electrophilic silane for the direct and controlled
polymerization of methyl methacrylate: experimental and theoretical
investigations. Macromolecules 2017;50:762-74.

[71] Xu P, Yao Y, Xu X. Frustrated Lewis pair-like reactivity of rare-earth metal
complexes: 1,4-addition reactions and polymerizations of conjugated polar
alkenes. Chem Eur ] 2017;23:1263-7.

[72] Yao T, Xu P, Xu X. Scandium complexes containing -diketiminato ligands with
pendant phosphanyl groups: Competition between Sc/y-C [4 + 2]
cycloaddition and Sc/P frustrated lewis pair reactions. Dalton Trans
2019;48:7743-54.

[73] Xu P, Xu X. Homoleptic rare-earth aryloxide based Lewis pairs for
polymerization of conjugated polar alkenes. ACS Catal 2018;8:198-202.

[74] Xu P, Wu L, Dong L, et al. Chemoselective polymerization of polar divinyl
monomers with rare-earth/phosphine Lewis pairs. Molecules 2018;23:360.

Wuchao Zhao is currently a Ph.D. student under the
supervision of Prof. Yuetao Zhang at State Key Labora-
tory of Supramolecular Structure and Materials of Col-
lege of Chemistry, Jilin University. He received his B.S.
degree in Materials Chemistry from Jilin University in
2016. His research interest is focused on the develop-
ment of living/controlled polymerization system for
polar vinyl monomers and cyclic esters.

Yuetao Zhang received his B.S. degree from Jilin Univer-
sity in 1999 and Ph.D. degree under the Prof. Ying Mu’s
direction from Department of Organic Chemistry, Jilin
University in 2004. He joined the Prof. Eugene Y.-X.
Chen’s lab at Colorado State University as a postdoctoral
research fellow in 2006 and promoted as Research Sci-
entist Il in 2009. He moved to Jilin University as a full
professor at the State Key Laboratory of Supramolecular
Structure and Materials of College of Chemistry in 2013.
His current research interests span broadly the areas of
polymer science, organic synthetic chemistry, catalytic
chemistry as well as green and sustainable chemistry,
such as the design and synthesis of living/controlled
catalyst system for polar vinyl monomers and cyclic
esters; synthesis of sustainable polymers from renewable feedstocks; production of
platform chemicals, energy and fuels from biomass conversion.


http://refhub.elsevier.com/S2095-9273(19)30511-0/h0155
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0155
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0155
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0160
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0160
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0160
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0160
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0160
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0160
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0165
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0165
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0165
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0170
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0170
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0170
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0175
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0175
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0175
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0180
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0180
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0180
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0185
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0185
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0185
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0185
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0190
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0190
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0195
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0195
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0195
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0195
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0200
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0200
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0205
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0205
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0205
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0205
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0210
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0210
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0210
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0215
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0215
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0215
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0220
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0220
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0220
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0225
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0225
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0230
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0230
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0230
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0235
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0235
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0235
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0240
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0240
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0240
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0245
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0245
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0245
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0250
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0250
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0250
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0250
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0250
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0250
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0255
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0255
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0255
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0255
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0255
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0255
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0260
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0260
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0265
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0265
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0265
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0265
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0270
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0270
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0270
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0270
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0270
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0270
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0270
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0275
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0275
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0275
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0280
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0280
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0280
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0285
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0285
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0285
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0290
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0290
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0295
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0295
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0295
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0300
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0300
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0300
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0305
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0305
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0305
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0310
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0310
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0310
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0315
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0315
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0315
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0320
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0320
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0320
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0325
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0325
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0330
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0330
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0335
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0335
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0340
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0340
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0340
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0340
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0340
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0345
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0345
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0345
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0350
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0350
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0350
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0350
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0355
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0355
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0355
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0360
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0360
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0360
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0360
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0365
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0365
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0370
http://refhub.elsevier.com/S2095-9273(19)30511-0/h0370

	Lewis pairs polymerization of polar vinyl monomers
	1 Introduction
	2 Al-based LPs
	3 B-based LPs
	4 Rare-earth metal- or Si-based LPs
	5 Summary and outlook
	Conflict of interest
	Acknowledgments
	Author contributions
	References


