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ABSTRACT: Lewis pair cooperation provides a facile approach for
polymerizing dissymmetric divinyl polar monomers such as 4-vinyl-
benzyl methacrylate in excellent regioselectivity and high reactivity at
mild conditions, affording soluble polymers bearing pendant active vinyl
groups with high molecular weight (up to 6.4 × 105 g/mol) and narrow
polydispersity (PDI < 1.5). ESI-TOF MS study demonstrated that the
polymerization process only concerned the methacrylic double bond
and selectively remained the pendant allylic or styrene CC bond.

Polymers bearing pendant active vinyl groups on the
backbone have many applications in material chemistry,

for example, preparing the cross-linked,1−7 hyperbranched,8−10

and functionalized polymers.11−20 Nevertheless, it is a
challenging task for chemists to keep one reactive vinyl group
in each repeat unit of a polymer. Selective polymerization of one
vinyl group of divinyl monomers such as allyl methacrylate
(AMA) is seemed to be a practical and straightforward method.
With respect to the reactivity discrepancy of the two vinyl groups,
anion polymerization21−23 and radical polymerization24−29 are
two much-studied methods. Unfortunately, the reactivity
difference between two types of CC bonds could not
safeguard that the polymerization only occurred in one kind of
vinyl group in the whole reaction process. In the early stage,
polymerization predominantly took place in the methacrylic C
C double bond due to its relatively higher reactivity. However, as
reaction proceed, the polymerization readily occurred in the
pendant CC bond and, thus, formed the cross-linking network
until the reaction mixture turned to gelation at last.26 Especially
for the monomer 4-vinylbenzyl methacrylate (VBMA), in which
themethacrylate CCdouble bond (r1 = 1.04) and styrene (r2 =
0.85) nearly have the same reactivity (Figure 1) for radical
polymerization, the reaction mixture easily turns to gel even at
the beginning of the reaction (Scheme 1). Indeed, the
exploration of controlled divinyl monomer polymerization for
preparing soluble polymers bearing pendant active vinyl groups
with high molecular weight and narrow polydispersity under
mild conditions still remains a challenging problem. For example,
Pugh and Percec reported the synthesis of PVBMA using group
transfer polymerization method, affording the polymers with
broad molecular weight distributrion (Mw/Mn = 8.2).30

Recently, Baskaran and co-workers realized the selective
anionic polymerization of VBMA through methacrylate

functionality of the monomer in a controlled manner, employing
resonance-stabilized anionic initiators such as 1,1-diphenylhex-
yllithium and tritylpotassium at a low temperature of −78 °C.22
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Figure 1. Reactivity discrepancy of the two vinyl groups in the divinyl
monomers for free-radical polymerization. For monomers (Q, e) values
are cited from Polymer Handbook,42 and reactivity ratios were
calculated on the basis of Alfrey-Price equations: r1 = (Q1/Q2) ×
exp[−e1(e1 − e2)]; r2 = (Q2/Q1) × exp[−e2(e2 − e1)].

Scheme 1. Free Radical or Anion Polymerization of 4-
Vinylbenzyl Methacrylate (VBMA)
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However, uncontrolled molecular weight and broad distribution
were unavoidably got when the reaction temperature was
increased to −20 °C. More recently, Hirao group reported the
success of the synthesis of noncrosslinked and well-defined
polymers with pendant double bonds by anionic polymerization
of divinylbenzene at −78 °C.23 Prior to these studies, Kamigaito
group reported the regiospecific radical polymerization of vinyl
methacrylate (VMA) to prepare soluble polymers by addition of
Lewis acid such as SnCl4, EtnAlCl3−n, and RnAl(ODBP)3−n (R =
Me, Et, i-Bu; ODBP: 2,6-di-tert-butyl phenoxy).29 The main
disadvantages are the need to the addition of large quantities of
Lewis acid and the broad molecular weight distribution (PDI >
3) associated with the resultant polymers. It is worthwhile noting
here parenthetically that though the copolymerization of cross-
linker (e.g., divinylbenzene) in controlled radical polymerization
processes showed retarded gelation behavior, the complete
avoidance of gelation formation proved to be impossible,
especially at high conversions of more than 70%.31

In this communication, we reported a novel method for
perfectly regioselective polymerization of VBMA (Scheme 2)

and various divinyl monomers at the methylacrylic CC bond
with the simple Lewis acid−base pairs at mild conditions,

affording soluble polymers with high molecular weight and
narrow polydispersity.
Since Stephan and Erker first uncovered the concept

“frustrated Lewis pairs” (FLPs), FLP chemistry has attracted a
great interest of chemists.32 FLP, combined by bulky Lewis acid
and Lewis base, performed excellent activity in activating small
molecules.33 The next significant study by Chen group came with
the use of Lewis acid−base pairs for polymerizing a series of polar
vinyl monomers such as methyl methacrylate and α-methyl-
eneγutyrolactone with excellent activity and highly molecular
weight.34−36 Furthermore, they succeeded in preparing N-
functionalized vinyl polymers by FLPs mediated polymerization
of 2-vinylpyridine or 2-isopropenyl-2-oxazoline.37 Recently,
Zn(C6F5)2-based Lewis pair was applied into the ring-opening
polymerization of heterocyclic monomers such as lactide and
lactone.38,39 More recently, our group reported the Lewis pairs
consisting of N-heterocyclic olefins and Al(C6F5)3 for highly
active polymerization of acrylate monomers.40 A polymerization
mechanism concerning initiation and deactivation was proposed
on the basis of ESI-MS study. For Lewis pair mediated
polymerization of acrylic monomers, it is generally known that
the conjugated structure of methylacryol group is crucial to make
this reaction happen.34 This fact inspires us to probe into the
regioselective polymerization of divinyl polar monomers using
Lewis pair systems, in which polymerization only occurs at the
conjugated methylacrylic CC bond and leaves the pendant
CC bond unreacted (Scheme 2).
Since a stable adduct easily forms by the interaction of Lewis

base and Lewis acidic activator, the preactivation of these polar
monomers by Lewis acid is a prerequisite for their rapid
transformation. Therefore, the monomers were premixed with
Lewis acid before the addition of Lewis base. The polymerization
results are summarized in Table 1. Initially, the polymerization of
VBMA was conducted with B(C6F5)3/IPrCH2 Lewis pair, and
no product was observed up to 24 h (run 1). When replaced
B(C6F5)3 with Al(C6F5)3, the polymerization immediately
happened at 25 °C. After 10 min, 100% conversion was achieved
with toluene as solvent. The resulting P(VBMA) has a high
molecular weight (Mn = 4.2 × 104 g/mol) and narrow PDI (PDI

Scheme 2. Lewis Pairs Mediated Polymerization of VBMA

Table 1. Selected Results of Polymerization of Asymmetric Divinyl Monomers Mediated by Lewis Pairs,a Anion or Radicalb

run catalyst or initiator monomer monomer/base or initiatorc time (min) conv.d (%) Mn
e (104 g/mol) PDIe (Mw/Mn) reaction mixture

1 B(C6F5)3/IPrCH2 VBMA 100 1440 0 solution
2 Al(C6F5)3/IPrCH2 VBMA 100 10 100 4.2 1.39 solution
3 Al(C6F5)3/Dip-IPrCH2 VBMA 100 30 100 5.8 1.22 solution
4 Al(C6F5)3/Ph3P VBMA 100 5 100 4.6 1.37 solution
5 nBuLi VBMA 100 60 10 nd nd gelation

6 AIBN VBMA 100 120 37 nd nd gelation
7 Al(C6F5)3/Dip-IPrCH2 VMA 400 3 100 13.8 1.28 solution
8 AIBN VMA 200 210 60 6.4f 4.56f gelation
9 AIBN VMA 400 120 54 3.5f 2.31f gelation
10 Al(C6F5)3/Dip-IPrCH2 AMA 400 3 100 13.0 1.26 solution
11 Al(C6F5)3/Dip-IPrCH2 AMA 800 3 100 33.5 1.21 solution
12 Al(C6F5)3/Dip-IPrCH2 AMA 1600 5 100 64.0 1.28 solution
13 Al(C6F5)3/

tBu3P AMA 400 3 100 19.0 1.31 solution
14 Al(C6F5)3/

MesNHC AMA 400 3 100 14.0 1.37 solution
15 AIBN AMA 400 180 36 3.5f 5.46f gelation

aReaction conditions: Lewis pair polymerization was performed with 5 mL total solution volume (solvent toluene + monomer); room temperature
(ca. 25 °C). bReaction conditions: Anion polymerization in THF at −78 °C. Radical polymerization in toluene at 60 °C. cMolar ratio. dMonomer
conversions measured by 1H NMR spectroscopy. eDetermined by gel permeation chromatography in THF for PVBMA or CHCl3 for PVMA and
PAMA, calibrated with polystyrene. fSoluble part. nd = not determined.
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= 1.39; run 2). The 1H NMR spectrum shows the peaks at 6.15
and 5.58 ppm belong to the CH2 (b) of methacrylic CC
bond of VBMA completely disappeared, indicating that there was
no remaining of methacrylic CC bond (Figure 2B). Mean-

while, the resonance intensity of theCH2 (f) belong to styrene
is nearly the same to the peak of−CH2− (c) of the benzyl group,
demonstrating that the CC bond of styrene was unreacted in
the polymerization (Figure 2B). Al(C6F5)3/Dip-IPrCH2
Lewis pair gave a high molecular weight (Mn = 5.8 × 104 g/
mol) and narrowmonomodal distribution (PDI = 1.22; run 3). It
was found that Lewis pair Al(C6F5)3/Ph3P was more active for
polymerizing VBMA (run 4). In contrast, anion22 or radical
polymerization for initiating VBMA only provided an insoluble
polymer even at a low conversion (runs 5 and 6). Additionally,
the Lewis pairs exhibited high activity and excellent regiose-
lectivity in polymerizing other divinyl monomers. Take VMA as
an example, 100% conversion was achieved in 3 min with
Al(C6F5)3/Dip-IPrCH2 Lewis pair at a ratio of 400:1 for VMA
to Lewis base. The resultant PVMA has highmolecular molecular
weight (Mn = 1.38 × 105 g/mol) and narrow molecular weight
distribution (PDI = 1.28; run 7; Figure S2). For comparison
purposes, radical polymerization of VMA with AIBN as initiator
was also performed at 60 °C. Although the great reactivity
discrepancy of the two vinyl groups in the VMA (r1/r2 = 1700),
the gelation was turned out even the conversion less than 60%
(runs 8 and 9). Meanwhile, from the 1H NMR spectrum of the
soluble part of the resulted polymer, we can still find the peaks of
unreacted methacryloyl vinyl protons (Figure S1B), indicating
irregular chain propagation happened.
In order to demonstrate the availability of Lewis pair

polymerization for divinyl polar monomers, we polymerized
AMA at a high ratio of 1600 equiv (AMA to base). Gratifyingly,
AMA could be consumed in 30 min with Al(C6F5)3/Dip-IPr
CH2 pair, affording polymer with a high Mn of 6.4 × 105 g/mol
and low PDI of 1.28 (run 12), which also have good solubility in
many reagents such as CH2Cl2, EtOAc and so on (Figure S4,
right). On the contrary, the PAMA produced by radical
polymerization even at a low conversion did not dissolve in
any reagent (Figure S4, left). As expected, the Lewis pair
Al(C6F5)3/

tBu3P or Al(C6F5)3/
MesNHC also performed similar

reactivity and regioselectivity in the polymerization of AMA
(runs 13 and 14).
Furthermore, the excellent regioselectivity of Lewis pair

mediated polymerization of dissymmetric divinyl monomers
was confirmed by the ESI-TOF MS study. Since the strong
basicity of IPrCH2, the propagating polymer chains associated
with the Lewis base have the strong signal responsibility in the
ESI-TOF mass spectroscopy. P(VBMA) with low molecular
weight was prepared by Al(C6F5)3/IPrCH2 Lewis pair at low
ratio for ESI-TOF MS investigation. In the ESI-TOF mass
spectra in the positive ion mode, we clearly observe the species
based onm/z = 403 (the MW of IPrCH2) at an interval of 202
(the repeat unit of VBMA; Figure 3A).

It is generally known that the polymers with vinyl groups can
be functionalized by “thiol−ene” reaction.41 Therefore, further
modification of the linear polymer PVBMA bearing pendant
IPrCH2) at an interval of 202 (the repeat unit of VBMA)
active vinyl groups using PhCH2SH in THF was carried out at 70
°C for 24 h, with AIBN as initiator. Click reaction between the
pendant double bond of PVBMA and PhCH2SH was rapidly and
completely, demonstrated by 1H NMR (Figure 2C) and ESI-
TOFMS (Figure 3B) analysis. The resultant crude product could
be purified by precipitation in THF/methanol mixture solvent.
After click reaction with PhCH2SH,

1H NMR spectra (Figure
2B,C) showed that the peaks at 6.64, 5.72, and 5.21 ppm belong
to the pendant Ph(H)CCH2 disappeared and new peaks at
2.74 and 2.58 ppm appeared, indicating all the pendant double
bonds have been reacted. ESI-TOF MS study of the function-
alized PAMAwas also performed. A series of species based onm/
z 403 at an interval of 326 was found (Figure 3B). The deduction
value of polymer chains before and after click reaction is just
124n (the molecular weight of PhCH2SH is 124). This result
again clearly proved the polymerization process of VBMA

Figure 2. 1H NMR spectra of (A) VBMA, (B) PVBMA, and (C)
P(VBMA-SCH2Ph).

Figure 3. Representative ESI-MS spectra of (A) PVBMA and (B)
P(VBMA-SCH2Ph).
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mediated by Lewis pair only regarded the methylacrylic CC
bond.
In conclusion, we have reported an effective approach for

completely regioselective polymerization of dissymmetric divinyl
monomers at the methylacrylic CC bond under mild
conditions. The resultant polymers with high molecular weight
and narrow molecular weight distribution are soluble in various
organic solvents. ESI-TOF MS gave the further evidence that
there was no cross-linking side reaction happened in the
polymerization process. This simple and convenient method
will open up a new route for producing functional polymers with
pendant active vinyl groups, possessing many applications in
material chemistry.
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Nieger, M.; Leskela, M.; Repo, T. Nat. Chem. 2013, 5, 718−723.
(d) Sajid, M.; Kehr, G.; Wiegand, T. H.; Eckert, C.; Schwickert, R.;
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