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ABSTRACT: SaBOX/copper catalysts have been developed,
giving a highly syndio-specific (triad syndiotacticity rr over 90%)
and well-controlled (molecular weight distribution Đ = 1.1−1.4)
atom transfer radical polymerization (ATRP) of methyl
methacrylate. The substituents on the bisoxazoline (BOX)
scaffold significantly affect the polymerization rate, molecular
weight, and stereoselectivity. The side arms installed on the
bridge carbon of BOX have been proven to strongly influence
both the activity of the catalyst and the tacticity of the resulting
polymers, paving an alternative way for the control of
stereoselectivity in ATRP. X-ray structural determination and the Eyring approach were employed to obtain insights into the
scaffold and side arm effects on catalyst performance.

KEYWORDS: catalyst, side armed bisoxazoline (SaBOX), atom transfer radical polymerization (ATRP), stereospecificity,
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■ INTRODUCTION

Since the pioneering work by Matyjaszewski et al.,1−4 atom
transfer radical polymerization (ATRP) has proven to be a
powerful tool for synthesis of polymers with almost perfect
control over molecular weight (MW) and topology.5−19

However, its stereochemical control has been considered a
great challenge, especially for simple monomers such as methyl
methacrylate (MMA), because of the planar nature of the
chain-end carbon radical.20−33 To date, the simultaneous
control of MW and chain microstructure during ATRP is still
one of the most challenging goals for polymer chemists.23−26

Although anionic and coordinative polymerization of MMA
proves to be stereocontrolled by organometallic catalysts,34−38

all studies so far showed that stereochemistry is difficult to
control in ATRP and transition metal catalysts have little or no
influence on polymer tacticity for ATRP. This was attributed to
a remote control in which the radical species diffuse away from
the “counter radical” (transition metal center) prior to
subsequent monomer addition.27−29 In addition, compared
with typical anionic polymerization or coordination polymer-
ization, ATRP can provide well-defined polymers with more
diverse functionality and architecture as well as copolymers
with a variation of repeating units over a large range under less
stringent reaction conditions.1−19 Therefore, finding a new way
to control the polymer tacticity based on ATRP, which would
be potentially useful in the precise synthesis of polymers with
novel topology and application, is quite important.
Early studies showed that the polymers obtained by ATRP

with various achiral catalysts have almost the same tacticities

compared to the tacticities of those obtained in conventional
free radical polymerizations.1−4 Subsequently, several chiral
complexes have been prepared for ATRP to exert stereo-
chemical control.30−33 Nevertheless, the resultant polymers
showed a stereochemistry similar to those obtained in ATRP
with achiral catalysts. Moreover, a broader MW distribution was
observed in some of these cases. To date, the tuning of the
stereospecificity in ATRP by only a catalyst is still an unsolved
puzzle in the field of polymer chemistry.20−33 In the past several
years, we have become interested in conquering this problem.
On the basis of an elegant catalytic system for activator
generated by electron transfer (AGET) ATRP with zero-valent
copper as the reducing agent,39−41 very recently, we
demonstrated that a newly designed catalyst based on a side
arm strategy is highly active for ATRP of MMA, allowing a
lower polymerization temperature and making the catalyst
capable of mediating ATRP of MMA in a highly syndio-specific
manner, while keeping satisfactory control over MW. Herein,
we report the preliminary results.

■ RESULTS AND DISCUSSION
Effects of the BOX Scaffold on the Polymerization of

MMA. Our study was initiated by using elemental copper as the
reducing agent and 2-bromopropionitrile (BPN) as the initiator
in the bisoxazoline (BOX)/CuBr2-based catalytic system for
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AGET ATRP of MMA. We first investigated the most common
BOXs as ligands for the polymerization of MMA in
tetrahydrofuran (THF) at room temperature for 12 h. As
shown in Table 1, the substituents on BOX scaffolds obviously

affect the polymerization rate. Compared with all the chiral
ligands, unsubstituted achiral BOX L0 is more active under the
current conditions, giving the highest conversion of 75% and
exhibiting excellent control over MW (molecular weight
distribution Đ = 1.1). Chiral Cy-BOX L2 yielded the lowest
conversion of 22%, and other chiral ligands (L1 and L3−L7)
furnished only moderate conversions of 35−48%. Besides, the
MW distributions were slightly broadened (Đ = 1.2−1.5).
Indane-BOX L8 gave a significantly improved conversion
(59%) and a narrow MW distribution (Đ = 1.1). It is further
noteworthy that BOX ligands that led to higher activity also
exhibited better control of MW. More importantly, substituted
BOXs exhibited a stereoselectivity slightly better than that of
unsubstituted L0 (triad syndiotacticity rr of ∼72% vs 68%),
probably because of the extremely open microenvironment
around the metal center with L0 as the ligand. These results
suggest that the catalyst might influence the microstructure of
PMMA, encouraging us to further explore this question.
Side Arm Effect in SaBOX/Copper-Mediated Polymer-

ization of MMA. As mentioned above, the catalyst is
considered to exert barely any influence on stereocontrol;
therefore, the stereoselectivity of ATRP is mainly controlled by
the chain end.23−26 In the past decade, we successfully
developed a side arm strategy for the design of organometallic
catalysts that can be applied in asymmetric catalysis.44−50

During these studies, it was found that the side arm installed on
the bridge carbon of BOX could greatly enhance the reaction
speed and enantioselectivity in a number of BOX/metal-
catalyzed reactions related to the remote control of
enantioselectivity.44−50 Thus, we tried to extend this strategy
to ATRP for stereochemical control and envisioned that the

pendant group installed on the bridge carbon could also fine-
tune the conformations of the species involved in the radical
addition step, impelling the ligand to affect the stereoselectivity
of MMA polymerization (Scheme 1). On the basis of this

assumption, combining the experimental result that Indane-
BOX L8 gave good conversion and stereoregularity, we
designed mono- and bis-side armed SaBOX ligands L8a−c
and L9a−e on the basis of the side arm strategy (Scheme 2) to
study their potential in stereoselective ATRP of MMA.

As shown in Table 2, when the polymerizations are
performed at 0 °C, one pendant group installed on BOX has
little effect on the activity and stereoselectivity (entries 3−6).
To our delight, a strong side arm effect on the activity and
stereoselectivity is observed in the case of bis-side armed
SaBOX ligands. When SaBOX L9a was used instead of L0 or
L8, conversion increased from 49 to 75% and the rr value was
improved from 71 to 78% (entries 2 and 3 vs entry 7). In this
case, the MW distribution is very narrow (Đ = 1.1). When the
cyclohexylmethyl group is changed to a benzyl group, the
conversion decreased to 40% (entry 8). Further studies showed
that the nature and position of the substituents on the benzyl
group could not improve the activity (entries 9−11). It is
noteworthy that the influence of the ligand (catalyst) on the
tacticity increases significantly at lower temperatures (entries
2−20). For instance, at −40 °C, the rr value was 79% in the
case in which L0 was employed, while L9a gave 88% rr (entry
15 vs entry 17). When the temperature was decreased to −60
°C, 92% rr was achieved by using L9a. For all we know, this is
by far the highest syndiotacticity obtained in ATRP of MMA
(entry 20). Besides, a good control over MW distribution was
observed in this case.
To further confirm that the catalyst can affect the

stereoregularity, we also conducted conventional free radical
polymerizations at −20, −40, and −60 °C, initiated by (n-
Bu)3B in the presence of a small amount of oxygen and
employing THF as the solvent.42,43 As shown in Table S1, the
rr values are much lower than those achieved in ATRP
mediated by a SaBOX (L9a)/copper catalyst at each temper-
ature (75% vs 84%, 77% vs 88%, and 80% vs 92%, respectively),

Table 1. Effects of the BOX Scaffold on AGET ATRP of
MMAa

aConditions: 200:2:1:2:4 MMA:BPN:CuBr2:ligand:Cu(0) ratio, THF
used as the solvent (50% Vtotal), 25 °C, 12 h. Monomer conversion
(Conv.) was measured by 1H nuclear magnetic resonance. Number-
average molecular weight (Mn) and polydispersity indices (PDI)
determined by gel permeation chromatography at 25 °C in THF vs
narrow PMMA standards, PDI (Đ) = Mw/Mn. Triad syndiotacticity
(rr) measured by 1H nuclear magnetic resonance in CDCl3 and
estimated according to a commonly employed literature method
(General Information in the Supporting Information).34,35,42,43

Scheme 1. Catalyst Design for the Syndio-Specific ATRP of
MMA

Scheme 2. Side Armed Ligands (SaBOX) for Copper-
Mediated AGET ATRP
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clearly demonstrating the main effects of the SaBOX/copper
catalyst on controlling tacticity.
The physical properties of polymers are often significantly

affected by main chain tacticity. Therefore, PMMA samples
with different syndiotacticities were analyzed by DSC measure-
ment (Figure 1). As shown by the DSC curves, the Tg of
PMMA regularly shifted to a higher temperature (from 123 to
139 °C) with an increase in rr from 68 to 92%,51,52 being

consistent with the tacticity of PMMA determined from 1H
nuclear magnetic resonance (NMR) spectra.34,35,42,43

Evidence for the ATRP Mechanism. In the current
method, 93% conversion in 12 h was achieved during the
polymerization conducted at room temperature using L9a as
the ligand, which presented a highly efficient polymerization
(Table 2, entry 1). A linear first-order kinetic plot and an
agreement between the experimental and theoretical MW were
proof of a controlled polymerization (Figures S4 and S5).
Further study showed that addition of 1.5 equiv of galvinoxyl
radical relative to the initiator (BPN) completely inhibits the
polymerization. No MMA polymerization occurred within 12 h,
which supports the participation of free radicals in the
polymerization.1,2 To analyze the retained chain ends precisely
by matrix-assisted laser desorption ionization time-of-flight
mass spectrometry, PMMA with a low MW (Mn = 3683) was
prepared using L9a (Figure S6). The result showed almost
completely retained active C−Br chain-end functionalities. This
manifests in the fact that the polymerization proceeded in an
ATRP manner. Thus, the polymerization presented here
demonstrated for the first time that the microstructure of
polymers generated through ATRP of MMA can also be tuned
by the catalyst only.

Insight into the Side Arm Effect Based on the
Molecular Structure of Catalysts. Because the key step in
ATRP involves a fast and reversible halogen exchange between
the metal center and polymer chain end, the coordination
environment imposed by ligand is a key factor in this process.53

Thus, to understand the side arm effects on the stereo-
chemistry, we grew several single crystals of Cu(II) and Cu(I)
complexes for X-ray structure determination. As shown in
Figure 2 and Figures S7−S12, both of the pendant cyclohexyl

groups in the L9a/CuBr2 and L9a/CuBr complexes shift
toward the copper center, similar to the case for the SaBOX/
Cu(II) complexes reported previously.54 Thus, the introduction
of two cyclohexylmethyl side arms (L9a) envelops the upper
and lower side of the coordination plane (N1−Cu1−N2),
forming a more encapsulated active cavity resulting in strong

Table 2. Syndio-Specific AGET ATRP of MMA Mediated by
Copper Catalystsa

entry L T (°C) t (h) Conv.b (%) Mn
c (×103) Đc rrd (%)

1 L9a 25 12 93 9.96 1.1 72
2 L0 0 36 55 12.1 1.3 71
3 L8 0 36 49 13.4 1.1 74
4 L8a 0 36 51 13.7 1.2 76
5 L8b 0 36 47 11.1 1.1 74
6 L8c 0 36 36 11.8 1.2 75
7 L9a 0 36 75 12.9 1.1 78
8 L9b 0 36 40 8.90 1.1 75
9 L9c 0 36 35 12.9 1.2 75
10 L9d 0 36 30 10.9 1.2 76
11 L9e 0 36 45 12.4 1.2 75
12 L0 −20 48 39 15.3 1.2 76
13 L8 −20 48 15 14.1 1.3 80
14 L9a −20 48 45 13.1 1.2 84
15 L0 −40 60 24 17.4 1.2 79
16 L8 −40 60 10 10.7 1.3 83
17 L9a −40 60 25 15.8 1.2 88
18 L0 −60 72 10 42.6 1.4 82
19 L8 −60 72 trace − − −
20 L9a −60 72 12 32.8 1.4 92

aConditions: 200:2:1:2:4 MMA:BPN:CuBr2:ligand:Cu(0) ratio, THF
used as the solvent (50% Vtotal).

bMonomer conversion measured by
1H nuclear magnetic resonance. cNumber-average molecular weights
and polydispersity indices determined by gel permeation chromatog-
raphy at 25 °C in THF vs narrow PMMA standards (Đ = Mw/Mn).
dTriad syndiotacticity (rr) measured by 1H nuclear magnetic
resonance in CDCl3 and estimated according to a commonly
employed literature method (General Information of the Supporting
Information).34,35,42,43

Figure 1. Tg values for PMMA with regularly increasing triad
syndiotacticity (rr). (a) Tg = 123 °C, and rr = 68% (Table 1, L0). (b)
Tg = 126 °C, and rr = 72% (Table 2, entry 1). (c) Tg = 131 °C, and rr
= 78% (Table 2, entry 7). (d) Tg = 134 °C, and rr = 84% (Table 2,
entry 14). (e) Tg = 139 °C, and rr = 92% (Table 2, entry 20).

Figure 2. Molecular structures of (a) L8/CuBr2, (b) L8/CuBr, (c)
L9a/CuBr2, and (d) L9a/CuBr complexs.
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steric effects. This is probably the reason why the cyclohexyl
groups in L9a could enhance the stereoselectivity in the current
polymerizations. Interestingly, the dihedral angles around the
metal center (C3−N1−Cu1, C13−N2−Cu1 and C1−N1−
Cu1, C21−N2−Cu1, respectively) in SaBOX complexes are
larger than those of the corresponding Cu(II) and Cu(I)
complexes with the parental ligand L8 (Figure 2 and Figures
S9−S12). This indicates that both SaBOX/Cu(II) and SaBOX/
Cu(I) complexes possess a wider cavity around the active
center, improving fast halogen exchange and explaining well the
fact that L9a achieved a faster polymerization rate as well as a
better MW control compared with those of the parental BOX.
Further Understanding of Catalyst-Tuned Syndio-

Specific ATRP via an Eyring Approach. As mentioned
above, the syndio-selectivity in the polymerization of MMA is
temperature-dependent: the lower the reaction temperature,
the higher the stereoselectivity. To better understand this
observation, an Eyring plot was made and showed a linear
dependence of ln(% r/% m) on the reciprocal temperature for
the polymerizations conducted with L0, L8, and L9a, following
the modified Eyring approach of eq a (Figure 3 and Figure S13

and Table S2), indicating the dominance of enthalpy in the
partial selectivity steps compared with entropy in the
temperature region from 25 to −60 °C.55 The different slopes
of the three fitting lines represent the energetic barriers for
different configurations of species involved in the radical
addition step. Apparently, the energetic barriers for polymer-
izations with different ligands decrease in the following order:
L9a > L8 > L0. This is consistent with the stereoselectivity for
polymerizations using these ligands.

■ CONCLUSION
In summary, we have developed a highly syndio-specific (>90%
rr) and controlled ATRP of MMA in a common solvent by
employing newly designed catalysts. This method provides the
first example of tuning the stereochemistry in ATRP of MMA
by a catalyst only. The use of the Indane-BOX scaffold is crucial
for an enhanced polymerization rate and stereoregularity. This
study also demonstrates that the side arm strategy is highly
efficient for designing and/or modifying catalysts in stereo-
specific ATRP, paving a new way to control the polymer
structure in ATRP. The mild polymerization conditions
together with well-controlled MW and MW distribution as
well as the high syndio-specificity make the current method

potentially useful in the precise synthesis of polymers with a
novel topology and application.

■ EXPERIMENTAL SECTION
General AGET ATRP Procedure. All polymerizations were

set up and performed under an atmosphere of oxygen-free dry
argon using standard Schlenk line techniques or inside a
nitrogen-filled glovebox. In an ampule equipped with a
magnetic stirring bar, a mixture of CuBr2, ligand, and Cu(0)
powder in solvent was stirred at room temperature for 2 h
under a nitrogen atmosphere. Then, the catalyst mixture was
cooled to a certain temperature for 20 min if necessary. After
that, the monomer and initiator were added to the ampule. The
ampules were placed at room temperature or cooled in a low-
temperature thermostat bath. After the mixture had been stirred
for the allotted period of time, an aliquot (0.1 mL) was
removed, and the reaction was quenched with CDCl3 (0.5 mL).
Conversion was determined by integration of the monomer
versus polymer backbone resonances in the 1H NMR spectrum
of the crude product. After completion of the reaction, the
contents of the ampules were dissolved in THF or CH2Cl2. The
reaction mixture was filtered through a glass funnel with neutral
alumina. The filtrate was concentrated under reduced pressure.
The residuals were resolved with 5 mL of THF or CH2Cl2. This
solution was added to an approximately 50-fold excess of
rapidly stirred methanol. The precipitate that formed was
filtered and washed with methanol. The precipitate was dried
for 24 h in a vacuum oven at 60 °C. The dried samples were
then analyzed by gel permeation chromatography and NMR.
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