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High triad isotacticity (mm = 69%) in copper/BOX mediated ATRP
of MMA is achieved. The use of strong Lewis acid Yb(NTf,)s
(1.0-8.0 mol%) and HFIP as the solvent is the key for this isotactic
stereocontrol. A dilute concentration and a relatively low tempera-
ture are beneficial for further improving the isotacticity.

The advent of controlled/living radical polymerization (CRP)
has led to various advanced polymers with well-controlled
molecular weight (MW) and diverse architectures as well as
different functionalities."™® However, stereoregulation in CRP
that predominantly modulates the stereochemical configur-
ation of the polymers (Scheme 1), especially for methyl meth-
acrylate (MMA), is still considered a great challenge in syn-
thetic polymer chemistry, possibly due to the planar structure
of the propagating chain-end radical.”'® The use of bulky
fluorinated alcohols as the solvent has been found to improve
the triad syndioselectivity of radical polymerization of
methacrylates"*™* through hydrogen bonding between the
acidic alcoholic proton and the ester moieties of the monomer
and the polymer chain.'> Recently, a BOX/copper catalyzed
highly syndioselective atom transfer radical polymerization
(ATRP) of MMA with 1t over 90% by the use of a side arm strat-
egy,'® borrowed from asymmetric catalysis in organic
synthesis,'”2° has been also realized in our group.

On the other hand, through the coordination interaction
with the polar functional groups, bulky Lewis acids have been
found to significantly enhance the isotacticity in both free and
controlled/living  radical  polymerization = of  (meth)
acrylamides.>" >® However, as far as we know, only a slightly
improved triad isotacticity (mm up to 22%) could be observed
in either free or controlled radical polymerization of MMA by
the addition of Lewis acids.*>*”*®* Owing to the disfavored iso-
tacticity for radical polymerization of MMA, some specific
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Yb(NTf,)s/HFIP induced high isotacticity in atom
transfer radical polymerization of methyl
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radical polymerization techniques, such as explicitly designed
bulky methacrylates>****'* and molecularly templated
synthesis,®* " have been described. However, the general iso-
tactic radical polymerization of MMA remains unsolved. We
ascribed the above-mentioned inferior effect of Lewis acidic
rare-earth triflates on isotactic radical polymerization of MMA
to the weaker donor ability of methacrylates with respect to
(meth)acrylamides, and thus the use of stronger Lewis acids
may solve the long-standing isotacticity problem. Herein, we
report an unprecedented high isotacticity in copper-mediated
atom transfer radical polymerization (ATRP) of MMA with a
catalytic amount of Yb(NTf,); in 1,1,1,3,3,3-hexafluoro-2-propa-
nol (HFIP) under mild conditions.

Similar to our previous study,'® supplemental activator and
reducing agent (SARA) method**™*° was also employed for
ATRP of MMA in the current project. Specifically, zero-valent
copper (a fine powder (99.9% metals basis)) as the reducing
agent, ethyl 2-bromo-2-phenylacetate (EBPA) as the initiator,
indane bisoxazoline (In-BOX) as the ligand, and CuBr, as the
precatalyst were used. Initially, various solvents were screened
in the presence of 5.0 mol% of Lewis acid Yb(OTf); (Table 1).

While most of the tested solvents such as DCM, THF,
aprotic polar solvents (runs 3-5) and various aromatic solvents
(runs 6-9) showed little influence on the mm value, polyfluori-
nated alcohols such as trifluoroethanol (TFE) and HFIP
improved the isoselectivity with respect to isopropanol (runs
10 vs. 11 and 12). The mm value marginally dropped back to
2.6% when reacted in HFIP without Yb(OTf); (run 13), thus
indicating that such isotactic preference originates in fact
from the synergetic combination of Yb(OTf); and HFIP.
According to the reports of Matyjaszewski et al.,*>***' coordi-
nation of the Lewis acid with the last two segments of a
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Scheme 1 Stereochemical configurations.
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Table 1 Solvent effect on (SARA) ATRP of MMA with the addition of Yb
(OTf)5?
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Table 2 Counterion effect of Yb(i) salts on (SARA) ATRP of MMA in
HFIP?

Run  Solvent Yield” (%) M, (x10°)°  BF mm/mr/rr (%) Run X Yield” (%) M, (x10%)° B¢ mm/mr/rr? (%)
1 DCM 32 10.8 1.18 3.2/29.2/67.6 1 OTf 67 20.4 1.62 14.2/40.9/44.9
2 THF 47 15.6 1.41  2.7/27.3/70.0 2 "C,FoSO; 75 18.0 1.72  12.8/38.1/49.1
3 DMF 44 27.9 4.59 2.5/28.4/69.1 3 CF3;CO, 57 20.3 1.45 2.9/26.0/71.1

4 CH;CN 5 9.90 1.20 2.6/27.8/69.6 4 NTf, 66 17.3 1.53 38.8/28.3/32.9
5 DMSO 67 20.0 1.99 2.8/28.9/68.3 5 SbF, 59 67.4 2.04 5.3/24.4/70.3

6 Toluene 26 10.5 1.19 2.5/29.2/68.3 6 PFg¢ 53 45.5 2.00 3.3/26.5/70.2

7 Anisole 47 12.4 1.23 2.9/30.2/66.9

8 CHsF 20 10.6 1.17  3.2/30.2/66.6 “Conditions: 200:2:1:2:4 MMA : EBPA: Cu(NTf,), : In-BOX : Cu(0)
9 CeFe 27 15.8 1.20 3.1/27.8/69.1 ratio, 5.0 mol% of YbX;, HFIP/MMA (4/1, v/v), RT. b 1solated yields.
10 proH 23 9.42 8.41 3.5/26.2/70.3 “ Number-average molecular weights and polydispersity indices deter-
11 TFE 67 23.2 1.64 5.5/34.6/59.9 mined by GPC at 25 °C in THF vs. narrow PS standards (D = M/M,)).
12 HFIP 50 41.8 2.21 9.2/42.0/48.8 4 Triad tacticity measured by "H NMR in CDCl,.

13°¢ HFIP 47 19.3 1.58 2.6/28.7/68.7

“Conditions: 200:2:1:2:4 MMA : EBPA: CuBr, : In-BOX: Cu(0) ratio,
5.0 mol% of Yb(OTf);, solvent/MMA (4/1, v/v), RT. ?Isolated yields.
¢ Number-average molecular weights and polydispersity indices deter-
mined by GPC at 25 °C in THF vs. narrow PS standards (D = M,,/M,,).
4 Triad tacticity measured by "H NMR in CDCl;. ° Without Yb(OTf);.

growing polymer chain forces them into the meso configur-
ation during the monomer addition and leads to isotactic poly-
mers, even in the presence of catalytic amounts of Lewis acid
(Scheme 2). Another explanation can be derived from the
observation that methacrylate monomers with more bulky
ester side chains display an increased tendency to form isotac-
tic polymers which is rationalized by the increasing tendency
for a helical polymer macrostructure that minimizes steric
repulsion when the bulky sidechains are in an isotactic
arrangement.”> For example, in the reports of Okamoto
et al.,"**° in both TFE and HFIP, higher triad isotacticity
were produced in free radical polymerization of ethyl meth-
acrylate (EMA) with respect to MMA. In accord to this notion,
the coordination of Lewis acid to monomer MMA in TFE and
HFIP (Scheme 2) can be regarded as a transient monomer with
a bulky ester group that facilitates the isotacticity. Besides,
both Yb(NTf,); and the polymer PMMA are highly soluble in
HFIP, thereby guaranteeing a homogeneous reaction system
even at high conversions of MMA and at relatively low tempera-
tures (<25 °C). Rationally, the Lewis acids with stronger acidity
exhibit strengthened coordination interaction with the ester
groups of MMA or the propagating segments, which is benefit
for the enhancement of the isotacticity.

Subsequently, effects of the ytterbium(mi) salts with various
counter anions on the selectivity were studied (Table 2). While
only a slight difference was observed for sulfates with longer
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Scheme 2 Coordination interaction between Lewis acid and the ester
groups of MMA or the segments of a growing polymer chain.
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perfluorinated alkyl chains, the weaker Lewis acid ytterbium
trifluoroacetate led to a large decrease in the triad isotacticity
(runs 1-3), indicating the important role of Lewis acidity of the
Yb center. Thus, stronger Lewis acid Yb(NTf,); was then used,
which showed a remarkably higher isotacticity, i.e. 38.8% mm
(run 4). Due to the ill solubility of Yb(SbFe); and Yb(PF); in
HFIP, almost no improvement for the triad isoselectivity was
observed with these Lewis acids (runs 5 and 6). The counter
anions of the precatalyst Cu(u) salts also showed similar influ-
ence on the mm value (Table S1, in the ESI}). According to the
potential anion exchange between the Lewis acid and the
ATRP catalyst, Cu(NTf,), was found to be the most effective
ATRP precatalyst for improving the isotacticity.

Effects of the temperature'***** and the MMA concen-
tration with the optimized catalytic system in HFIP were then
studied. As shown in Table S2 (in the ESIf), the slightly lower
temperature, for example, operating at 10 °C, was good for a
higher triad isotacticity, i.e. 46.3% mm, with a slight broaden-
ing of the molecular weight distribution (run 3). As indicated
in Table 3, polymerizations at the volume ratio of HFIP to
MMA between 16/1 and 12/1 showed a steady and high mm
selectivity (67.6%-69.0%) with a molecular weight distribution

Table 3 Effect of MMA concentration on (SARA) ATRP of MMA with Yb
(NTfy)s in HFIP?

HFIP/MMA Yield? M, mm/mr/rr?

Run (v/v) (%) (x10*)° pe (%)

1 4/1 50 36.4 1.87 46.3/24.5/29.2
2 6/1 48 28.9 1.84 57.1/21.7/21.2
3 8/1 42 35.2 1.88  59.9/22.2/17.9
4 12/1 37 36.7 1.88  68.5/18.5/13.0
5 16/1 38 54.6 1.99 67.6/18.2/14.2
6 1271 47 46.5 2.03  69.0/18.6/12.4
7 121 50 39.7 1.80 63.7/21.0/15.2
8¢ 121 29 31.5 1.77 28.9/24.6/46.5

“Conditions: 200:2:1:2:4 MMA: EBPA: Cu(NTf,), : In-BOX: Cu(0)
ratio, 5.0 mol% of Yb(NTTf,);, 10 °C. ?Isolated yields.  Number-average
molecular weights and polydispersity indices determined by GPC at
25 °C in THF vs. narrow PS standards (D = M,/M,). ¢ Triad tacticity
measured by '"H NMR in CDCl;. ‘With 8.0 mol% of Yb(NTf,).

/polymerized for 4 days. € With 1.0 mol% of Yb(NTf,);.

This journal is © The Royal Society of Chemistry 2018


http://dx.doi.org/10.1039/c8py00953h

Published on 31 August 2018. Downloaded by Shanghai Institute of Organic Chemistry on 12/19/2018 6:21:53 AM.

Polymer Chemistry

with molecular weight distributions between 1.88 and 2.03
(runs 4-6). Since dilution of MMA led to a lower yield of
PMMA, a higher loading of Yb(NTf,); was attempted. To our
delight, polymerization of MMA with 8.0 mol% of Yb(NTTf,); or
for a longer reaction time at a volume ratio of HFIP to MMA
(12/1) gave PMMA in comparable yields to that with 5.0 mol%
of Yb(NTf,); at a volume ratio of HFIP to MMA (4/1) (runs 1 vs.
6 and 7). Interestingly, even a 1.0 mol% loading of Yb(NTf,);
produced PMMA in 29% yield with an isotacticity of 28.9%
(run 8), which is a remarkable improvement in comparison to
the previous results.>>*” Furthermore, Yb(NTf,); proved to be
the most efficient Lewis acid in enhancing the triad isotacticity
among a series of rare earth bis(trifluromethane)sulfonamide
salts examined in Table S3 (in the ESI{).

The In-BOX is a bidentate ligand and the cyclic voltamme-
try experiments in CH3;CN indicate a low Kyrgp Of ca. 7.2 X
107" for CuBr,/In-BOX according to Matyjaszewski’s work
(Fig. S11).*> However, under the reaction conditions adopted
in this work, the In-BOX ligand achieved a much higher
polymerization rate and better controllability than the tra-
ditional highly active ligand MesTREN (Scheme S57). Besides,
In-BOX ligand based catalysts proved to be compatible with
Lewis acid and works quite well with the addition of 5 mol%
Yb(NTf,);, while traditional highly active ATRP catalysts based
on ligands such as MesTREN or TPMA failed to furnish any
polymer under the same conditions (Table S57).

It was found that the molecular weight distributions were
relatively broad (P = 1.8-2.0) when the mm values are higher
than 50%. According to literatures, it is difficult to simul-
taneously obtain high stereoselectivity and excellent molecular
weight control in the ATRP of MMA with the addition of Lewis
acid. For instance, in the report of Matyjaszewski et al.,>®> when
the mm value in the ATRP of MMA reached 21%, the D was
2.0. We think that the broadening of P in our work might be
mainly caused by the following two reasons: (i) the addition of
Lewis acid makes the polymerization system sticky especially
at the late stage of the polymerization and at a low temperature
(10 °C), which hampers the diffusion of the catalytic system
and damages its controllability on molecular weight; (ii) the
HFIP/MMA ratios of 4/1-12/1 are necessary to achieve high
mm values (>50%), and the diluted system is not conducive to
the control of molecular weight, which is consistent with the
result of our previous work."®*®

Fig. 1 shows the "H NMR spectra of the polymers obtained
in the absence and presence of Yb(NTf,);. As compared to the
previous reports,'®?”*¢ the spectra clearly confirmed the auth-
entic structure of the resultant PMMA with significantly
improved triad isotacticity, indicative of the stability of the
ester group of PMMA towards strongly Lewis acidic Yb(NTf,);
in HFIP. The silent '’F NMR of these PMMAs further sup-
ported this. The well-resolved chemical shifts of the chain
methylenic protons indicated a high content of tetrad isotactic
units in the obtained PMMAs.*® More importantly, the increas-
ing triad tacticities of the resulting PMMAs determined from
'H NMR spectra correlated well with the decreasing T,
measured by the DSC curves (Fig. 2 and Fig. $21).*”*® Thus,
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a) In the presence of 5.0 mol% Yb(NTf,);
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Fig. 1 A comparison of *H NMR spectra of PMMA prepared from (SARA)
ATRP of MMA (a) in the presence of 5.0 mol% Yb(NTf,)s (Table 3, run 4)
and (b) in the absence of Lewis acid in HFIP (Table 1, run 13).
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Fig. 2 Plot of T, over triad isotacticity (mm) for PMMAs with increasing
mm: (a) Ty = 128 °C, mm = 2.6% (Table 1, run 13). (b) Ty = 111 °C, mm =
14.2% (Table 2, run 1). (c) Tq = 96 °C, mm = 28.9% (Table S4, run 2). (d)
Ty = 84 °C, mm = 46.3% (Table 3, run 1). (e) Tq = 67 °C, mm = 69.0%
(Table 3, run 6).

the catalytic amount of Lewis acids combined with the poly-
fluorinated alcohol solvents were found to be effective in
enhancing the isotacticity in ATRP of MMA.

We conducted several experiments to demonstrate that all
the polymerizations in this work proceeded via a radical
mechanism. As shown in Scheme S1, a conventional radical
polymerization was set up using Et;B/O, as the radical initiator
system for the conventional radical polymerization of MMA in
the presence of 5% Yb(NTf,); in HFIP at 10 °C, achieving a
comparable mm value with the (SARA) ATRP. The radical char-
acter of the polymerizations was also underlined by a control
experiment in which the reaction was efficiently suppressed in
the presence of 10 mol% TEMPO (Scheme S27). We also set up
a polymerization without the addition of Cu(0) where no yield
was detected, underlining the SARA process (Scheme S37). We
have submitted several other monomers to our conditions,
including acrylamide, n-butyl methacrylate and n-propyl meth-
acrylate. As shown in Table S6,f for all the ATRP reactions of
methacrylates and acrylamide, the isotacticity of the polymers

Polym. Chem., 2018, 9, 4711-4715 | 4713
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could be significantly improved via the addition of 5 mol% Yb
(NTf,); and the employment of HFIP as the solvent, indicating
that the approach to improve isotacticity described in this
work is suitable for the ATRP of different methacrylate mono-
mers and acrylamide.

In summary, highly efficient bulky Lewis acid Yb(NTf,); for
a high triad isoselectivity in bisoxazoline/copper mediated
atom transfer radical polymerization of MMA in HFIP is
described. Specifically, the triad isotacticity was improved
from 22% to 69% and the loading of the Lewis acid was
lowered from 30.0 mol% to 5.0-8.0 mol% with acceptable
yields of PMMA.>® The strengthened coordination interaction
in HFIP between the ester groups of MMA or the propagating
chain and Yb(NTf,);, a stronger Lewis acid than the previously
used rare earth triflates, is very critical for this achievement,
which may also serve as a practical strategy for stereospecific
controlled radical polymerization of other challenging polar
monomers in synthetic polymer chemistry.
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