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Introduction. It is known that the anionic polym-
erization of acrylates is hardly controlled in terms of
polymer yield, molecular weight, and its distribution due
to inherent side reactions such as the nucleophilic attack
of the initiator and/or the propagating enolate anion
toward ester carbonyl group and the abstraction of
acidic a-hydrogen from monomers and the resulting
polymers.! Recently, several modified polymerization
systems have been developed to prevent these serious
side reactions and to afford poly(acrylate)s with well-
defined chain structures.?2=6 The successful strategies
for the polymerizations involved the addition of inor-
ganic lithium salts®3® or lithium alkoxides*® to the
polymerization systems or the use of metal-free, large
countercations such as tetraalkylammonium salts® to
control the M, values and the molecular weight distri-
butions (MWDs) of the resulting poly(alkyl acrylate)s.

We have recently developed a new effective initiator
system consisting of diphenylmethylpotassium (Phg-
CHK) and dialkylzinc in THF for the controlled polym-
erization of alkyl methacrylates’” and N,N-dialkylacry-
lamides.8 With this binary initiator system, tert-butyl
acrylate (tBA) also underwent the anionic polymeriza-
tion in a controlled fashion at —78 °C to give a polymer
having a predetermined M, value and a narrow MWD.®
The drastic decrease of k, values in the former cases”®
and the additive effect of dialkylzinc on the stereoregu-
larity of the poly(N,N-dialkylacrylamide)s® were par-
ticularly observed besides the adequate control of Ms
and MWDs. It is considered that the added dialkylzinc
coordinates with the initiator and the propagating chain
end as a weak Lewis acid, even in polar THF during
the course of polymerization, to suppress the above-
mentioned side reactions in addition to affecting the
polymerization rates and stereoregularities.

In this communication, we report the additive effect
of triethylborane (Et3B) which exhibits a similar Lewis
acid character for the controlled anionic polymerization
of tBA initiated with Ph,CHK in THF even at 0 °C.
Considering the stronger Lewis acidity of trialkylborane
with respect to that of dialkylzinc,'° a tighter coordina-
tion of the added EtzB with the anionic species is
expected in the present polymerization system.

Results and Discussions. We examined the anionic
polymerization of tBA in the presence of Et;B at —78
°C.1112 Upon the addition of a ca. 3-fold amount of Et3B
to the THF solution of Ph,CHK at —78 °C, the orange
red color of Ph,CHK immediately disappeared to give
a colorless solution. This suggests the strong coordina-
tion of EtsB with Ph,CHK or the formation of tetraco-
ordinated diphenylmethyl triethylborate, 1, in the mix-
ture, under experimental conditions (Scheme 1). This
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Figure 1. SEC curves of a series of poly(tBA)s obtained with
Ph,CHK and 19-fold excess of Et;B in THF at 0 °C. Key: peak
A, after 3 h, 25% conversion, M, = 1900, M/M, = 1.05; peak
B, after 6 h, 34% conversion, M, = 2900, M,//M,, = 1.05; peak
C, after 19 h, 65% conversion, M, = 6500, M,/M,, = 1.03; peak
D, after 72 h, 96% conversion, M, = 11 000, M\/M,, = 1.04.

initiator system was allowed to stand for 0.5 h at —78
°C, and tBA in THF was added to the mixture. No
apparent polymerization of tBA virtually occurred with
Ph,CHK/Et;B in THF at —78 °C, even after 24 h, and
the starting monomer tBA was recovered nearly quan-
titatively, as shown in Table 1 (run 3).

By contrast, the polymerization of tBA unequivocally
proceeded at 0 °C to produce the polymer quantitatively
under the similar conditions, although the rate of
polymerization is significantly decreased upon increas-
ing the amount of added Et3B from 3-fold to 17—19-fold.
The SEC curve of the resulting poly(tBA) showed a
unimodal and very narrow MWD; the polydispersity
indices were always within 1.1 (Table 1, run 4-9).
Figure 1 clearly shows that the SEC curves of a series
of poly(tBA)s produced with Ph,CHK/Et;B (19 equiv)
are shifted from the lower molecular weight region to
the higher one with increasing the conversion of tBA.
This clearly demonstrates the absence of chain termina-
tion and transfer reactions and the remarkable stability
of the propagating species derived from tBA in the
presence of EtzB in THF, even at 0 °C. Furthermore,
the M, values of the polymers obtained at 0 °C agreed
well with the calculated ones, based on the molar ratios
between tBA and Ph,CHK regardless of the amount of
added Et3B, suggesting that initiation exclusively occurs
by the nucleophilic attack of the diphenylmethyl group
on the S-carbon of the vinyl group of tBA.13

To elucidate the polymerization mechanism clearly,
the resulting poly(tBA)s were analyzed by the 1H NMR
and matrix-assisted laser desorption ionization time-
of-flight mass spectrometry (MALDI-TOF—MS).1* These
analyses of the poly(tBA)s revealed that one Ph,CH
group is incorporated in each polymer chain end as the
initiator residue.'® In the MALDI-TOF—-MS, the major
mass peaks corresponding to the expected value for the
structure, [167 (Ph,CH) + (n x 128.17 (tBA)) + 1 (H) +
39 (K™)], were observed, as expected. The polymerization
of tBA was thus initiated with the diphenylmethyl anion
and not with the ethylide derived from 1 even in the
presence of excess Et3B, as shown in Scheme 1. To the
best of our knowledge, this is the first successful
example for a precisely controlled anionic polymeriza-
tion of tBA at relatively high temperatures (0 °C). On
the other hand, the M/Mj value increased from 1.1 (at

© 1999 American Chemical Society

Published on Web 01/21/1999



956 Communications to the Editor Macromolecules, Vol. 32, No. 3, 1999
Scheme 1
CH2=CH
Et;B ) COoBY'
phocH® K ——» | Et,BZCHPh, K® u
THF —
1
wvvvCHz_ﬁH
/C\ o MeOH Phch—(-CHz—(le-)-n—H
'BuO° O-BEts K@ COOBU'
2
Table 1. Anionic Polymerization of tBA with Ph,CHK in THF in the Absence and in the Presence of Et3;B
amount of reagent, mmol conversion.2 Mpx10-3

run tBA Ph,CHK Et;B B/l temp, °C time, h % calcdP obsd® Mw/Mp¢
1 8.59 0.0656 0 —78 5 min 100 17 49 2.64
2 6.53 0.0968 0 0 5 min 83 7.3 7.7 2.67
3 7.33 0.0795 0.220 2.8 —78 24 traced
4 5.68 0.0776 0.184 2.4 0 1 57 54 4.1 1.05
5 5.86 0.0863 0.229 2.7 0 6 100 8.7 9.8 1.08
6 7.10 0.0814 0.229 2.8 0 24 100 13 13 1.08
7 8.80 0.0601 0.148 2.5 0 24 100 19 24 1.07
8 6.06 0.0790 1.38 17 0 6 32 3.1 2.7 1.06
9 1.07 0.0115 0.223 19 0 72 96 12 11 1.04

10 4.77 0.0496 0.127 2.6 30 1 100 13 13 1.27

aBy GLC. P My, (calcd) = (MW of tBA) x [tBA]/[Ph,CHK] x yield/100 + MW of initiator. ¢ M, (cbsd) and M/Mn were obtained by SEC

calibration using standard PMMA in THF solution. 9 Lower than 4%.

0 °C) to 1.27 (at 30 °C), although all of the tBA was
consumed within 1 h at 30 °C, and the SEC curve of
poly(tBA) obtained still maintained its unimodal shape.

It should be emphasized that the drastic decrease of
kp value in the polymerization of tBA was observed to
depend on the amount of added Et3B (Table 1, runs 5,
8, and 9). While the k, value for the polymerization of
tBA with Ph,CHK in THF at 0 °C was roughly esti-
mated to be over 10 L mol~! s~! without Et3B, those in
the presence of 2.2 and 19 equivalents of EtzB were
determined to be 3.05 x 1072 and 3.65 x 1072 L mol~!
s™1, respectively. This retardation effect due to the
added Et3B is more drastic than our previous finding
using dialkylzinc as an additive to control the anionic
polymerizations of alkyl meth(acrylate)s’” and N,N-
dialkylacrylamide.® Although the detailed polymeriza-
tion mechanism is not clear yet, we now consider that
the added Et3B (showing Lewis acidity) coordinates with
the propagating enolate anion to form a possible ate
complex,!® 2, to retard the propagation to a considerable
extent during the polymerization, even in a polar basic
THF. Another potential activation of the carbon—carbon
double bond of tBA molecule by forming a carbonyl-
coordinating complex with EtsB may have a minor
contribution, if any, to accelerate the polymerization.

Although the above finding indicates the formation
of a strongly coordinated propagating species over the
course of polymerization, no effect of the added Et3B on
the stereoregularity was observed in the 13C NMR
spectra of poly(tBA)s obtained in the absence or in the
presence of EtzB. The triad tacticity in the ester carbo-
nyl region was split into three peaks and those were
estimated to be rr = 39%, mr = 38%, and mm = 23%
for the poly(tBA) obtained with Ph,CHK and to be rr =
40%, mr = 42%, and mm = 18% for the polymer
produced with the binary initiator of Ph,CHK/Et3B (19
equiv).1® This is consistent with our previous observa-
tion for the polymerizations of alkyl methacrylates” and

tBA initiated with Ph,CHK/Et,Zn,® but it is sharp
contrast to that of N,N-diethylacrylamide® using the
Ph,CHLI/Et,Zn system, where the stereoregularity of
the resulting polymers strongly depends on the stoichi-
ometry of the added Et,Zn. In the present study, the
additive effects of Et3B on the control of M, and MWD
and on the polymerization rate are apparent in the
anionic polymerization of tBA initiated with the Ph,-
CHKI/Et3B system, but the stereoregularity is not af-
fected.

In conclusion, we have substantiated that the new
binary initiator system consisting of Ph,CHK and Et3;B
induces the controlled anionic polymerization of tBA
even at 0 °C to afford polymers having extremely narrow
MWDs and predicted M, values. The detailed polym-
erization results including the role of the added Et;B
and the structure of the propagating species will be
discussed in the forthcoming publication.
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tBA was distilled from CaH, and then from trioctylalumi-
num (ca. 2 mol %) on a vacuum line into the all-glass
apparatus with breakseals and was diluted with dry THF,
as previously reported.® Ph,CHK was prepared by the
reaction of diphenylmethane and potassium naphthalenide
in THF at room temperature for 2 days. Et3B (Aldrich) was
distilled from CaH; and then from trioctylaluminum (ca. 2
mol %) under high vacuum condition and diluted with dry
THF. The polymerization of tBA was carried out in THF
under high vacuum condition in a sealed all-glass reactor
with breakseals. A THF solution of Et3B was added to Ph;-
CHK in THF at —78 °C and allowed to react for 0.5 h at
—78 °C. The orange red color of initiator disappeared
instantaneously on mixing with Et3B. tBA solution in THF
was rapidly added into the initiator system prepared at 0
°C with vigorous stirring. After the reaction was allowed to
stand for an appropriate time at 0 °C, the polymerization
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was terminated with degassed methanol and the conversion
of tBA was analyzed by GLC. The poly(tBA) was obtained
after precipitation in 0.05 M HCI aqueous solution and
purified by freeze-drying from the benzene solution.

In the absence of Et3B, the polymerization of tBA rapidly
proceeded directly with Ph,CHK in THF at either —78 or O
°C to produce the polymer, as shown in Table 1 (run 1, 2).
However, the poly(tBA)s thus obtained possessed ill-
controlled molecular weights much higher than the calcu-
lated values and/or very broad MWDs (My/M, = 2-3),
indicating the occurrence of the serious side reactions which
were described in the previous literature.l=>

The M, and My/M;, values of poly(tBA)s were estimated by
the SEC analysis using poly(methyl methacrylate) stan-
dards in THF. The Mys were also obtained by the 1H NMR
analysis by assuming that two phenyl groups derived from
the initiator residue (Ph,CH) are present in each polymer
chain. Since both values are found to be nearly equal to each
other, the M, and My/M, values estimated from the SEC
measurement are considered to be reliable. This also
indicates that all the diphenylmethyl anion quantitatively
is used for the initiation of tBA.

MALDI-TOF—MS data were obtained with a Bruker RE-
FREX Il MALDI-TOF—MS mass spectrometer using trans-
3-indoleacrylic acid as a matrix.

Reference 10, p 191.

Stereoregularity of poly(tBA) was determined by the 13C
NMR integral ratio of three split ester carbonyl signals
measured by a Bruker DPX300S (75 MHz, 13C) spectrometer
in CDCls. Three signals were assigned as rr (173.70—173.85
ppm), mr (173.85—174.03 ppm), and mm (174.03—174.25
ppm) triads, respectively.
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