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INTRODUCTION

Triarylmethyl methacrylate and related bulky methacrylates, such as
triphenylmethyl (TrMA) methacrylate and 1-phenyldibezosuberyl
methacrylate (PDBSMA), are known to yield highly isotactic and
optically active polymers having a stable one-handed helical con-
formation via asymmetric anionic polymerization with a chiral
initiating system.1–8 The bulky triarylmethyl substituent dictates the
helical conformation by forcing the chain end to propagate in an
isospecific manner, and the chiral ligand or initiator determines the
helix sense. These polymers show a high chiral recognition ability for
racemic compounds and are utilized as chiral stationary phases for
high-performance liquid chromatography.9–12 However, all of these
bulky substituents that are effective in helix-sense-selective and highly
isotactic polymerizations are based on the triarylmethyl substituent or
related skeletons;13–24 no other effective groups have been identified
previously.

The tris(trimethylsilyl)silyl (TTMSS) group, also called the hyper-
silyl, sisyl, or supersilyl group,25 is an extremely bulky silyl group and

has recently been used to induce diastereoselectivity in various

reactions, such as (2þ 2) cyclizations, Mukaiyama aldol reactions

and cascade reactions of its enol ether by Yamamoto et al.26–29 These

bulky silyl ethers are stable under ionic conditions and can undergo

various stereoselective organic reactions due to their highly bulky

nature. Recently, we succeeded in synthesizing the novel highly bulky

silyl methacrylate tris(trimethylsilyl)silyl methacrylate (TTMSSMA)

from the sodium salt of methacrylic acid and supersilyl chloride. We

also achieved highly isotactic radical polymerization (mm490%)

with this new methacrylate, for which the isotacticity is higher than

that for TrMA and is slightly lower than that for PDBSMA.30 We also

achieved the facile transformation of the resulting polymers into

isotactic poly(methacrylic acid) (PMAA) by removal of the silyl

group.31 These results suggest that the TTMSS group in the

methacrylate is sufficiently bulky to dictate the isotactic radical

propagation, as is done by the triaryl group. The anionic

polymerization of this novel bulky silyl methacrylate has not been

studied previously. In contrast to the bulky silyl monomer,

trimethylsilyl methacrylate, a protected methacrylic acid with a

small silyl group, can be polymerized under anionic conditions32–36

to give stereoregular polymers that depend on the anionic initiating

system.37,38

This study is thus focused on the asymmetric anionic polymeriza-
tion of TTMSSMA using an anionic initiator in the presence of a
chiral ligand to develop a novel bulky methacrylate that will produce
optically active polymers with a one-handed helical structure
(Scheme 1). The initiating system consisting of 9-fluorenyllithium
(Fl-Li) and (�)-sparteine ((�)-Sp) induced the asymmetric anionic
polymerization of TTMSSMA quantitatively, yielding insoluble but
highly isotactic (mm499%) optically active polymers, as confirmed
by diffuse reflectance circular dichroism (DRCD) spectroscopy.39,40

EXPERIMENTAL PROCEDURE

Materials
Fluorene (TCI; Tokyo Chemical Industry Co., Ltd., Tokyo, Japan, 495%) was

purified by recrystallization from hexane twice. (S, S)-(þ )-2,3-Dimethoxy-

1,4-bis(dimethylamino)butane ((þ )-DDB) (TCI, 497%), (R, R)-(�)-2,3-

dimethoxy-1,4-bis(dimethylamino)butane ((�)-DDB) (TCI, 490%) and

1,2,3,4-tetrahydronaphthalene (WAKO; Wako Pure Chemical Industries, Ltd.,

Osaka, Japan, 97%) were distilled from calcium hydride under reduced

pressure before use. (�)-Sparteine ((�)-Sp) was obtained by washing (�)-

sparteine sulfate pentahydrate (WAKO, 98%) with NaOH a.q. and distilled

from calcium hydride under reduced pressure before use. Toluene (Kanto;

Kanto Chemical Co. Inc., Tokyo, Japan, 499.5%; H2Oo10 p.p.m.) and

tetrahydrofuran (THF; Kanto, 499.5%; H2Oo10 p.p.m.) were dried and
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deoxygenized by passage through columns of Glass Contour Solvent Systems

(Pure Process Technology, Nashua, NH, USA) before use. Trimethylsilyl

diazomethane (Sigma-Aldrich, St Louis, MO, USA, 2.0 M in Et2O), tetra-

butylammonium fluoride (Sigma-Aldrich, 1.0 M in THF) and nBuLi (Kanto,

1.57 M in n-hexane) were used as received. TTMSSMA was synthesized

according to the literature.31

General procedure for asymmetric anionic polymerization
Polymerization was carried out by the syringe technique under dry argon in

sealed glass tubes. A typical example for polymerization of TTMSSMA with Fl-

Li in toluene is given below. Fl-Li was prepared by adding nBuLi (1.00 ml of

1.57 M solution in n-hexane) to a solution of fluorene (0.261 g, 1.57 mmol) in

toluene (14.0 ml) at room temperature. The Fl-Li solution was mixed with

(�)-Sp (0.43 ml, 1.87 mmol) and then left for 10 min at room temperature to

prepare the chiral initiator solution. In another glass tube were placed toluene

(0.94 ml) and toluene solution of TTMSSMA (0.86 ml of 1.16 M, 7.00 mmol)

containing a small amount of 1,2,3,4-tetrahydronaphthalene (0.05 ml) as an

internal standard at room temperature to obtain the monomer solution. Then,

the monomer solution was cooled at �78 1C, into which a prescribed amount

of an initiator solution (0.20 ml) was added. In predetermined intervals, the

polymerization was terminated by the addition of a small amount of degassed

methanol (1.0 ml) to the reaction mixtures. Monomer conversion was

determined from the concentration of residual monomer measured by 1H

nuclear magnetic resonance (NMR) with 1,2,3,4-tetrahydronaphthalene as an

internal standard (for example, 96% conversion in 48 h). The quenched

reaction solutions were washed with n-hexane and then dried to give

poly(TTMSSMA).

Transformation of poly(TTMSSMA) into PMAA and poly(methyl
methacrylate)
The obtained poly(TTMSSMA)s were converted into PMAA and poly(methyl

methacrylate) (PMMA). The silyl groups in poly(TTMSSMA) were

deprotected by tetrabutylammonium fluoride. A typical example for poly

(TTMSSMA) by deprotection of the silyl group followed by methylation with

trimethylsilyl diazomethane is as follows: a portion of the poly(TTTMSSMA)

(50 mg) obtained with Fl-Li/(�)-Sp was freeze dried with benzene and a THF

solution of tetrabutylammonium fluoride (1.0 M, 5.0 ml) was added dropwise

at 0 1C over a period of 10 min under stirring. The solution was stirred at 40 1C

for an additional 24 h. The deprotection was quenched by adding methanol

(5.0 ml). After concentrating it by evaporation, the product was dissolved in

20 ml of a toluene/CH3OH mixture (4/1 volume) and then an Et2O solution

of trimethylsilyl diazomethane (2.0 M, 5.0 ml) was added. After 12 h, the

methylation was quenched by adding a small amount of acetic acid. The

mixture was washed with distilled water and evaporated to dryness under

reduced pressure, and then vacuum-dried to give PMMA (12 mg, Mn¼ 37 500,

Mw/Mn¼ 2.20) containing a small amount of the residual silyl fluoride.

Polymer samples for NMR analysis were fractionated by preparative size-

exclusion chromatography (column: Shodex K-2002; SHOWA DENKO K.K.,

Tokyo, Japan) to be free from low-molecular weight compounds without the

loss of MMA oligomers if present.

Chiral absorption
A finely ground polymer (15 mg) was put in a 2-ml screw-capped glass vial. A

solution of a racemic compound in methanol (200ml, concentration¼ 0.25

g ml�1) was added to the polymer. The mixture was allowed to stand for 12 h

in a tightly capped container. The e.e. of the analyte in the sample solution was

analyzed using the supernatant solution (10ml) by an high-pressure liquid

chromatography system equipped with a Jasco UV-970 UV detector, a Jasco

(Hachioji, Japan) OR-990 polarimeter, and a Daicel (Osaka, Japan) Chiralcel

OD column (0.46 cm i.d.� 25 cm).

Measurements
Monomer conversion was determined from the concentration of residual

monomer measured by 1H NMR spectroscopy with 1,2,3,4-tetrahydronaphtha-

lene or toluene as an internal standard. 1H NMR spectra for monomer

conversion were recorded in CDCl3 at 25 1C on a Varian (Palo Alto, CA, USA)

Mercury 300 spectrometer, operating at 300 MHz. 1H and 13C NMR spectra of

the obtained polymers were recorded in CDCl3 at 55 1C on a JEOL (Akishima,

Japan) ECS-400 spectrometer, operating at 400 and 100 MHz for 1H and 13C,

respectively. The triad tacticity of the polymer was determined by the area of

the a-methyl protons at 0.8–1.3 p.p.m. in the 1H NMR spectrum or carbonyl

C¼O carbons at 175–180 p.p.m. in the 13C NMR spectrum of the side

chain. The number-average molecular weight (Mn) and weight-average

molecular weight (Mw) of the product polymers were determined by size-

exclusion chromatography in CHCl3 at 40 1C on two polystyrene gel columns

(Shodex K-805 (pore size: 20–1000 Å; 8.0 mm i.d.� 30 cm)� 2; flow rate

1.0 ml min�1) connected to Jasco PU-2080 precision pump and a Jasco RI-

2031 detector. The columns were calibrated against eight standard PMMA

samples (Shodex; Mp¼ 875–1 950 000; Mw/Mn¼ 1.02–1.09). DRCD spectra

were measured on a Jasco J-800 spectropolarimeter with a Jasco PCD-466
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Scheme 1 Asymmetric anionic polymerization of supersilyl methacrylate. A full color version of this figure is available at Polymer Journal online.
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apparatus for the poly(TTMSSMA) sample (15 mg) grounded with 130 mg

KCl in pressed quartz plate.

RESULTS AND DISCUSSION

Anionic polymerization of TTMSSMA
The anionic polymerization of TTMSSMA in the absence of chiral
ligands was first investigated with Fl-Li as an initiator in toluene and
THF at �78 1C (entries 1 and 2 in Table 1). The monomer was
polymerized faster in THF than in toluene (Figure 1a), a result that is
consistent with these solvents’ effects on the anionic polymerization
of MMA41 and TrMA,42 in which the propagating anion is more
reactive in THF because of the coordination of THF to the
countercation, Liþ . All of the obtained polymers were insoluble,
similar to those obtained in the radical polymerization,31 most likely
because of the rigid helical structure.

The obtained poly(TTMSSMA)s were then converted into PMMAs
to measure the molecular weight and tacticity; this conversion was
performed via the deprotection of the silyl groups, followed by
methylation.31 The molecular weights based on PMMA calibration by
size-exclusion chromatography were higher than the calculated values
assuming that one molecule of Fl-Li generates one polymer chain.
The initiator efficiency obtained in toluene (1.5%) was much lower
than that in THF (45%) because of the more pronounced aggregation
of the initiator in the nonpolar toluene. As shown in the 1H NMR
spectra of the a-methyl protons of the obtained PMMAs (Figure 1b),
the polymers obtained from the anionic polymerization also pos-
sessed a high isotacticity, which depended on the solvent (mm¼ 95%
in toluene and 90% in THF). Similar high isotacticities for anionic
polymerizations have also been reported for triarylmethyl methacry-
late,15 suggesting that helical polymers are formed from TTMSSMA.

Asymmetric anionic polymerization of TTMSSMA
The asymmetric anionic polymerization of TTMSSMA was then
investigated with Fl-Li in the presence of chiral ligands, such as
(�)-Sp1 and (þ )-DDB,14 which are effective in the asymmetric
anionic polymerization of bulky triarylmethyl methacrylate. These
polymerizations were performed in toluene at �78 1C (entries 3 and
4 in Table 1). The Fl-Li/(�)-Sp system induced quantitative poly-
merization, resulting in insoluble polymers, whereas no polymeriza-
tion occurred with the Fl-Li/(þ )-DDB system at �78 1C.

The poly(TTMMSMA) obtained with Fl-Li/(�)-Sp was character-
ized by DRCD,39,40 which can measure the chirality of solid-state
samples (Figure 2a). The obtained poly(TTMMSMA) exhibited

Table 1 Anionic polymerization of TTMSSMAa

Entry Initiator/additive Temperature (1C) [M]0/[I]0 Time (h) Conversion (%)b Mn
c,d Mw/Mn

c,d f (%)e mm/mr/rre

1 Fl-Li �78 50 27 17 66 700 1.87 1.5 95.8/2.7/1.5

2f Fl-Li �78 50 24 499 11 400 1.67 45 90.2/7.1/2.7

3 Fl-Li/(þ )-DDB �78 50 144 4 — — — —

4 Fl-Li/(�)-Sp �78 50 24 96 37 500 2.22 13 99.4/0.4/0.2

5 Fl-Li/(�)-Sp �78 30 24 499 27 700 2.41 3.5 99.1/0.7/0.2

6 Fl-Li/(�)-Sp �78 10 24 499 13 500 2.25 8.6 99.2/0.6/0.2

7 Fl-Li/(�)-Sp �40 50 0.5 499 26 300 1.84 19 95.8/2.2/2.0

8 Fl-Li/(þ )-DDB �40 50 5 95 8400 1.48 59 61.7/23.3/15.0

9 Fl-Li/(�)-DDB �40 50 5 499 6100 1.74 85 61.3/23.6/15.1

Abbreviation: TTMSSMA, tris(trimethylsilyl)silyl methacrylate.
aPolymerization condition: [TTMSSMA]0¼0.50 M in toluene, [Fl�Li]0/[chiral ligand]¼1.0/1.2.
bBy 1H nuclear magnetic resonance.
cBy size-exclusion chromatography (SEC).
dAfter converted to poly(methyl methacrylate).
ef (initiator efficiency)¼Mn(calculated)/Mn(SEC).
fIn tetrahydrofuran.

Figure 1 (a) Time–conversion curves for anionic polymerization of

TTMSSMA in toluene or THF at �78 1C in the absence of chiral ligand and

(b) 1H NMR spectra of PMMA converted from the obtained
poly(TTMSSMA): [TTMSSMA]0¼0.50 M; [Fl�Li]0¼10mM.

Figure 2 (a) DRCD spectrum of poly(TTMSSMA) obtained in the asym-

metric anionic polymerization of TTMSSMA in toluene at �78 1C:

[TTMSSMA]0¼0.50 M; [Fl�Li]0¼10mM; [(�)-Sp]0¼12 mM. (b) 1H NMR

spectrum of PMMA converted from the poly(TTMSSMA).
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characteristic circular dichroism in the backbone region, that is, a
carbonyl group signal at 220 nm and a supersilyl group signal at
255 nm originating from the s-conjugation of the Si–Si groups.18

These chiralities arise from the helical main-chain conformation of
the obtained poly(TTMMSMA), as they do for the other bulky
poly(triarylmethyl methacrylates) obtained under similar condi-
tions.13 The obtained polymer was further converted into PMAA
and subsequently PMMA to analyze the tacticity and the molecular
weights. Almost complete isotacticity (mm¼ 99%) was observed, as
shown in Figure 2b.

The asymmetric polymerization was further investigated by varying
the initial feed ratio of monomer to initiator ([TTMSSMA]0/[Fl�
Li]0¼ 50–10, entries 4–6 in Table 1). In all cases, the monomer was
consumed quantitatively, yielding insoluble polymers. All of the
obtained polymers showed similar patterns in the DRCD spectra,
the intensity of which decreased by decreasing the feed ratio
(Figure 3a). The molecular weights of PMMA converted from the
obtained poly(TTMSSMA) decreased when the feed ratio of
[TTMSSMA]0/[Fl�Li]0 decreased (Figure 3b), but the high isotacti-
city was maintained. These results indicate that Fl-Li works as an

initiator to induce the asymmetric anionic polymerization of
TTMSSMA in the presence of (�)-Sp and yields the prevailing
one-handed helical polymers. However, the initiation efficiencies were
generally low, which can be attributed to the remaining low-
molecular weight oligomers that possess low reactivities because of
the low tacticities, as reported in asymmetric anionic polymerization
of TrMA.15

The effects of the polymerization temperature and the chiral ligand
structure were also examined (entries 7–9 in Table 1). The use of
Fl-Li/(�)-Sp at �40 1C also induced quantitative polymerization,
yielding optically active and isotactic polymers with similar molecular
weights. Although the polymer obtained at �40 1C exhibited a
DRCD spectrum similar to that of the polymer obtained at
�78 1C, the intensity of the �40 1C polymer spectrum was lower
(Figure 4). In addition, the isotacticity was slightly lower (mm/mr/
rr¼ 95.8/2.2/2.0). These results indicate that the isospecificity and the
helix-sense selectivity decrease at higher temperatures. The Fl-Li/
(þ )-DDB and (�)-DDB systems led to quantitative polymerization
at �40 1C, whereas no polymer was obtained with Fl-Li/(þ )-DDB at
�78 1C, as described above. Both polymers obtained with the
enantiomers at �40 1C under the same conditions showed similar
molecular weights (Mn¼ 6000–8000) and almost the same tacticities
(mm/mr/rr¼ 61/23/15), although the isotacticities were lower than
that obtained with (�)-Sp at �40 1C. The DRCD spectra of the two
polymers were almost mirror images of each other, although their
intensities were lower than that obtained with (�)-Sp. These results
indicate again that TTMSSMA is polymerized by the chiral initiating
systems to give the prevailing one-handed helical polymers, in which a
helical conformation with excess right- or left-handed helicity is
induced by the chirality of the ligands.

The chiral recognition ability of the optically active poly
(TTMSSMA) was evaluated by the chiral adsorption method using
Tröger’s base and trans-stilbene oxide as the racemates for the
polymers obtained with the Fl-Li/(�)-Sp system at �78 1C. The
optically active poly(TTMSSMA) adsorbed 52% and 19% of
the Tröger’s base and the trans-stilbene oxide, respectively. The
e.e.’s in solution were very low ((þ )-0.46% and (�)-2.4%,
respectively) compared with that of optically active poly(TrMA),22

most likely because the almost nonpolar supersilyl group in the side
chain of the helix cannot distinguish the chirality of these polar
compounds.

CONCLUSIONS

The novel bulky silyl methacrylate TTMSSMA undergoes asymmetric
anionic polymerization in the presence of appropriate chiral ligands,
such as (�)-Sp, yielding optically active polymers with prevailing
one-handed helical conformations, as observed for a series of bulky
triarylmethyl methacrylates. This finding will contribute to further
developments in asymmetric polymerization and in the development
of helical polymeric materials based on the designed bulky
monomers.
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Figure 3 (a) DRCD spectra of poly(TTMSSMA) obtained in the asymmetric

anionic polymerization of TTMSSMA at �78 1C: [TTMSSMA]0¼0.50 M;

[Fl�Li]0¼10�50mM; [(�)-Sp]0¼12�60mM. (b) Size-exclusion chromato-

graphy curves of PMMA converted from the poly(TTMSSMA).

Figure 4 DRCD spectra of poly(TTMSSMA) obtained in the asymmetric

anionic polymerization of TTMSSMA with Fl-Li/(�)-Sp, (�)-DDB, or (þ )-

DDB in toluene at �40 1C: [TTMSSMA]0¼0.50 M; [Fl�Li]0¼10mM;
[chiral ligand]0¼12 mM.
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