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ABSTRACT: A novel telechelic polystyrene having moderately strained cyclic ammonium, i.e., Six-
membered bicyclic quinuclidinium salt groups, has been synthesized, and mono-, di-, and tetracarboxylate
counteranions were introduced by the ion-exchange reaction. A monocarboxylate, i.e., benzoate, counter-
anion was found to cause a selective ring-opening reaction of the quinuclidinium salt end group by the
heat treatment at 110 °C. A single-cyclic polystyrene 2 was then produced in a high yield from the polymer
precursor carrying a dicarboxylate, i.e., terephthalate, counteranion by the heat treatment in a diluted
(0.1 g/L) toluene solution. Furthermore, a double-cyclic (8-shaped) polystyrene 3 was produced relevantly
from another precursor carrying a tetracarboxylate, i.e., tetrakis((4-carboxylatophenyl)oxymethyl)methane,

counteranion.

Introduction

Unconventional polymer architectures including large
cyclic units have gained a growing interest in basic and
applied polymer materials science.>2 In particular, cyclic
polymers, due to the absence of end groups, have now
realized unprecedented properties and functions unat-
tainable by linear and branched counterpart. Moreover,
the loop topology in cyclic polymers opens a unique
opportunity to construct such unusual polymer archi-
tectures like mechanically linked catenanes and
rotaxanes.3~> However, an efficient and practical means
to construct cyclic polymer architectures remains to be
a challenge, in contrast to remarkable achievements to
synthesize such well-defined branched polymers having
plural end groups as star polymers,® polymacromono-
mers,” hyperbranched polymers,® and dendrimers.®

We have recently developed an “electrostatic self-
assembly and covalent fixation” process for an efficient
construction of a variety of macromolecular architec-
tures containing cyclic polymer units.1° In this process,
telechelic poly(THF)s having moderately strained cyclic
ammonium salt groups, carrying a plurifunctional car-
boxylate counteranion, have been prepared as a key
polymer precursor. To demonstrate a further applicabil-
ity of this novel strategy, we report here an efficient
synthesis of single- and double-cyclic polystyrenes by
employing a newly prepared telechelic precursor having
cyclic ammonium salt groups.

Cyclic polystyrenes have so far been prepared, in most
cases, by an end-to-end linking reaction of a bifunction-
ally living polystyrene with a bifunctional end-linking
reagent.11=16 |t should be noted, however, that this
bimolecular reaction must be conducted under a strict
molar balance between a polymer precursor and a low-
molecular-weight coupling reagent. Moreover, the highly
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diluted condition is required to promote the intramo-
lecular process and to suppress the intermolecular
process leading to the chain extension. This, in turn,
substantially reduces the reaction rate due to the
bimolecular, second-order kinetics of the reaction. An
alternative means to improve efficiency in the polymer
cyclization process includes a high dilution, but unimo-
lecular, process by use of o,w-heterobifunctional poly-
styrenes.1’~19 Nevertheless, the selective introduction
of complementarily reactive groups at the opposite chain
ends inherently requires multistep synthesis involving
protection—deprotection processes, and thus its practical
usefulness will be limited. An interfacial reaction by
using a pair of immiscible liquids has also been ap-
plied.20

Our strategy is, as shown in Scheme 1, relied on an
electrostatic self-assembly of telechelic polystyrenes
having cyclic ammonium salt groups carrying pluricar-
boxylate counteranions in an organic medium. Upon
dilution, a smallest assembly composed of polymer
precursors and counteranions is predominantly formed
from the ionically aggregated polymer precursors, with
balancing the charges between cations and anions. The
subsequent ring-opening reaction of cyclic ammonium
salt end groups by the nucleophilic attack of carboxylate
counteranions at appropriately elevated temperature
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Table 1. Covalent Fixation of Electrostatically Self-Assembled Polystyrene Precursors Having Quinuclidinium Salt

Groups?
run precursora? concn (g/L) product®  vyield (SEC)® (%) Mp(SEC) (x 109) Mp/Mp(1) Mn(NMR)E (x108) PDIf
1 A 4.0 1 100 5.8 1.0 5.5 1.09
2 B 4.0 2 65 4.6 0.79
3 B 0.4 2 75 (52) 4.6 0.79 5.49 1.069
4 B 0.1 2 90 4.6 0.79
5 C 4.0 3 30 9.1 1.57
6 C 0.4 3 40 8.8 1.52
7 c 0.2 3 50 (10) 8.8 1.52 119 1.049

a All polystyrene precursors (A—C) were prepared from the identical telechelic polystyrene having quinuclidinium salt groups. The
ring-opening reaction of pyrrolidinium salt end groups was performed at reflux temperature in toluene for 5 h. Products were recovered
quantitatively in all cases. P See Schemes 2 and 3. ¢ Estimated from the SEC peak area of the crude product. Values in parentheses
indicate isolated yields after purification by preparative TLC (SiO,, EtOH/CH,CI,/ET3sN = 5/90/5) (run 3) or after the fractionation by the
preparative TLC followed by the SEC (run 7). ¢ Mp: apparent peak molecular weight estimated by SEC with a calibration using polystyrene
standards. ¢ By 'H NMR assuming quantitative chemical conversion of polymer end groups. f By SEC with a calibration using polystyrene

standards. 9 For purified products.

has produced covalently linked single- and double-cyclic
polystyrenes in good yields.

Experimental Section

Materials. Styrene was dried over CaH, and distilled just
before use. Sodium naphthalene was prepared by a standard
method.?* 3-(tert-Butyldimethylsiloxy)propyldimethylchlorosilane
was prepared as reported.?? THF was dried over sodium
benzophenone ketyl and distilled just before use. Benzene,
toluene, and pyridine were distilled over CaH,. Quinuclidine
(Aldrich, 97%), sodium benzoate (Koso Chemical Co., Ltd.) and
sodium terephthalate (Tokyo Kasei Kogyo Co., Ltd.) were used
as received. A sodium salt of tetracarboxylic acid, tetrakis((4-
carboxyphenyl)oxymethyl)methane, was prepared as reported.®
Unless otherwise noted, materials were obtained from com-
mercial sources.

Synthesis of a Telechelic Polystyrene Having Quinu-
clidinium Salt Groups. A bifunctionally living polystyrene
was produced by a “syringe-and-flask” technique detailed
before.?425> The end-capping reaction of the living polystyrene
was carried out by adding 3 times excess of a chlorosilane
derivative having a protected hydroxy group, 3-(tert-butyldi-
methylsiloxy)propyldimethylchlorosilane. After 0.5 h, to the
reaction mixture was added methanol containing 1.0 vol %
hydrochloric acid. The solution was stirred at 20 °C for 15 h
to promote the deprotection reaction. The mixture was then
poured into cold methanol (—15 °C) to isolate the crude product
by filtration. The product was purified by reprecipitation from
the THF/methanol system and finally freeze-dried from a
benzene solution to give a telechelic polystyrene having
3-hydroxypropyl groups (100% recovery yield with the quan-
titative introduction of the end group). Then, 1.8 g (3.6 x 1074
mol) of the product was dissolved in 3 mL of pyridine, and 1.4
g (7.4 x 1072 mol) of p-toluenesulfonyl (tosyl) chloride was
added under a nitrogen atmosphere. The reaction mixture was
stirred at 20 °C for 2 h and poured into cold methanol (—15
°C). The crude product, recovered by filtration, was purified
by reprecipitation from the THF/methanol system and finally
freeze-dried from a benzene solution to give a telechelic
polystyrene having p-toluenesulfonate (tosylate) groups (86%
recovery yield with the quantitative transformation of the end
group). In a final step, 1.6 g (3.2 x 10~* mol) of the telechelic
polystyrene having tosylate groups was dissolved in 15 mL of
toluene, and an excess amount of quinuclidine (9.6 x 1072 mol)
was added under a nitrogen atmosphere. The reaction was
allowed to proceed at 90 °C for 15 h, and the solution was
condensed by evacuation. The quaternized product was iso-
lated (90% recovery yield with the quantitative quaternization
of the end group) by precipitation of the THF solution into
petroleum ether (—15 °C) and subsequently into water (5 °C)
and finally freeze-dried from a benzene solution.

lon-Exchange Reaction of a Telechelic Polystyrene
Having Quinuclidinium Salt Groups. A procedure of the
ion-exchange reaction was similar to that for a telechelic
polystyrene having N-methylpyrrolidinium salt groups, re-

ported before.?* The ion-exchange products A, B, and C
(prepared by the reaction with sodium benzoate, sodium
terephthalate, and sodium tetracarboxylate, respectively) were
obtained in good-to-excellent yields (85—95%) by repetitious
precipitation treatments of the telechelic polystyrene having
quinuclidinium salt groups into a 50 vol % aqueous methanol
solution containing an excess amount (10—20 equiv) of a
sodium carboxylate at —15 °C.

Ring-Opening Reaction of Cyclic Ammonium Salt
Groups in Telechelic Polystyrenes. Telechelic polystyrenes
carrying a series of carboxylate counteranions (0.02—0.5 g)
were dissolved in toluene at the prescribed concentration (0.1—
10 g/L) and were heated at 110 °C for 5 h under vigorous
stirring. The covalently converted products were quantitatively
recovered by simply evaporating the solvent and were sub-
jected to spectroscopic and chromatographic analysis. The
recovered crude cyclic polystyrene (run 3 in Table 1) was
subjected to the further purification, by means of a preparative
thin-layer chromatography technique (SiO,, EtOH/CH.CI./
Et;N = 5/90/5), to give a major fraction (Rf = 0.2—0.3) in 52%
isolated yield and a minor fraction (Rf = 0.3—0.4) in 20% yield.
A purified double-cyclic polystyrene (run 7 in Table 1) was
collected by the subsequent fractionation with an analytical
SEC apparatus in 10% total yield.

Measurements. SEC measurements were performed using
a Tosoh model CCPS equipped with a refractive index detector
model RI 8020 and a UV detector model UV 8020 at 254 nm
and with a column of TSK G3000HXL. An eluent was either
THF or THF with 5.0 vol % of N,N,N’,N'-tetramethylethyl-
enediamine (TMEDA) at a flow rate of 1.0 mL/min. In
particular, the latter was employed for polystyrene samples
containing amino groups, by which one can avoid any elution
delay, which occurred in the absence of TMEDA due to the
interaction between amino groups of the obtained polystyrene
and SEC gel beads surfaces.?® IR spectra were taken on a
JASCO FT/IR-410 infrared spectrometer by casting the sample
from the chloroform solution on a NaCl plate. *H NMR spectra
were recorded with a JEOL JNM-AL300 apparatus in CDCl3
at 40 °C.

Results and Discussion

1. Synthesis of a Telechelic Polystyrene Having
Quinuclidinium Salt Groups. In our previous stud-
ies,10 telechelic poly(THF)s having N-phenylpyrroli-
dinium salt groups, carrying pluricarboxylate counter-
anions, have been successfully used for the construction
of unusual polymer architectures, such as single- and
double-cyclic (8-shaped) poly(THF)s. We have reported
also on the synthesis of branched and network polysty-
renes?* and poly(dimethylsiloxane)s?” of well-defined
structures by the ion-coupling reaction of the relevant
polymer precursors having another cyclic ammonium,
i.e., N-methylpyrrolidinium salt groups. It has been
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shown that N-methylpyrrolidinium salt groups can be
introduced readily by the quaternization reaction of
polymer precursors having tosylate end groups, which
is produced through the stepwise derivatization of the
corresponding living polymers (Scheme 2). On the other
hand, the quaternization of the tosylate end groups by
N-phenylpyrrolidine was circumvented, apparently due
to its substantially weaker nucleophilic reactivity (pKa
= 3.45) than N-methylpyrrolidine (pKs = 10.3).

Thus, we have first examined our “electrostatic self-
assembly and covalent fixation” process with a telechelic
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polystyrene having N-methylpyrrolidinium salt groups
carrying benzoate counteranions by subjecting it to the
heat treatment in a toluene solution. Although the
nucleophilic reaction of the benzoate anion on the
N-methylpyrrolidinium salt end group was found to
occur at 90 °C, slightly lower temperature than that
reported in bulk,?* it was noticed that not only the endo-
methylene position of the pyrrolidinium salt group but
also the N-methyl position was attacked to cause the
concurrent demethylation up to 20%. On the other hand,
no reaction at the exo-methylene position was detected.?®
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Figure 1. The 300 MHz *H NMR spectra of a telechelic
polystyrene having quinuclidinium salt groups (top) and the
ion-exchange product with sodium terephthalate before (B;
middle) and after (2; bottom) the heat treatment (sample: run
3 in Table 1, CDCls, 40 °C).

Accordingly, we have employed a novel telechelic
polystyrene having six-membered bicyclic quinucli-
dinium salt groups. The nucleophilic attack of the
carboxylate counteranion on the quinuclidinium salt
group can take place only at the endo-methylene posi-
tion to cause the ring-opening reaction of a strained
azabicyclo unit, and a reaction at the alternative exo-
methylene position will be excluded. And, it was shown
previously that the quinuclidinium salt group intro-
duced at the end of a telechelic poly(THF) underwent a
selective ring-opening reaction by a benzoate counter-
anion, while a higher temperature at 130 °C was
required than in the case of the N-methylpyrrolidinium
salt group (at 90 °C).2°

Thus, the synthesis of a telechelic polystyrene having
quinuclidinium salt groups has been performed by the
following process. First, a bifunctionally living polysty-
rene, prepared by sodium naphthalene as an initiator,
was terminated with a chlorosilane derivative having
a protected hydroxy group. A telechelic polystyrene
having 3-hydroxypropylsilyl groups was obtained after
the deprotection with acidic methanol. The hydroxy
groups were then quantitatively tosylated with tosyl
chloride in pyridine at 20 °C to give a telechelic
polystyrene with tosylate groups. The tosylate groups
were finally converted into a six-membered bicyclic
ammonium salt group, i.e., a quinuclidinium salt by the
reaction with an excess amount (30 equiv) of quinucli-
dine in a toluene solution at 90 °C. The 'H NMR
spectrum (Figure 1, top) confirms the presence of the
quinuclidinium salt end group from signals due to the
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endo-cyclic ammonium methylene protons at 3.26—3.42
ppm and signals at 2.90—3.24 ppm due to the diaste-
reotopic exo-cyclic ammonium methylene protons.

2. lon-Exchange and Ring-Opening Reactions of
Quinuclidinium Salt Groups in Telechelic Poly-
styrene. The tosylate counteranions accompanied by
the quinuclidinium salt group of the telechelic polysty-
rene were then quantitatively replaced by benzoate
anions, through a simple precipitation treatment into
a 50 vol % aqueous methanol solution (—15 °C) contain-
ing an excess amount of sodium benzoate (Scheme 2).
The obtained ion-exchange product A was subjected to
a heat treatment in a toluene solution (5 g/L) to cause
a ring-opening reaction of the quinuclidinium salt group
by a nucleophilic attack of the benzoate anion, leading
to a covalently converted product 1 (Scheme 3). The
reaction was monitored by means of 1H NMR and IR,
as in the case of the N-methylpyrrolidinium salt end
group reported before.2* 1TH NMR analysis showed that,
after the ion-exchange reaction, signals at 2.31 and 7.78
ppm due to the tosylate protons were replaced by those
due to the benzoate protons visible at 7.24—7.30 and
8.05—8.08 ppm, and after the heat treatment, signals
due to a-methylene protons on the quinuclidinium salt
group at 2.90—3.60 ppm were replaced by those at 4.37
ppm due to the ester methylene protons (see Supporting
Information). Consequently, it was confirmed that the
quinuclidinium salt groups underwent a selective ring-
opening reaction by the benzoate counteranions in
toluene at 110 °C. The required temperature was found
to be somewhat lower than for the previous telechelic
poly(THF) having quinuclidinium salt groups in bulk,
where the temperature at 130 °C was required.

3. Synthesis of Single- and Double-Cyclic Poly-
styrenes. The polymer cyclization was conducted with
the telechelic polystyrene having quinuclidinium salt
groups, carrying a terephthalate counteranion, which
was introduced by the ion-exchange reaction shown
above. The balance of the charges between the quinu-
clidinium cations and the terephthalate anions (as in
Scheme 2) was confirmed to be retained by the 'TH NMR
spectroscopic analysis (Figure 1, middle). Then, this
ionically linked polymer precursor B was subjected to
a heat treatment, to cause a ring-opening reaction of
the quinuclidinium salt end group by a nucleophilic
attack of the terephthalate anion, in a toluene solution
under various concentrations. The soluble products were
recovered in almost quantitative yields irrespective of
the solution concentration.

The ring-opening reaction was found to proceed at
each concentration. Thus, IR spectrum of the product
exhibits an absorption at 1720 cm™1! assignable to the
ester carbonyl groups of the ring-opening products (see
Supporting Information). Besides, the 'H NMR spec-
trum of the product (Figure 1, bottom) showed a triplet
at 4.40 ppm due to ester methylene protons after the
heat treatment. The visible signals in the spectrum are
totally assignable and the signal intensities for the
linking group (signals a, b, ¢, d, and e) are consistent
with the expected structure. It was observed, at the
same time, those intensities are slightly smaller than
those expected from the main-chain signal intensities.
Consequently, it was concluded that, while the ring
opening occurred with as high as 90% selectivity,
concurrent minor side reactions, including that causing
the carbon—silicon bond cleavage,®® were not completely
eliminated.
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SEC profiles of a series of covalently converted
products obtained under different concentrations are
compared in Figure 2. It is shown evidently that a
fraction at the lower molecular weight region possesses
a narrow size distribution irrespective of the reaction
solution concentrations, and its relative content in-
creases up to 90% upon dilution, toward 0.1 g/L (run 4
in Table 1). This agrees with that a precursor compris-
ing single polymer unit is predominantly formed under
dilution from the ionically aggregated polymer precur-
sors, while retaining the balance between cations and
anions, and is subsequently converted to the covalently
linked product by the heat treatment (Scheme 1).

The recovered product after the heat treatment of the
solution at the concentration of 0.4 g/L was subjected
to the further purification by means of silica gel chro-
matography, and the purified product was isolated in
52% yield (run 3 in Table 1), by separating a minor
fraction. The SEC (Figure 3, bottom: solid line) showed
the purified product 2 possesses a narrow size distribu-
tion and a notably smaller hydrodynamic volume than
that of the linear analogue 1 (Figure 3, bottom: broken
line), independently prepared from the identical poly-
styrene precursor carrying benzoate counteranions as
described in the previous section.

CHs

O'@'Coz'(CHz)z

HC Cz

o-@-co2 (CHa)

Hac, CH

CH3 CHS
N-(CHz)3-$ l““’“““PS"‘“"““"S"(CHz)s‘N
CH3 CH3
3

Then, the absolute molecular weight of the linear
analogue 1 (M,, = 5800) was estimated by SEC mea-
surement and was consistent with that of the polysty-
rene precursor (M, = 5400) having tosylate end groups.
The absolute molecular weights (thus corresponding to
their total chain length) of the cyclic 2 and of the linear
1 determined independently by the H NMR technique
were also consisted with each other as shown in Table
1. On the other hand, the ratio of the hydrodynamic
volumes between the cyclic 2 and the linear 1, estimated
also by SEC from the apparent peak molecular weights
of 2 and 1, [GO= Myc/MpL, was found to be 0.79, which
is in a good agreement with previously reported ones
for cyclic and linear polymers.15—1°

By the chromatographic separation process noted
above, a minor fraction due to concurrent side reactions
could be recovered. The SEC analysis showed this frac-
tion comprises two parts (Figure 3, middle): namely one
possessing a narrow size distribution with the molecular
weight close to twice of the linear telechelic polystyrene
precursor and another with the molecular weight close
to that of the linear telechelic precursor. The 'H NMR
analysis of this fraction (as a mixture) suggests elimina-
tion reactions involving quinuclidinium/amino—ester
end groups took place, as stated before.
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Figure 2. SEC traces (RI) of the quantitatively recovered
product after the heat treatment of electrostatically self-
assembled polymer precursor B at various concentrations.
Concentration of the precursor B in toluene: a, 4.0 g/L; b, 0.4
g/L; c, 0.1 g/L (samples: runs 2, 3, and 4 in Table 1; column:
TSK G3000HXL; eluent: THF/TMEDA = 95/5, 1.0 mL/min).
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elution volume (ml)
Figure 3. SEC traces (RI) of the covalently converted product
by heating of electrostatically self-assembled polymer precur-
sor B before (top) and after the preparative TLC separation
(the purified single-cyclic polystyrene 2: bottom solid line, and
minor side products: middle) and of the linear analogue 1
(bottom, broken line) (sample: runs 1 and 3 in Table 1,
column: TSK G3000HXL, eluent: THF/TMEDA = 95/5, 1 mL/
min).

Finally, the synthesis of a double-cyclic polystyrene31-33
has been performed by reference to the previous system
with telechelic poly(THF) having N-phenylpyrrolidini-
um salt groups (Scheme 3). The ionically linked poly-
styrene precursor C carrying a tetracarboxylate anion
was thus prepared and subjected to the heat treatment
in toluene under various concentrations (0.2—4.0 g/L)
at 110 °C for 5 h. The reaction solution was homoge-
neous throughout the process at above concentrations,
while a partial gelation took place when the reaction
was conducted at higher concentrations. The crude
product recovered quantitatively by evaporating the
solvent was then studied by the spectroscopic and
chromatographic techniques. The 'H NMR spectrum
showed that the quinuclidinium salt groups underwent
the ring-opening reaction by the heat treatment to
produce amino—ester groups, as in the cases for tereph-
thalate as well as benzoate counteranions (see Support-
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Figure 4. SEC traces (RI) of the quantitatively recovered
product after the heat treatment of the electrostatically self-
assembled polymer precursor C in various concentrations (a—
c), of the purified double-cyclic polystyrene 3 (d, solid line) by
SEC separation technique, and of the linear precursor ana-
logue 1 (d, broken line). Concentration of the precursor C in
toluene: a, 4.0 g/L; b, 0.4 g/L; ¢, 0.2 g/L (samples: runs 5, 6,
and 7 in Table 1; column: TSK G3000HXL; eluent: THF/
TMEDA = 95/5, 1.0 mL/min).

ing Information). From the integration of the relative
signal intensities, the ring-opening reaction was con-
firmed to occur at around 80% yield.

SEC (Figure 4) revealed that the crude reaction
product comprises three fractions: namely a main
fraction tentatively corresponding to a double-cyclic
polymer 3, as well as the two minor fractions—one at
the higher molecular weight region and another at the
lower molecular weight region. The relative yield of the
main fraction reached to 50 % along the dilution of the
reaction solution toward 0.2 g/L. The apparent molec-
ular weight, i.e., the measure of the hydrodynamic
volume, of the main fraction is significantly higher than
that of its linear precursor analogue 1 but lower than
the twice of it, i.e., Mp(3)/My(1) = 1.52 (Table 1). This
indicates that the ratio of the apparent molecular weight
of double-cyclic 3 against the linear polymer analogue
possessing the same molecular weight is 0.76, and this
value agrees with the reported ones (0.68—0.81).10.:31-33
Finally, the double-cyclic polystyrene having narrow
size distribution was successfully isolated by the SEC
separation technique, and 'H NMR showed that the
absolute molecular weight is close to twice of that of the
starting precursor 1. These results again demonstrate
that an ionically linked polymer precursor, composed
of the two units of the telechelic polystyrene having
quinuclidinium salt groups and one unit of the tetra-
carboxylate anion, has been produced predominantly
under dilution, and the subsequent heat treatment
converted it to the covalently linked double-cyclic poly-
mer product. The relative content of the fraction at the
higher molecular weight region decreased with dilution,
and this is indicative that this fraction comprises excess



2782 Oike et al.

units of polymer precursors and tetracarboxylate coun-
teranions.

On the other hand, the fraction at the lower molecular
weight region, whose elution volume is close to that of
a single-cyclic polymer, remained to be present despite
the dilution of the reaction solution. This is in contrast
to the relevant process with a telechelic poly(THF)
having N-phenylpyrrolidinium salt groups, where a
double-cyclic poly(THF) was produced in an almost
guantitative yield.1° The relatively high temperature
(110 °C) required for the present covalent conversion
process might have caused concurrent side reactions,
although the detailed mechanism is obscure at present.3°
Further optimization with respect to the type of cyclic
ammonium salt groups as well as plurifunctional car-
boxylates and to the covalent conversion condition will
be a subject of future study.

Conclusion

A unique polymer cyclization process through the
electrostatic self-assembly and covalent fixation strategy
has been demonstrated with telechelic polystyrenes
having quinuclidinium salt groups. This process will
provide further opportunities to design a variety of cyclic
polystyrenes having functional groups and a variety of
polystyrene-based multicyclic architectures having other
polymer segments. The studies toward these directions
are now in progress in our laboratory.
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