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ABSTRACT: Reactions of N-(2,4-dinitrophenyl)-4-arylpyridinium chlorides (aryl = H and
4-pyridiyl (Py)) with R-(-)- or S-(þ)-2-methylpiperazines caused ring-opening of the
pyridinium ring and yielded ionic polymers that consisted of 5-(2-methylpiperazinium)-3-
aryl-penta-2,4-dienylideneammonium chloride units, namely, polymer(R-M;H), polymer(S-
Me;H), polymer(R-Me;Py), and polymer(S-Me;Py). Reactions of achiral polymer(Me;H)
with R-(-)- or S-(þ)-1,10-binaphthyl-2,20-diyl sodium phosphates caused an anion exchange
that yielded polymers with chiral phosphate anions. CDmeasurements revealed that polymer-
(R-Me;H) and polymer(S-Me;H) as well as polymer(R-Me;Py) and polymer(S-Me;Py)
formedopposite helical conformations; therefore, it is clear that the helical conformation can be
controlled by varying the substituent on the piperazinium ring. In addition, CDmeasurements
of achiral polymer(Me;H) in the presence of R-(-)- or S-(þ)-1,10-binaphthyl-2,20-diyl sodium phosphates revealed that the chiral anions
incorporated by the anion exchange reaction in solution induced helical conformations in the polymer backbone. The helical
conformations disappeared as the 2-methylpiperazinium rings in the polymers converted from the boat to the chair form via a half-
chair intermediate, and this conformational change was accompanied by a decrease in the amount of π-conjugation length. These
spontaneous, dynamic changes in a polymer’s helical conformation occurred without using external stimuli. These changes affected the
viscosity and the electrochemical properties of the polymer solutions; theηsp/c value of the polymers inmethanol decreasedwith time, and
electrochemical oxidation peaks of the polymers shifted to higher potentials when the polymer solution was left standing in air.

’ INTRODUCTION

π-Conjugated polymer main chains generally consist of aro-
matic rings and unsaturated bonds that are required to build the
expandedπ-conjugation system. The existence of aliphatic cycles
in the polymer main chain usually prevents the expansion of the
π-conjugation system along the polymer chain. Recently, we
reported the synthesis of water-soluble ionic π-conjugated poly-
mers, polymer(H;H) and polymer(H;Py), from ring-opening
reactions of the pyridinium ring of N-(2,4-dinitrophenyl)-4-
arylpyridinium chloride (aryl = H: 1; aryl = 4-pyridyl (Py): 2)
with piperazine.1

The polymers comprise aliphatic piperazinium rings linked by
π-conjugated 3-aryl-penta-2,4-dienylideneammonium chloride
units. The expanded π-conjugated system along the polymer
chain is derived from the through-space interaction between the
orbitals of electrons on the nitrogen atoms of the piperazinium
ring and π-conjugation decreases with the conversion of the
piperazinium rings from the boat to the chair form.

Helical π-conjugated polymers have been attracting attention
because of their chiral structure, which is common in naturally
occurring polymers, and because of their interesting chirooptical
properties such as polarized photoluminescence and electrolumine-
scence.2 Monosubstituted cis-poly(acetylene) derivatives (PAs) pre-
pared with Rh catalysts are the most commonly studied helical π-
conjugated polymers.3 Control of the helical conformation of PAs is
important for controlling their optical properties and enantioselec-
tivities, and this control can be achieved by varying temperature and
solvent andby the additionof chiral species in solution.3 In the case of
PAs with photoisomerizable azobenzene side groups, the helical
conformation of the PAs changes when the azobenzene group is
photoisomerized.4 To the best of our knowledge, however, there
have been no reported examples of helical polymers in which the
main chains have isomerizable groups. Such a polymer is expected to
have a dynamic change of the helical conformation upon isomeriza-
tion. In this study, cationic π-conjugated polymers containing con-
vertible chiral piperazinium rings in the main chain were synthesized
by the reaction of 1 and 2 with (R)-(-)- or (S)-(þ)-2-methylpi-
perazines. Corresponding achiral polymers were synthesized by the
reaction of 1 and 2 with 2-methylpiperazine. Helical conformation
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was induced in the achiral polymer backbone by incorporation of
chiral anions through ion exchange reactions with R-(-)- or S-(þ)-
1,10-binaphthyl-2,20-diyl sodiumphosphates.Understandinghow the
helical conformation changes with the conversion of the chiral and
achiral 2-methylpiperazinium rings and also how conformational
changes affect chemical properties will provide useful information for
the development of new functional materials. In addition, these
cationic, water-soluble,π-conjugatedhelical polymers are expected to
be useful as biosensing materials that target anionic biomolecules
such as DNA and proteins.

Herein, we report the synthesis of these helical polymers and
the changes in their conformations and chemical properties with
the conversion of the (R)-(-)- or (S)-(þ)-2-methylpiperazi-
nium ring. Conformational changes, resulting from the conver-
sion of the 2-methylpiperazinium ring, for both the chiral and the
achiral polymers are compared.

’RESULTS AND DISCUSSION

Synthesis. The reactions of (R)-(-)-2-methylpiperazine, (S)-
(þ)-2-methylpiperazine, and 2-methylpiperazine with 1 in refluxing
ethanol caused ring-openingof the pyridinium ring to afford polymer-
(R-Me;H), polymer(S-Me;H), and polymer(Me;H) in 83%, 72%,
and 82% yields, respectively, while the reactions of the same with 2
afforded polymer(R-Me;Py), polymer(S-Me;Py), and polymer(Me;
Py) in 83%, 92%, and 85% yields, respectively (Scheme 1).
The reactions of achiral or rasemic polymer(Me;H) with R-(-)-

or S-(þ)-1,10-binaphthyl-2,20-diyl sodium phosphates (R- or S-
BINAP-PO4Na) in a 1:1molar ratio caused anion exchange between
Cl- and BINAP-PO4

- to yield polymer(Me;H;R-BINAP) or poly-
mer(Me;H;S-BINAP), respectively (Scheme 2). The peak integral
of the 1H NMR spectra suggested that the molar ratio of Cl- and
R-BINAP-PO4

- in polymer(Me;H;R-BINAP) was 0.25:0.75, and
the molar ratio of Cl- and S-BINAP-PO4

- in polymer(Me;H;
S-BINAP) was 0.14:0.84.
The polymers thus obtained were completely soluble in

MeOH and water and were partly soluble in dimethyl sulfoxide
(DMSO) and N,N-dimethylformamide (DMF). The number-
average molecular weights (Mn’s) and weight-average molecular
weights (Mw’s), determined by GPC, are summarized in Table 1.

The somewhat low Mw values of the polymers are apparently
because of the low solubility of the polymers in the eluent.
Figure 1 shows 1H NMR spectra of polymer(R-Me;H) and

polymer(R-Me;Py) in CD3OD,measured immediately after the pre-
paration of the solutions. The peak assignments are shown in the
figure. The 1H NMR spectra of the CD3OD solution of polymer-
(R-Me;H), polymer(S-Me;H), and polymer(Me;H) were similar,
and each spectrum showed three signals, at approximately δ 7.8, 7.7,
and 6.2 in a 1:2:2 integral ratio, arising from the protons in the
penta-2,4-dienylideneammonium group. While the 1H NMR
spectra of the CD3OD solution of polymer(R-Me;Py),
polymer(S-Me;Py), and polymer(Me;Py) showed two signals,
at approximately δ 7.1 and 6.4 in a 1:1 integral ratio, arising
from the protons in the penta-2,4-dienylideneammonium
group. These observations suggest that the π-electrons are
delocalized along the penta-2,4-dienylideneammonium group. The
13C NMR data also support this view, showing three signals arising
from the penta-2,4-dienylideneammonium group. The signal due to
the terminal groups of the polymers was not observed in the 1H
NMR spectra.
UV-vis Spectra. The UV-vis data of polymers are summar-

ized in Table 1. The freshly prepared MeOH solutions of the
polymers with a pyridyl group showed absorption maxima at
longer wavelengths than those without a pyridyl group. These

Scheme 1. Synthesis of Polymers with 2-Methylpiperazinium Rings

Scheme 2. Anion Exchange Reaction
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observations suggest that the π-conjugation system of the poly-
mers is expanded to the pyridyl group.
The absorption wavelengths of the freshly prepared MeOH

solution of polymer(R-Me;H) and polymer(R-Me;Py) vary with
the amount of time they are allowed to stand at 30 �C in air, as
shown in Figure 2. The changes in wavelengths correspond to the
two-step conversion of the 2-methylpiperazinium ring from the
boat to the chair form via a half-chair intermediate, as illustrated
in Scheme 3. Similar spectral changes were observed in the UV-
vis spectra of other polymers. We proposed a possible reaction
mechanism for the predominant formation of the piperazinium
ring with the thermodynamically unstable boat form in the
polymers at the initial stage.1

During the first step, as indicated by blue lines in Figure 2a, the
peaks at 446 and 482 nm decrease with a gradual shift to a shorter
wavelength and those at 422 and 446 nm increase simultaneously.

The variations in the two absorptions correspond to the decrease
of the π-conjugation length, caused by the boat to half-chair conver-
sion of the 2-methylpiperazinium ring and by the formation of the

Table 1. Synthesis Results and Optical and Electrochemical Properties

rate constantf

product yield, % ηsp/c,
a g-1 dL Mw (Mw/Mn)

b absorption, nm k � 10-5, s-1 k0 � 10-5, s-1 Ea,
g V

polymer(R-Me;H) 83 0.68 7610 (1.5) 482 (5.12),c 446,d 422e 10 2.9 0.66

polymer(S-Me;H) 72 0.58 6380 (1.2) 481 (5.21),c 442,d 425e 10 2.9 0.65

polymer(Me;H) 82 0.67 7640 (1.3) 482 (5.07),c 444,d 426e 7.2 5.2 0.65

polymer(R-Me;Py) 83 0.15 4820 (1.4) 505 (4.68),c 477,d 445e 12 3.1 0.85

polymer(S-Me;Py) 92 0.14 4600 (1.4) 503 (4.66),c 476,d 448e 12 3.1 0.85

polymer(Me;Py) 85 0.21 5350 (1.4) 502 (4.65),c 475,d 448e 3.0 2.3 0.84
aMeasured at the concentration of 0.1 g dL-1 in MeOH at 30 �C. bDetermined by GPC (eluent = DMF containing 0.006 M LiBr vs polystyrene
standards). DMF soluble parts (∼60%) of polymers. cMeasured immediately after preparation of the solutions. log ε (M-1 cm-1) values based on repeating
unit are shown in parentheses. dAbsorption due to product having piperazinium rings in the half-chair form. eAbsorption due to product having piperazinium
rings in the chair form. f k and k0 values are rate constants of conversion of the piperazinium ring from the boat form to the half-chair form and from the half-chair
form to the chair form at 30 �C, respectively. gPeak potential measured by cyclic voltammetry in DMSO solution of [Et4N]BF4 (0.10 M).

Figure 1. 1H NMR spectra of polymer(R-Me;H) and polymer(R-Me;Py)
in CD3OD, measured immediately after the preparation of the solutions. Figure 2. Changes of UV-vis spectra of methanol solution of polymer-

(R-Me;H) and polymer(S-Me;Py) with time upon standing in air at 30 �C
(c=1.0� 10-5M). Spectra indicated byblue and red linesweremeasured in
every 30 min and 5 h, respectively.

Scheme 3. Conversion of Piperazinium Ring from Boat
Form to Chair Form via Half-Chair Form
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polymer containing half-chair piperazinium rings, respectively.
When the 2-methylpiperazinium rings of the polymers adopt the
chair conformation, the distance between the two nitrogen atoms on
the 2-methylpiperazinium ring is too large to allow the through-space
interaction; there is no extended π-conjugation in these polymers.
The changes of the absorbances at 482 and 422 nm in the UV-vis
spectra of polymer(R-Me;H) that occur with time t obey a first-order
rate law with rate constants of k = 1.0 � 10-4 s-1 and k0 = 2.9 �
10-5 s-1 at 30 �C, respectively, whereas the changes of the absor-
bances at 505 and 445 nm in the UV-vis spectra of polymer(R-Me;
Py) obey a first-order rate law with rate constants of k = 1.2 �
10-4 s-1 and k0 = 3.1 � 10-5 s-1 at 30 �C, respectively. Rate con-
stants for the conversion of the 2-methylpiperazinium rings in
polymer(S-Me;H) and polymer(S-Me;Py) from the boat to the
half-chair form and from the half-chair to the chair form at 30 �Cwere
the same as those in polymer(R-Me;H) and polymer(R-Me;Py),
respectively, whereas those in polymer(Me;H) and polymer(Me;Py)
were 7.2 � 10-5 s-1 and 5.2 � 10-5 s-1 and 3.0 � 10-5 s-1 and
2.3� 10-5 s-1, respectively. Computational calculations predict that
themethyl groups of cationicN,N-dimethylpiperazine are in axial
positions in the boat form and in equatorial positions in the chair
form.5 Thus, penta-2,4-dienylidene groups bonded to the
2-methylpiperazinium ring of the polymers apparently reside in
the axial positions while adopting boat and half-chair conforma-
tions and in equatorial positions while in the chair form. The k0
value at 30 �C is smaller than the k value in each case, probably
because the conversion from the half-chair to the chair form
causes a greater conformational change in the polymer than does
the conversion from the boat to the half-chair form. The fact that
the k and k0 values of polymer(Me;H) and polymer(Me;Py) are
higher than those of polymer(R-Me;H), polymer(S-Me;H),
polymer(R-Me;Py), and polymer(S-Me;Py) is apparently attrib-
uted to the random coil structures of polymer(Me;H) and
polymer(Me;Py). The k and k0 values of polymer(Me;H) in
the presence of R-(-)-1,10-binaphthyl-2,20-diyl sodium phos-
phate were 3.0 � 10-5 s-1 and 2.1 � 10-5 s-1, respectively.
These values are almost the same to those of polymer(Me;H) in
the absence of the phosphate salt.
CD Spectra. Figure 3a shows how the CD spectra of the

freshly prepared methanol solutions of polymer(R-Me;H) and
polymer(S-Me;H) change when the solutions are allowed to stand
at 25 �C in air. The CD spectra of polymer(R-Me;H) and polymer-
(S-Me;H) show relatively strong positive and negative Cotton
effects, respectively, with zero crossings centered at the polymer
chains’ π-π* transition (at around 470 nm in the UV-vis absorp-
tion spectra; see Figure 2). Similarly, polymer(R-Me;Py) and
polymer(S-Me;Py) showed relatively strong positive and negative
Cotton effects, respectively (Figure 3b). These Cotton curves
suggest that the main chains of polymer(R-Me;H) and polymer-
(S-Me;H) and of polymer(R-Me;Py) and polymer(S-Me;Py) have
oppositely oriented, highly ordered structures, such as right- and left-
handed helical conformation. In other words, the helical conforma-
tion is changed by varying the substituents on the piperazinium
rings. In addition, the pyridyl groups in polymer(R-Me;Py) and
polymer(S-Me;Py) do not affect the formation of the helical struc-
tures. The fact that polymer(Me;H) and polymer(Me;Py) showed
no CD signal suggests that the polymers do not form an ordered
structure.
As shown in Figure 4, the CD spectra of achiral or racemic

polymer(Me;H) in the presence of R-(-)- or S-(þ)-1,10-bi-
naphthyl-2,20-diyl sodium phosphates showed positive and negative
Cotton effects, respectively. These Cotton curves suggest that helical

conformations are induced in the main chain of polymer(Me;H)
with chiral anions incorporated through the anion exchange reaction
in solution. In other words, helical conformations change with
changing chiralities of the additives. This hypothesis is supported
by the fact that the methanol solution of polymer(Me;H) in the
presence of (()-1,10-binaphthyl-2,20-diyl sodium phosphate showed
no CD signal.
However, the ellipticity for Cotton curve of polymer(Me;H)

in the presence of R-(-)-1,10-binaphthyl-2,20-diyl sodium phos-
phate was lower than that of polymer(R-Me;H). This lower
ellipticity is consistent with the assumption that helical conforma-
tions are formed in a part of the polymer chain of polymer(Me;H)
in the presence of chiral salts because the anion exchange reaction
remains incomplete asmentioned above. In contrast, themethanol
solution of polymer(Me;Py) in the presence of R-(-)-camphor-
sulfonic acid sodium salt whose molar size is smaller than that of
R-(-)-1,10-binaphthyl-2,20-diyl sodiumphosphate showed noCD
signal. These results suggest that molecular size of the chiral anions
is important for the formation of helical conformations of the
polymer chain.
The intensity of the Cotton curves for polymer(R-Me;H) and

polymer(S-Me;H) gradually decreased with time, as shown in
Figure 3. This is apparently due to time-dependent dynamic
conformational changes in the polymers; the helical conformationof

Figure 3. Changes of CD spectra of methanol solutions of (a) polymer-
(R-Me;H) (blue curves) and polymer(S-Me;H) (red curves) and (b)
polymer(R-Me;Py) (blue curves) and polymer(S-Me;Py) (red curves)
measured in every 30 min in air at 25 �C (c = 1.0 � 10-5 M).

Figure 4. CD spectra of methanol solutions of polymer(Me;H) (c = 1.0�
10-5 M) in the presence of R-(-)-1,10-binaphthyl-2,20-diyl sodium phos-
phate (c = 5.0� 10-4M, blue curve) and of S-(þ)-1,10-binaphthyl-2,20-diyl
sodium phosphate (c = 5.0 � 10-4 M, red curve) at 25 �C.
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the polymers disappeared as the 2-methylpiperazinium ring con-
verted from the boat to the chair form via the half-chair form. As
mentioned above, the penta-2,4-dienylidene groups bound to the
2-methylpiperazinium rings apparently reside in the axial positions
in the boat and half-chair forms and in the equatorial positions in
the chair form. On the basis of this assumption, the polymers
appear to form a zigzag structure when the 2-methylpiperazinium
ring exhibits the boat form. It has been reported that the zigzag
structure of the polymers is preferred over the helical conforma-
tion.6 The STS molecular model suggested that polymer(R-Me;H)
and polymer(S-Me;H) with the 2-methylpiperazinium ring in the
boat form adopt the helical conformation, avoiding steric hindrance
between the methyl group and the proton at the 1-position of
the aminopenta-2,4-dienylidene group, as shown in Figure S1 and
Figure 5a. In contrast, when the 2-methylpiperazinium ring exhi-
bits the chair form, the polymer does not form the helical conforma-
tion, apparently because of the linear structure along the polymer
chain (Figure 5b). The intensity decrease of the Cotton curves
was also occurred in the case of polymer(R-Me;Py) and polymer-
(S-Me;Py) when the methanol solutions of the polymers were
allowed to stand in air.
Viscosity. The reduced viscosities (ηsp/c) in the freshly prepared

methanol solutions of polymer(R-Me;H), polymer(S-Me;H), and
polymer(Me;H) were 0.68, 0.58, and 0.67 g-1 dL (c = 0.10 g dL-1),
respectively. The reduced viscosities (ηsp/c) in the freshly prepared
methanol solutions of the polymers obtained in this studywere in the
range of 0.14-0.68 g-1 dL (c = 0.10 g dL-1), as summarized in
Table 1. The ηsp/c values of the polymers in methanol increased
when their concentration cwas reduced, suggesting that the polymers
behave as polymeric electrolytes in dilute solutions.7 The ηsp/c value
of polymer(R-Me;H) in methanol decreased with time when the
methanol solution was left standing in air; it varied from 0.68 to
0.47 g-1 dL after 3 h from the preparation of the methanol solution.
The result corresponds to the disappearance of the helical conforma-
tion of the polymer upon conversion of the 2-methylpiperazinium
ring from the boat to the chair form. It has been reported that helical
polymers showed greater reduced viscosities, because of their stiff
structures, as compared to random coil polymers. Theηsp/c values of
polymer(Me;H) in methanol varied from 0.67 to 0.54 g-1 dL after
3 h from the preparation of the methanol solution. The smaller
decrease in the ηsp/c values of polymer(Me;H) than those of
polymer(R-Me;H) and polymer(S-Me;H) appears to be attributed
to a relatively small conformational change in the nonhelical polymer-
(Me;H) chain with the conversion of the 2-methylpiperazinium ring
from the boat to the chair form.
Cyclic Voltammograms. Cyclic voltammetry (CV) measure-

ments suggest that the polymers obtained in this study underwent
an electrochemical oxidation of the piperazinium ring in DMSO
solution containing 0.10 M [Et4N]BF4. The oxidation potentials of
the freshly prepared solution of the polymers are summarized in
Table 1. As shown in Figure 6a, the oxidation peak at 0.64 V of the
DMSO solution of polymer(S-Me;H) decreased and a new peak
at 0.74 V appeared and increased with repeated scanning for 8 h.

The result is consistent with the fact that the extent ofπ-conjugation
in the polymer decreases with time, again corresponding to the
conversion of the 2-methylpiperazinium ring from the boat to the
chair form. The electrochemical oxidation behavior of polymer(R-
Me;H) is similar to that of polymer(S-Me;H). The oxidation
potential of the freshly prepared solution of polymer(R-Me;Py)
was 0.85 V (vs Agþ/Ag). The fact that the oxidation potential of the
piperazinium ring in polymer(R-Me;Py) is higher than that in
polymer(R-Me;H) is ascribed to the presence of electron-with-
drawing pyridyl groups in polymer(R-Me;Py). As shown in
Figure 6b, the oxidation peak of the DMSO solution of polymer-
(R-Me;Py) shifted from0.85V (vsAgþ/Ag) to 0.99V (vsAgþ/Ag)
when the solution was left standing for 6 h.

’CONCLUSION

In conclusion, ionic helical π-conjugated polymers were
obtained by the reactions of N-(2,4-dinitrophenyl)-4-aryl-pyr-
idinium chlorides with R-(-)- or S-(þ)-2-methylpiperazines.
CD measurements revealed that the polymers formed opposite
helical conformations; therefore, it is clear that the helical
conformation can be controlled by varying the substituent on
the piperazinium ring. The helical conformations were induced
in the main chain of achiral or racemic polymers through the

Figure 5. Polymer conformations.

Figure 6. Changes of cyclic voltammograms of polymer(S-Me;H) (a)
and polymer(S-Me;Py) (b) in DMSO solution containing 0.10 M
[Et4N]BF4 with time. The scan rate was 50 mV s-1.
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anion exchange reactions with chiral phosphate salts. The helical
conformations disappeared as the 2-methylpiperazinium rings in
the polymers converted from the boat to the chair form via a half-
chair intermediate, and this conformational change was accom-
panied by a decrease in the amount ofπ-conjugation length. This
affected the viscosity and the electrochemical properties of the
polymer solutions. To the best of our knowledge, this is the first
example of spontaneous, dynamic changes in a polymer’s helical
conformation that has been effected without using external
stimuli. The results obtained in this study indicate that chiral
piperazines and phosphate slats can be used as materials for the
synthesis of ionic π-conjugated polymers with controlled helical
conformations.

’EXPERIMENTAL SECTION

General. N-(2,4-Dinitrophenyl)pyridinium chloride and N-(2,4-
dinitrophenyl)-4-(4-pyridyl)pyridinium chloride were prepared according
to the literature.8,9 Other reagents were purchased and used without further
purification. Solvents were dried, distilled, and stored under N2. Reactions
were carried out with standard Schlenk techniques under nitrogen.

IR and NMR spectra were recorded on a JASCO FT/IR-660 PLUS
spectrophotometer and a JEOL AL-400 spectrometer, respectively. Ele-
mental analysis was carried out on a YanagimotoMT-5 CHN corder. UV-
vis and CD spectra were obtained by a JASCO V-560 spectrometer and a
JASCO J-720WS, respectively. GPC measurement was conducted with a
Waters 150-C with polystyrene gel columns using a DMF solution of LiBr
(6mM) as an eluent with a RI detector. Cyclic voltammetry was performed
in a DMSO solution containing 0.10 M [Et4N]BF4 with a Hokuto Denko
HSV-110.
Synthesis of Polymer(R-Me;H). N-(2,4-Dinitrophenyl)pyridinium

chloride (1) (0.57 g, 2.1 mmol) was dissolved in 10 mL of EtOH, and (R)-
2-(-)-methylpiperazine (0.21 g, 2.1 mmol) was added to the solution
under N2. After the solution was refluxed for 11 h, the solvent was removed
in vacuo. The resulting solid was washed with acetone (300mL), reprecipi-
tated from acetone (300 mL), and dried in vacuo to afford polymer(R-Me;
H) (0.39 g, 83%). 1HNMR (400MHz, CD3OD):δ 7.85 (2H), 7.72 (1H),
6.19 (2H), 3.47-4.57 (6H), 1.42 and 1.34 (3H). 13C NMR (100 MHz,
CD3OD): 167.3, 162.8, 162.5, 161.1, 105.7, 59.6, 57.4, 54.9, 54.0, 52.8, 52.1,
50.7, 44.4, 43.3, 16.3, 15.0. Calcd for (C10H15N2Cl)n: C, 60.45; H, 7.61; N,
14.10. Found: C, 60.81; H, 7.55; N,13.84.

Other polymers were synthesized in a similar manner.
Polymer(S-Me;H). Yield = 72%. 1HNMR (400MHz, CD3OD): δ

7.85 (2H), 7.72 (1H), 6.19 (2H), 3.47-4.48 (7H), 1.41 and 1.34 (3H).
13C NMR (100 MHz, CD3OD): δ 167.3, 163.0, 162.5, 161.1, 105.7, 59.6,
59.3, 52.1, 49.6, 16.3, 15.0. Calcd for (C10H15N2Cl)n: C, 60.45; H, 7.61; N,
14.10. Found: C, 60.79; H, 7.48; N, 13.62.
Polymer(Me;H). Yield = 82%. 1H NMR (400 MHz, CD3OD): δ

7.85 (2H), 7.73 (1H), 6.20 (2H), 3.57-4.57 (7H), 1.42 and 1.33 (3H).
13C NMR (100MHz, CD3OD): δ 167.3, 163.7, 162.8, 162.5, 161.3, 105.7,
59.6, 59.3, 57.3, 54.0, 52.8, 50.7, 49.6, 44.5, 43.2, 16.3, 15.0. Calcd for
(C10H15N2Cl)n: C, 60.45; H, 7.61; N, 14.10. Found: C, 61.00; H, 7.33; N,
13.98.
Polymer(R-Me;Py). Yield = 83%. 1H NMR (400 MHz, CD3OD):

δ 8.69 (2H), 7.41 (2H), 7.07 (2H), 6.44 (2H), 3.56-4.34 (7H), 1.13-
1.40 (3H). 13C NMR (100 MHz, CD3OD): δ 172.1, 159.3, 150.7, 144.8,
126.2, 107.4, 52.0, 51.5, 49.4, 44.4, 16.3, 16.0. Calcd for (C15H18N3Cl 3
0.5H2O)n: C, 63.26; H, 6.72; N, 14.76. Found: C, 63.15; H, 7.00; N, 14.49.
Polymer(S-Me;Py). Yield = 92%. 1H NMR (400 MHz, CD3OD):

δ 8.70 (2H), 7.41 (2H), 7.09 (2H), 6.45 (2H), 3.56-4.37 (7H), 1.13-
1.41 (3H). 13C NMR (100 MHz, CD3OD): δ 172.0, 159.3, 150.7, 144.8,
126.2, 107.4, 52.0, 51.6, 49.4, 44.4, 16.3, 16.0. Calcd for (C15H18N3Cl 3
0.3H2O)n: C, 64.07; H, 6.67; N, 14.94. Found: C, 63.59; H, 7.05; N, 14.63.

Polymer(Me;Py). Yield = 85%. 1H NMR (400 MHz, CD3OD): δ
8.62 (2H), 7.33 (2H), 7.00 (2H), 6.37 (2H), 3.50-4.40 (7H), 1.04-
1.31 (3H). 13CNMR (100MHz, CD3OD): δ 172.0, 159.3, 150.7, 144.7,
126.2, 107.4, 52.3, 51.5, 49.4, 44.2, 16.2, 15.2. Calcd for (C15H18N3Cl 3
0.5H2O)n: C, 63.26; H, 6.72; N, 14.76. Found: C, 63.01; H, 7.09; N,
14.43.
Synthesis of R-(-)-1,10-Binaphthyl-2,20-diyl Sodium Phos-

phate. After a methanol solution (5 mL) of R-(-)-1,10-binaphthyl-
2,20-diyl hydrogen phosphate (0.96 g, 2.7 mmol) was added to an aqueous
solution (27 mL) of NaOH (0.11 g, 2.7 mmol), the reaction solution was
stirred at 20 �C for 72 h. The solvents were removed under vacuum, and the
resulting solid was dried under vacuum to obtain R-(-)-1,10-binaphthyl-
2,20-diyl sodiumphosphate as a white powder (0.94 g, 94%). 1HNMR(400
MHz, DMSO-d6): δ 8.01 (t, J = 8.4 Hz, 4H), 7.43 (d, J = 7.6 Hz, 2H), 7.38
(d, J = 8.8 Hz, 2H), 7.29 (t, J = 6.8 Hz, 2H), 7.21 (d, J = 8.8 Hz, 2H). Calcd
for C20H12NaO4P 3 0.2H2O: C, 64.25; H, 3.34. Found: C, 64.29; H, 3.78.

S-(þ)-1,10-Binaphthyl-2,20-diyl sodium phosphate was synthesized in
a similar manner.
Synthesis of Polymer(Me;H;R-BINAP). After a methanol solution

(2 mL) of polymer(Me;H) (0.050 g, 0.022 mmol) and R-(-)-1,10-
binaphthyl-2,20-diyl sodium phosphate (0.081 g, 0.022 mmol) was stirred
at 20 �C for 24 h, the solvent was removed under vacuum. The resulting
solid was reprecipitated from acetone, collected by filtration, and dried
under vacuum to obtain polymer(Me;H;R-BINAP) as a brown powder
(0.089 g, 90%). 1H NMR (400 MHz, DMSO-d6): δ 7.85-8.04 (6.5H),
7.58 (1H), 7.43 (d, J = 6.8 Hz, 1.5H), 7.39 (d, J = 8.2 Hz, 1.5H), 7.29 (t, J =
8.0Hz, 1.5H), 7.21 (d, J = 8.4 Hz, 1.5H), 6.07 (2H), 3.17-4.15 (7H), 1.27
and 1.18 (3H).
Data of Polymer(Me;H;S-BINAP). Polymer(Me;H;S-BINAP)

was synthesized in a similar manner. Yield = 91%. 1H NMR (400
MHz, DMSO-d6): δ 7.85-8.04 (7.0H), 7.58 (1H), 7.44 (d, J = 6.8 Hz,
1.68H), 7.40 (d, J = 8.8 Hz, 1.68H), 7.29 (t, J = 8.0 Hz, 1.69H), 7.21 (d, J =
8.8 Hz, 1.68H), 6.04 (2H), 3.17-4.13 (7H), 1.27 and 1.18 (3H).
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