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Chiral synthetic polymers are currently attracting
much interest. Thus far, according to the particular in-
terest, many types of helical polymers have been syn-
thesized.1 Most of helical polymers so far reported,
e.g., polymethacrylates,2 polyisocyanates,3 and poly-
acetylenes,4 were prepared by chain reaction polymer-
ization. We tried to synthesize one-handed helical aro-
matic polyamides by step reaction polymerization, in
which bifunctional axially dissymmetric, or atropiso-
meric, biphenyl or binaphthyl joints were combined
with rigid aromatic segments.5, 6 Optically active poly-
mers having C2-chiral units in the main chain were also
prepared by Pu et al.7 and Takata et al.8 One-handed
helical polymers has recently received considerable at-
tention because of their functions. Okamoto et al. uti-
lized helical polymethacrylates for optical resolution.1

Pu9 and Takata et al.10 investigated application of such
helical polymers to use as asymmetric catalysts. We
examined photo-induced transformation of the helical
polyamides that contain azobenzene segments to pre-
pare photosensitive materials,5 and have studied stere-
ospecific interaction of helical polycations with chi-
ral anions.6 Jaycox et al. also reported photosensitive
polyamides containing atropisomeric binaphthyl link-
ages in their backbones and mentioned application of
them for optical data storage materials.11

By the way, selective incorporation of metal
cations into crown ether rings was investigated,12 and
polyamides containing crown ether moieties in the
backbone were reported.13 Furthermore, an interesting
chiral crown ether that is made up with a chiral binaph-
thyl derivative has been synthesized to use for optical
resolution of chiral ammonium salts.14 We are inter-
ested in introduction of crown ether rings into helical
polymers because a change in the chiral conformation
by incorporation of metal ions is anticipated.

In this paper, we describe synthesis of chiral
†To whom correspondence should be addressed.

polyamides that have atropisomeric binaphthyl joints
and crown ether rings in the main chain, and discuss
the incorporation of metal ions into the rings.

EXPERIMENTAL

Materials
Dimethylformamide (DMF) was purified by distil-

lation over calcium hydride. 1,8-Diazabicyclo[5,4,0]-
undec-7-en (DBU) was purified by distillation under
reduced pressure. Triphenylphosphine was recrystal-
lized from n-hexane. Reagent-grade tetrakis(triphenyl-
phosphine) palladium(0), (R)- and (S )-2,2′-dihydroxy-
1,1′-binaphthyl, 1, 1, 1, 3, 3, 3-hexafluoro-2-propanol
(HFIP), and othe reagents were used as received.

(R)- and (S )-6,6′-dibromo-2,2′-diethoxy-1,1′-bina-
phthyl ((R)-BEBN, (S )-BEBN) were prepared from
(R)- and (S )-2,2′-dihydroxy-1,1′-binaphthyl according
to the method of Deussen et al.15 (R)-BEBN: mp 160–
161 ◦C, [α]D

25 + 17.7◦ (c = 0.2, CHCl3); (S )-1: mp
162–164 ◦C (lit.15 161–162 ◦C), [α]D

25 −17.4◦ (c = 0.2,
CHCl3) (lit.15 [α]D

25 −17.7◦ (c = 0.2, CHCl3)). Trans-
and cis-diaminodibenzo-18-crown-6 (trans-DADBC,
cis-DADBC) were prepared by the method of Feigen-
baum et al.16 trans-DADBC: mp 203–205 ◦C (lit.16

199–203 ◦C); 1H NMR (270 MHz, DMSO-d6) δ 3.70–
4.00 (m, 16 H), 4.64 (s, 4 H), 6.05 (dd, J = 2.7, 9 Hz,
2 H), 6.23 (d, 2 H), 6.62 (d, 2 H), cis-DADBC: mp 185–
186 ◦C (lit.16 180–184 ◦C).

Polymerization
In a flask were placed BEBN (0.5 mmol), DADBC

(0.5 mmol), tetrakis(triphenylphosphine) palladium(0)
(0.03 mmol), triphenylphosphine (0.12 mmol), and
DMF (3 mL). After the atmosphere in the flask was
changed by introducing carbon monoxide, the reac-
tion solution was heated to 115 ◦C. Polymerization was
started by adding DBU (1.1 mmol), and the solution
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Table I. Chiral polyamides containing crown ether ring in the main chaina

Polyamide BEBN DADBC Yield(%) Mn
b Mw

b [α]D
25(deg)c

1(R) (R)– trans– 72 6900 12700 −45.2
2(S ) (S )– trans– 72 5800 9900 +44.3
3(R) (R)– cis– 80 8800 19100 −52.4
4(S ) (S )– cis– 90 9500 20000 +53.4

aThe polymerization conditions were presented in the experimental section.
bDetermined by GPC with standard polystyrenes in DMF. cSpecific rotations
were measured in DMSO (c = 0.2 g dL−1).

was kept at 115 ◦C with stirring for 12 h. The result-
ing polyamide was precipitated in methanol to separate
out by filtration. :1H NMR (270 MHz, DMSO-d6) δ

1.03 (t, 6 H), 3.85–4.14 (m, 20 H), 6.92 (d, 2 H), 7.00
(d, 2 H), 7.35 (d, 2 H), 7.47 (s, 2 H), 7.72 (dd, J = 1.7,
9 Hz, 4 H), 8.22 (d, J = 9 Hz, 2 H), 8.60 (s, 2 H), 10.2
(s, 2 H).

Characterization
FT-IR spectra were recorded on a HORIBA FT-210

spectrometer. A JASCO DIP-1000 polarimeter was
used to measure specific rotations. CD spectra mea-
surements were performed on a JASCO J-720 WI.
Molecular weights were determined by GPC using a
TOSOH HLC- 8120GPC (Column: TSKgel GMHHR+
TSKgel G2000 HXL).

Computational Studies
To compute the most stable helical conformations of

polymers obtained, force field molecular modeling was
performed with the MM2 force field implemented by
CAChe system.

RESULT AND DISCUSSION

Helical Conformations
We synthesized one-handed helical polyamides by

reactions of bifunctional atropisomeric biphenyl or bi-
naphthyl derivatives with aromatic diamines, and in-

vestigated photo-induced transformation of the heli-
cal structure5 and stereospecific interaction of cationic
one-handed helices with chiral anions.6 Similar helical
polyamides containing crown ether rings in the main
chain were also prepared by the palladium-catalyzed
reaction of (R)- or (S )-BEBN, carbon monoxide, and
trans- or cis-DADBC in the present work (Scheme 1).
Number-average molecular weights of the polyamide
obtained were 5.8–9.5× 103, as shown in Table I. The
specific rotation of the polymer was about three times
as large as that of the axially dissymmetric starting bi-
naphthyl reagent, probably because of the change of
bromine substituents of BEBN into polar amide. 3(R)
and 4(S ) obtained with cis-DADBC have somewhat
larger molecular weights and specific rotations than
1(R) and 2(S ) obtained with trans-DADBC. It is known
that specific rotation of chiral polymers increases with
increasing molecular weight;17 however, with these a
few data, the change in specific rotations can not be re-
lated to the molecular weights. The specific rotations of
the polymers in Table I are rather small compared with
optically active helical polymers so far reported. This
would be ascribed to the flexible structure of the he-
lix because of the ether ring in the main chain. All the
polymers were soluble in polar solvents such as DMF
and dimethylsulfoxide (DMSO), but insoluble in less
polar tetrahydrofuran and chloroform.

Figure 1 presents the CD spectra of polyamide
1(R), 2(S ), and 3(R). The mirror imaged CD spec-
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Table II. Changes in specific rotation of helical polyamides on addition of alkaline metal salts

[α]D
25(deg)a

Run Polyamide
blank Li+ Na+ K+ Cs+

1 1(R) −45.2 −30.0 −36.6 −18.7 −34.4
2 3(R) −52.4 −34.8 −25.3 −39.8 −53.4
3b 3(R) −141.0 −107.0 −76.0 –c –c

aPolymers: 1.27× 10−3 M (based on the ether ring), perchlorate salts: 1.27× 10−2 M; specific ro-
tations were measured in DMSO (c = 0.1 g dL−1). bIn HFIP-water (vol. 5:1). cPerchlorate salts are
insoluble in HFIP-water.

θ
 

Figure 1. CD spectra of 1(R), 2(S ), and 3(R) in HFIP.

tra of 1(R) and 2(S ) indicate that these polymers have
symmetric structures to each other. The more en-
hanced Cotton effect was observed for 3(R) containing
cis-DADBC moieties than for 1(R) containing trans-
DADBC, being related to their specific rotations. Since
the polyamides obtained have axially dissymmetric bi-
naphthylene joints in the main chain, they have one-
handed helical structures; therefore, the most stable
conformations of the polyamides were computed with
CAChe system. The profile of the helical conforma-
tion of 3(R) is presented as a top view and a side view
in Figure 2. However, a helix-like conformation is al-
lowed only at very low temperatures for such a flexible
polymer because of its molecular motion in a solution.

Complexation with Metal Ions
Pedersen reported the synthesis of crown ethers for

the first time and their remarkable complex formation
with metal salts in organic solvents attracted particu-
lar interest.12 Ever since analogous multidentate cyclic
compounds have been widely studied and very diverse
application of them have emerged.18 Polymeric crown
ethers have also been received considerable attention:
Feigenbaum et al. synthesized a polyamide that con-
tains crown ether rings in its main chain,16 Kopolow
et al. reported polystyrene derivatives that have such
ring pendants,19 and a synthetic method of a chiral con-
jugated crown ether polymer was first shown by Pu
et al.20 We also synthesized chiral helical polyamides
having crown ether rings in the main chain,21 and in the

Figure 2. The most stable conformation of polyamide 3(R) op-
timized with the MM2 force field implemented by CAChe system.

present study the complex formation of the ether rings
with alkali metal ions was examined. Table II shows
changes in specific rotations of the polyamides on addi-
tion of alkali metal salts. In the case of 1(R) with trans-
DADBC moieties, addition of potassium salt resulted in
the most definite change in the specific rotation. Spe-
cific rotations of optically active compounds depend
largely on polarity of the media; consequently, the in-
corporation of metal is presumed to cause a change in
the specific rotation. Above observations are consistent
with well known facts that, in usual cases, a potassium
ion fits most easily into the ether ring of 18-crown-6,
and the complexation constant of the monovalent cation
for the ether ring, therefore, is the largest compared
with those of other alkaline metal ions. Nevertheless,
in the case of 3(R) with cis-DADBC moieties, addition
of sodium salts caused the largest change in the spe-
cific rotation. Substituent effects of dibenzo-18-crown-
6 on the selectivity of metal ions have been reported.22

This is probably due to deformation of the ether ring;
hence, it seems that similar deformation of the ether
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Figure 3. Changes in CD spectrum of 3(R) in the presence of
alkaline metal ions in HFIP-water (vol. 5 : 1). 3(R): 6.35 × 10−5 M
(based on the ether ring), perchlorate salts: 6.35 × 10−4 M

ring in 3(R) leads to reversed complexation constants
of sodium and potassium ions. In the cases of lithium
and cesium ions that are difficult to complex with the
ether ring, the changes in specific rotation are mainly
ascribed to changes in polarities of the solvent due to
the presence of the salts. The specific rotation of 3(R)
was observed also in HFIP-water (vol. 5 : 1) because
CD spectra were obtained in this solvent system as de-
scribed bellow. The negative values of the specific ro-
tation were grater than those in DMSO because of the
change in the polarity of the media as mentioned above
(Run 3 in Table II).

To estimate the degree of transformation of the he-
lical conformation by the complexation, the change in
CD spectrum of 3(R) on addition of alkaline metal salts
was observed. The changes were too small to observe
in DMSO, in which the polymer and all the perchlorate
salts are soluble. This indicates that the much polar sol-
vent can solvate both cations and anions of the salts to
suppress the complexation that causes deformation of
the polymer conformation, which leads to the change
in the CD spectrum. Some solvent systems were ex-
amined and a pronounced change in the CD spectrum
of 3(R) was observed in HFIP-H2O (vol. 5 : 1) when
sodium perchlorate was added (Figure 3). This is as-
cribed to the change in the dihedral angle within the at-
ropisomeric binaphthyl group that was the result of the
conformational change of the polymer caused by the
complexation. Since potassium and cesium perchlo-
rates are insoluble in the solvent system, the effect of
the complexation of the metal ions on the change in
CD spectrum could not be observed.

Solution viscosities of polyelectrolytes are relatively
large because they adopt expanded random coil con-
formations due to electrostatic repulsion of the charges
on the polymer chain. The complexation of the ether
ring-containing polyamides with metal ions is expected

M

η
 

Figure 4. Change in solution viscosity of 4(S ) in the presence
of NaClO4 in HFIP-water (vol. 5 : 1) at 25 ◦C. Polymer concentra-
tion: 0.1 g dL−1 (1.3 × 10−3 M based on the repeating unit).

to confer such a property of polyelectrolytes on the
polymer. As shown in Figure 4, the specific viscos-
ity of 3(R) in the HFIP-water (vol. 5 : 1) increased as
added sodium perchlorate increased. This arises from
extended conformation of the polyamide that carries
positive charges of the incorporated metal ions. This
conformational change allows the flexible polyamide
to assume a helical structure and brings about the CD
spectral change because the dihedral angle within the
atropisomeric binaphthyl group changes. These obser-
vations of solution viscosity also support the complex-
ation.

As described above, Cram’s group synthesized chi-
ral crown ethers using atropisomeric binaphthol and
investigated chiral recognition by the crown ethers to
use them for optical resolution.14 We have already pre-
pared one-handed helical polycations and investigated
stereospecific, or enantioselective interaction of them
with chiral anions,6 and are now interested in applica-
tion of the one-handed helical crown ether polymers to
chiral recognition. Hence, further investigations are in
progress.

CONCLUSIONS

Chiral polyamides containing axially dissymmetric
binaphthyl twists and crown ether rings in their main
chain were synthesized by the palladium-catalyzed
reaction of atropisomeric (R)- or (S )-BEBN, carbon
monoxide, and trans- or cis-DADBC. Incorporation of
monovalent metal ions into the crown ether rings in the
main chain caused conformational changes of the heli-
cal polyamides, which was revealed by changes in CD
spectra of them. This interaction is expected to be used
for chiral recognition.
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