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ABSTRACT: The asymmetric oxidative coupling polymerization of 2,3-dihydroxynaphthalene with the
complexes of Cu(l)—bisoxazoline as a catalyst under an O, atmosphere was successfully accomplished to
produce poly(2,3-dihydroxy-1,4-naphthylene) having a continuous 1,1'-bi-2-naphthol main chain structure.
For example, the polymerization with (S)-2,2'-isopropylidenebis(4-phenyl-2-oxazoline) as a ligand at room
temperature for 24 h afforded a methanol-insoluble polymer in 30% yield with a molecular weight of
approximately 4.1 x 102 as estimated by *C NMR analysis, and the polymer was quantitatively obtained
after 48 h. The obtained polymer was rich in the S-configuration. The structure of the bisoxazoline ligands
significantly affected the catalyst activity and stereoselectivity.

Introduction

The z-conjugated polymers, such as the poly(p-phen-
ylene)s, have attracted interest due to their applications
as advanced materials with electronic and optical func-
tions as well as their thermal and mechanical proper-
ties. However, little attention has been paid to the
poly(1,4-naphthylene)s, although the oligomers, such as
the sexi- and octinaphthalene derivatives, from a step-
wise synthesis have been reported.2 The polymers
having a 1,1'-bi-2-naphthol unit in the main chain are
especially unique because the rigid C,-symmetric struc-
ture can control the polymer conformation and func-
tions, and many studies on the polymers partially
bearing a 1,1'-bi-2-naphthol moiety in the main chain
are available.® Accordingly, optically active poly(2,3-
dihydroxy-1,4-naphthylene) derivatives are of great
interest from the viewpoints of their synthesis, confor-
mational structure, chiroptical and physical properties,
and applications as a rigid polymer with a main-chain
chirality.

HO HO OH OH

Recently, we reported the first synthesis of poly(1,1'-
bi-2-naphthol) derivative, in which the naphthalene
units are connected at their 1,4-position, by the asym-
metric oxidative coupling polymerization (AOCP) of
optically active 3,3'-dihydroxy-2,2'-dimethoxy-1,1'-bi-
naphthalene (1).* The polymer obtained after acetyla-
tion of the hydroxy groups had molecular weights (M)
up to 5.2 x 108 based on the size exclusion chromato-
graphic (SEC) analysis, which corresponds to about 24
repeat units with respect to the naphthalene unit. On
the other hand, the AOCP of 2,3-dihydroxynaphthalene
(2) using CuCl,—(—)-sparteine [(—)Sp] and CuCI—(S)-
(+)-1-(2-pyrrolidinylmethyl)pyrrolidine [(+)PMP] com-
plexes, which are known as effective reagents for the
construction of the 1,1'-bi-2-naphthol skeleton,>® re-
sulted in a low yield and gave a low molecular weight
oligomer, probably due to the low solubility of the

10.1021/ma021797c CCC: $25.00

monomer and products, along with some side reactions
such as the generation of quinone derivatives.”:8

HO MeO OMe OH AcO MeO OMe OAc

1 poly(1')

2 poly(2')

Despite these unsuccessful results, the stereocon-
trolled polymerization of the commercially available and
simple monomer 2 to produce poly(2,3-dihydroxy-1,4-
naphthylene) is valuable in the development of novel
functional polymer materials. In the course of our study
on the AOCP of 2, we found a novel highly active
catalyst system, the copper(l) complexes of C,-sym-
metric bisoxazoline derivatives, such as (S)-2,2'-isopro-
pylidenebis(4-phenyl-2-oxazoline) [(S)IPhO], (R)-2,2'-
isopropylidenebis(4-benzyl-2-oxazoline) [(R)IBnO], (S)-
2,2'-isopropylidenebis(4-tert-butyl-2-oxazoline) [(S)I1tBuQ],
and (S)-2,2'-methylenebis(4-phenyl-2-oxazoline) [(S)-

MPhO].°

(+)PMP -)sp

R = CH,Ph, R'=Me : IBnO
R = t-Bu, R'=Me : ItBuO
R R R=Ph,R'=H:MPhO
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Table 1. AOCP of 2 at Room Temperature for 24 h
solvent vyield (%)@ My, (x103)P

entry catalyst (equiv)

1 CuCl—(+)PMP (0.2) THF <1 1.9
2°  CuCI-(+)PMP (0.2) THF 11¢ 1.8
3f  CuCl—(+)PMP (0.2) THF 139 2.1
4 CuCI—(+)PMP (0.2) CH.Cl, 0

5 CuCl,-(—)Sp (1.0)"  MeOH 3 1.6
6°  CuCl,(—)Sp (2.0)"  MeOH 3 2.1

a Methanol-insoluble part of poly(2'). ® Determined by SEC in
THF (polystyrene standard). ¢ Time = 48 h. 94 [a]®p = —12.8°
(CHCIy). ¢ Reference 4. f Temperature = 50 °C. 9 [a]®p = —3.6°
(CHCI3). " [CuCIl,)/[(—)Sp] = 1/2; the polymerization was carried
out under an N atmosphere.

Experimental Section

Materials. 2 (Kishida Chem. Co.) and copper(l) salts [CuClI
and (CF3SO3Cu),-CegHs (CuOTf); Aldrich] were used as re-
ceived. The solvents, tetrahydrofuran (THF), dichloromethane,
and methanol, used for polymerization were purchased from
Kanto Chem. Co. as the dehydrate grade. The commercially
available bisoxazolines (Aldrich) were used without further
purification.

Measurements. 'H and 3C NMR spectra were measured
on a Varian Gemini-2000 (400 MHz for *H) spectrometer in
CDCI; with tetramethylsilane as the internal standard. The
SEC analyses were performed on a Shodex GPC-System-21
equipped with Shodex UV-41 and Shodex RI-71S detectors
using Shodex GPC KF-806L and KF-803 columns connected
in series, and THF was used as eluent (temperature = 40 °C,
flow rate = 1.0 mL/min). Calibration was carried out using
standard polystyrenes. Optical rotation was measured on a
JASCO P-1030 polarimeter at 25 °C. Circular dichroism (CD)
spectra were obtained with a JASCO J-720L apparatus.
Thermogravimetric analyses (TGA) were carried out with a
Seiko SSC-200 equipped with a TG/DTA-220 apparatus (at a
heating rate of 40 °C/min).

Polymerization. 2 (0.28 g, 1.75 mmol) was added to a
mixture of the Cu(l) salt and bisoxazoline in a solvent ([2] =
0.35 M, [Cu(D]/[ligand]/[2] = 0.2/0.25/1). The mixture was
stirred at room temperature under an O, atmosphere. After
evaporation of the solvent, CH,Cl, and an excess amount of
acetyl chloride and pyridine were added. After a 12 h stirring,
poly(2') was isolated as the methanol-insoluble part by cen-
trifugation, repeated washing with methanol, and drying in
vacuo.'°

Results and Discussion

The results of the AOCP of 2 using the CuCl—(+)-
PMP and CuCl,-(—)Sp complexes are listed in Table 1.
The polymerizations were carried out under an O
atmosphere for the CuCl—(+)PMP catalyst system
(entries 1—4) and under an N, atmosphere for the
CuCl,-(—)Sp (entries 5 and 6). In every case, however,
the methanol-insoluble fraction after acetylation of the
hydroxy groups was obtained in a poor or no yield (up
to 13%) and an oligomer corresponding to the 7—9-mers
as previously reported.*

Table 2 shows the AOCP of 2 using various Cu(l)—
bisoxazoline complexes in THF or CH,Cl, at room
temperature under an O, atmosphere. The polymeri-
zation with the CuCI—(S)IPhO catalyst for 24 h afforded
poly(2') as a methanol-insoluble fraction in 30—34%
yield, which showed M, = (1.06—1.53) x 10* (SEC)
(entries 1 and 3). Furthermore, the polymer was quan-
titatively obtained from the polymerization for 48 h,
although the obtained polymer was mostly insoluble in
THF and CHCI3; (entry 2). The counteranion of the
copper salt, trifluoromethanesulfonate (OTf), also sig-
nificantly influenced the catalyst activity to produce a
polymer in quantitative even for the 24 h polymerization
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Table 2. AOCP of 2 with Bisoxazoline Ligands in THF at
Room Temperature

time M (x10%)  [0]%p°

entry catalyst (h) yield2(%) (Mw/My)P° (deg)
1 CuCI—(S)IPhO 24 30 10.6 (2.6) —40.3
2 CuCI—(S)IPhO 48 >99d (3)¢ 6.2 (2.3)
3 CuCI—(S)IPhO 24 34 (31)° 15.3(2.4) +6.1
4 CuOTf-(S)IPhO 24 >99d (<1)¢ 9.4 (5.6)
5 CuCl-(R)IBhO 24 21 9.8(1.5) +13.9
6 CuCI—(S)ItBuO 24 27 (25)¢ 8.5(1.8) +19.3
7 CuCI—(S)MPhO 24 >99d (4)¢ 6.9 (1.5)
8 CuCIl—(S)MPhO 3.5 56 (36)° 9.3(1.6) +46.1
9 CuCIl—(S)iPrOPy 24 0

a Methanol-insoluble part of poly(2'). ® Determined by SEC in
THF (polystyrene standard). ¢ In CHCIs. ¢ Methanol-insoluble part
of poly(2). ¢ Methanol-insoluble and THF-soluble part of poly(2').
f Solvent = CHCl..

-CCHj
A 3}
|
J,‘m‘m/f V‘A\%’
Jo— Vo )
I N L CCH,
21 20 19
c=0
T T T I T T T T T T T 1 T 1 T
160 140 120 100 80 60 40 ppm

Figure 1. 3C NMR spectrum of poly(2') obtained with the
CuClIl—(S)IPhO catalyst (Table 2, entry 1) (CDCls, 60 °C).

Table 3. Asymmetric Oxidative Coupling of 3 at Room

Temperature?
entry catalyst solvent time (h) yield (%)° ee (%)°
1 CuCl—(+)PMPY CHyCl 7 84 10 (S)
2 CuCI—(S)IPhO THF 2 92 43 (S)
3 CuCI—(S)IPhO  CH.ClI; 2 84 11 (S)
4 CuOTf—(S)IPhO THF 3 94 12 (S)

a[Ccu(]/[3]1 = 0.2, [3] = 0.35 M, O, atmosphere. ° Isolated yield.
¢ Determined by chiral HPLC (Chiralpak AD). 9 [Cu()]/[3] = 0.1.

(entry 4). Both the polymer yield and M, value were
dramatically increased by using the bisoxazoline ligand
in comparison with the Cu(l)—(+)PMP and Cu(ll)—
(—)Sp systems.

Figure 1 demonstrates the 13C NMR spectrum of poly-
(2") obtained in THF (entry 1). The expanded spectrum
of the methyl carbon in the acetyl groups shows a broad
peak with a small shoulder around 21.0 ppm due to the
terminal acetyl groups.* The molecular weight calcu-
lated from this intensity was approximately 4.1 x 103
[degree of polymerization (DP) ~ 17], which is less than
the half value estimated by SEC. This is due to the rigid
main chain structure of the polymer. Although the
stereochemistry of poly(1') was evaluated from the
absorption in this region,* significant information was
not obtained for poly(2").

The model reaction, coupling of 3-benzyloxy-2-naph-
thol (3) with the (S)IPhO ligand, was carried out (Table
3). The reactions proceeded in high yields to give a
coupling product, 3,3'-dibenzyloxy-1,1'-binaphthalene-
2,2'-diol (4),°¢11 with an S-selective manner. The reac-
tion in THF showed a moderate and higher enantio-
selectivity (43% ee, entry 2) than that obained in CH»-
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Cly. The CuOTf catalyst resulted in a low stereoselec-
tivity (entry 4).
BnOL HO OH OBn

The polymer obtained with the CuCI—(S)IPhO system
in THF exhibited a much higher specific rotation ([0]%°p
= —40.3°) than that obtained in CH,Cl; (+6.1°). These
are in good agreement with the results of the model
reaction, although the sign for the specific rotations of
the poly(2')s are opposite to each other. The polymer
obtained with (S)IPhO in THF should preferentially
have an S-structure, whereas the R-structure should be
in slight excess in poly(2') obtained in CH,Cl,, although
the degree of selectivity is not clear at present. These
results are also supported by the circular dichroism (CD)
spectra as will be mentioned later.

The effect of the structure of the bisoxazoline ligand
on the AOCP of 2 in THF was examined. The ligands
bearing the isopropylydene-bridge, (R)IBnO and (S)-
ItBuO, were less effective for the stereocontrol during
the polymerization than (S)IPhO based on the [o]p value
of the obtained polymers (Table 2, entries 5 and 6). On
the other hand, the (S)MPhO having a methylene bridge
showed a high catalyst activity to quantitatively produce
a polymer for the polymerization of 24 h and in 56%
yield even after 3.5 h (entries 7 and 8). In addition, the
highest and positive specific rotation was observed for
the obtained polymer. The complex of CuCl with 2,6-
bis[(4S)-isopropyl-2-oxazolin-2-yl]pyridine [(S)'PrOPy]
resulted in no yield. The structure of the bisoxazoline
ligand significantly affected the activity as well as the
stereoselectivity.

| S
0/ "N\ _0
QK'N A
iPr iPr
iPrOPy

Figure 2 demonstrates the CD spectra of the obtained
polymers and the model compound, (S)-2,2',3,3'-tetra-
acetoxy-1,1'-binaphthyl (5) ([o]?°p = +4.5, in CHClI3).1?
The almost mirror-image spectral patterns were ob-
served between the polymers with the negative and
positive specific rotations, and the absorption intensity
at 230 nm showed a good relation to the [o]p values.
The CD spectral pattern indicates that the polymer
obtained with (S)IPhO in THF is rich in S-configuration,
while the polymer obtained using (SYMPhO consists of
the superior R-structure. However, when compared to
the absorption intensity of the model (S)-5, that of the
poly(2')s was much smaller. Therefore, the enantio-

l i OAc
OAc
OAc

!!OAC

5
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Figure 2. CD spectra of the model compound (S)-5 (a), poly-
(2') obtained with (S)IPhO in THF (b) (Table 2, entry 1), with
(S)IPhO in CH.CI; (c) (entry 3), with (R)IBnO (d) (entry 5),
with (S)ItBuO (e) (entry 6), and with (S)MPhO (f) (entry 8)
(in CHCly).

selectivity in the AOCP using the bisoxazoline ligands
should be moderate or low as shown in the model
reaction.

To estimate the stereoselectivity in the AOCP of 2,
poly(2,3-dimethoxy-1,4-naphthylene) [poly(2")] was syn-
thesized using 1 and 2 as a monomer. The polymeriza-
tion of (R)-1 at room temperature using the CuCl,—
(—)Sp complex (1 equiv) in MeOH—CH,Cl; (5/1 (v/v)) for
48 h afforded poly((R)-1). A part of the obtained polymer
was acetylated to give poly(1') [total yield 71% (MeOH-
insoluble part), M, = 3.7 x 103, My/M, = 1.9 (SEC),
[0]%°p = +200.2 (in CHCI3)], whose stereochemistry was
determined by 13C NMR analysis* to be R:S = 81:19
with respect to the newly formed carbon—carbon bonds
during the polymerization. Therefore, the obtained poly-
((R)-1) has a main-chain stereochemistry, R:S = 91:9.
Another part of the obtained poly((R)-1) was methylated
using an excess amount of methyl iodide and potassium
carbonate at 40 °C in a mixture of N,N-dimethylforma-
mide (DMF)—THF (1/1 (v/v)) to afford poly(2") in 72%
yield as a methanol-insoluble fraction [M, = 3.9 x 103,
Mw/M, = 1.9 (SEC)] with the specific rotation, [0]*°p =
+201.3° (in CHCI3). Poly(2'") was also prepared by the
polymerization of 2 with the CuCI—(S)IPhO catalyst (20
mol %) in THF at room temperature for 24 h followed
by methylation of the hydroxy groups in 54% yield as a
methanol-insoluble part (methanol-insoluble and THF-
soluble part: 13%) [M, = 6.8 x 102, M\//M, = 1.9 (SEC),
[0]?°p = —28.5° (in CHCI3)]. Assuming that the stereo-
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Figure 3. CD spectra of poly(2") obtained from (R)-1 (a), from
2 (b), and poly((R)-1') (c) (in CHCI5).

selectivity (e.e.) of the main chain directly attributes to
the specific rotation of the polymer, the specific rotations
of the above two poly(2") independently synthesized
from (R)-1 and 2 were compared. The stereoselectivity
of poly(2") prepared from 2 was evaluated to be R:S =
44:56 (12% ee) (see Scheme 1). This estimation again
suggests that the enantioselectivity in the AOCP using
the bisoxazoline ligands may not be high.

The CD spectra of poly(2") and poly((R)-1') obtained
from (R)-1 and 2 are shown in Figure 3. The spectral
patterns of poly(2'')s are almost mirror images of each
other, although the intensity is quite different, support-
ing the above results.

A thermal property of poly(2) and poly(2') was inves-
tigated by TGA (Figure 4). Two-step weight loss was
observed for both polymers. Judging from the percent-
ages of weight loss, the substituents on the naphthalene,
acetyl and hydroxy groups, should be first decomposed
around 350 °C, and then the polynaphthylene main
chain starts to decompose around 400 °C.

In conclusion, the asymmetric oxidative coupling
polymerization of a simple and commercially available
monomer, 2,3-dihydroxynaphthalene, was first attained
using the Cu(l)—bisoxazoline catalysts to produce poly-
(2,3-dihydroxy-1,4-naphthylene) having a continuous
1,1'-bi-2-naphthol main chain structure. The structure
of the bisoxazoline ligands significantly affected the
catalyst activity and stereoselectivity. The enantio-
selectivity attained in this polymerization was estimated

temperature / °C

Figure 4. TGA traces of poly(2) (Table 2, entry 7) (a) and
poly(2') (Table 2, entry 3) (b).

to be low, although the actual selectivity is not clear at
present.
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5 was prepared from 4 by deprotection of benzyl groups and
acetylation. The obtained racemic 5 was separated by HPLC
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using Chiralpak AD (Daicel, eluent: hexane/2-propanol = 9/1
(viv)): *H NMR (400 MHz, CDCls): 6 1.92 (s, 6H, —COCHy3),
2.33 (s, 6H, —COCH3), 7.13—7.89 (m, 10H, aromatic). IR
(KBr,cm™1): 2926, 1774, 1438, 1371, 1245, 1204, 1148, 1098,
1012. Mass (FAB) m/z 487 (M + HIY).
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