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General Introduction

Polyphenols, which are in a higher class of plants, are nonnally regarded as a

group of compounds containing multiple phenolic functionalities. 1 These compounds

possess important biological activities. They are expected to be in use as drugs for heart

ailments, mutagenesis, etc. However, naturally occurring polyphenols have limitations

due to the limited number of structural variety and complexity of the building blocks

might make analysis difficult. For example, several types of polyphenols are well known.

The classification of naturally occurring polyphenols is based on repeated building

blocks as shown in Chart I?

Chart 1.
R R1

OH

OH OH R1 ~
R2

~ ~

HO 0 ~ HO 0 ~
~

OH R2

~
OH OH

OH OH 0 HO 0

The most abundant polyphenol is lignin, which can be seen in woody tissues,

while it is often excluded from the category of so-called polyphenols. Lignin also has

extremely complicated structure, and kinds of the repeating units are numerous. It is

noted that lignin is biologically degraded in spite of the low solubility and the variety of

the structure.3 Interestingly, it is reported that lignin is fonned by a random

polymerization ofp-coumaryl alcohol radicals and its methoxy-substituted derivatives in

vitro.4

On the other hand, synthetic polyphenols usually have simpler repeating unit

compared to natural ones. Phenol-fonnaldehyde resins (Scheme 1) would be the most

conventional synthetic polyphenols. Novolacs and resols are widely used in industrial
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fields because of the excellent toughness and thennal properties.s Novolacs are prepared

by reacting phenol with fonnaldehyde under acidic conditions, in which the molar ratio

affects the degree of crosslinking. On the other hand, resols are prepared under alkaline

conditions. Thus the structure of these phenol-fonnaldehyde resins is highly dependent

on the reaction conditions and various kinds of related compounds have been in use.

However, the toxicity of fonnaldehyde causes problems in the practical use. It is

strongly demanded to develop an alternative wayfor preparation ofpolyphenoIs.

Scheme 1.
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p-Alkylphenols give cyclic oligomers upon condensation with aldehydes under
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synthesized in basic condition, whereas acid catalysis

afforded a special calixarene. The unique confonnations

have been paid much attention. Calixarenes provide

aromatic cavity, which can make complexes with metal ions

bearing suitable size,8 depending on the confonnation.

specific reaction conditions, which are called calixarenesand also regarded as

polyphenols.6
,7 The ring size varies depending on reaction Chart 2.

conditions.7 Tetra-, hexa-, and octameric products are

Another representative polyphenol IS
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poly(phenylene oxide) (PPO), which is prepared by copper/amine catalyst from

2,6-dimethylphenol (Scheme 2).9,10 PPO shows good mechanical properties and

chemical stability even at high temperatures and is used as engineering plastics. 11 The

essential difference of PPO from other polyphenols is that PPO has only one phenolic

hydroxyl group in a single polymer chain and consists of c-o linkage. This· is the

characteristic point ofPPO and brings about unique properties.

Scheme 2.

Cu-amine, O2
.. ...

Unlike PPO, synthesis of a polyphenol consisting of only C-C linkage is

reported, that is an ortho-phenol polymer.12,13 The structure potentially has two

conformational isomers, cisoid and transoid (Chart 3). These two isomers are expected

to differ in complexation ability due to the orientation of multifunctional hydroxyl

groups. 14



Thus extensive work on polyphenols has been reported and some of them have

been practically applied. It is a quite significant work to develop novel polyphenol

synthesis. Utilization of enzymatic polymerization to polyphenol synthesis has been

greatly paid attention1S
-
32 as one way not only to solve some environmental problems

concerned with formaldehyde but also to gain a novel method for preparation of new

functional polyphenols.

Horseradish peroxidase C (HRPC), which is one of the well studied enzymes as

the model for Michaelis-Menten kinetics, is a kind of heme glycoproteins having a 42

kDa single chain of 308 residues with eight oligosaccharide side chains, two calcium

ions, and one prosthetic protoporphyrin IX.33
-
38 The normal catalytic cycle is shown in

Scheme 3, where compound I, compound II, and AH2 represent a two-electron oxidized

form of the enzyme, a one-electron oxidized form of the enzyme, and electron donor,

respectively. The essential catalytic residues for the activity are His42 and Arg38 in the

distal site, His42 serves as an acid-base catalyst,39 whereas Arg38 makes enzyme more

active by facilitating charge separation. Asn70 and Glu64are also important to maintain

the activity by forming the network His42-Asn70-Glu64 via hydrogen bonds.40
,41 The

active site structure ofHRP obtained by crystallographic study42 is shown in Figure 1.

Scheme 3.

HRP (resting state) + H20 2

HRP (compound I) + AH2

HRP (compound II) + AH2

----..,.~ HRP (compound I) + H20

--~. HRP (compound II) + AH'

--... HRP (resting state) + AH'
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Asp247

Figure 1. Active site structure ofHRP. The hydrogen bonds are indicated by solid lines.

HRP catalytically oxidizes a wide variety of aromatic substrates to free radicals,

typically phenols to phenoxy radicals, at the expense of hydrogen peroxide.43 In case of

the phenolic monomers having unsubstituted 0- and/or p-positions, the resulting

phenoxy radicals easily couple with each other step by step to give higher molecular

weight products. Since HRP has been reported to maintain its activity even in a mixture

of buffer and water-miscible organic solvents, HRP-catalyzed polymerizations of

aromatic compounds have been extensively studied in such media. This process does

not use toxic formaldehyde and their synthetic procedure is very facile. Some of the

polyphenols showed high thermal stability. In the peroxidase-catalyzed polymerization.

of a phenol derivative having methacryloyl group, the phenolic moiety was
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chemoselectively polymerized to give a polymer having the methacryloyl group in the

side chain (Scheme 3).19 The resulting polymer had a structure consisting of phenylene

and oxyphenylene units. The polymerization of 3,5-dimethoxy-4-hydroxybenzoic acid

(syringic acid) involved the elimination of hydrogen and carbon dioxide from the

monomer to give PPO having a carboxylic acid group at one end and a phenolic group

at the other.44 Interestingly, conventional chemical oxidation catalysts did not induce the

polymerization of syringic acid.

Scheme 4.

n

Considering polyphenols as a chemical substance, it is noted that polyphenols

can be oxidized and simultaneously prevent free radical formation. Such a reaction is

considered to be the essential step for acting as drugs. The other important aspect is

binding with biologically important molecules by the multiple functional groups. For

example, polyphenols strongly interact with proteins. This phenomenon is also

considered to be a significant property for the use in medical fields. Chemical

modification and novel synthetic pathway would improve the properties and give more

potential to polyphenols.

With the background described above, the present thesis consists of seven

chapters including the following topics on the oxidative polymerization of phenolic

compounds: preparation of new functional polyphenols, establishment of efficient
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reaction conditions, and development ofnovel reaction systems.

A comprehensive classification of polyphenols including natural and synthetic

one has not been complete. The definition of the word 'polyphenol' is not clear and

sometimes confusing. Therefore 'phenolic polymers' is used below to represent

polymers obtained by polymerization ofphenolic monomers.

In Chapter 1, HRP- and soybean peroxidase (SBP)-catalyzed oxidative

polymerization of m-substituted phenols has been performed in a mixture of a

water-miscible organic solvent and buffer at room temperature under air (Scheme 5). In

the polymerization of m-cresol using HRP catalyst, effects of an organic solvent, buffer

pH, and their mixing ratio have been systematically investigated with respect to the

polymer yield, solubility, and molecular weight. The difference of the polymerization

behaviors, depending on the origin of peroxidases, and relationship with the

m-substituent were examined.

Scheme 5.

OH

~U R

Peroxidase, H202..
[

OH

~
~R

In Chapter 2, HRP-catalyzed polymerization of m-ethynylphenol possessing

two reactive groups, phenol and acetylene moieties, was carried out in an aqueous

methanol under air (Scheme 6). The reaction of the monomer using a copper/amine

catalyst, a conventional catalyst for oxidative coupling, exclusively produced a

diacetylene derivative. On the other hand, the peroxidase catalysis induced the

chemoselective polymerization of the monomer. The resulting polymer was converted to

carbonized polymer in a high yield and the process was analyzed by JR, Raman, and

X-ray diffraction measurements.
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Scheme 6.

6 HRP,H,O,

~

In Chapter 3, two functional phenolic polymers were chemoenzymatically

prepared. At first, 4-hydroxyphenyl benzoate was oxidatively polymerized by the

peroxidase catalyst and followed by hydrolysis in alkaline solution to give

poly(hydroquinone) (Scheme 7). The polymerization of tyrosine esters, followed by

alkaline hydrolysis of the ester group, produced the other target, poly(tyrosine) having

amino acid moiety in the side chain (Scheme 8).

Scheme 7.

Peroxidase, H20 2.. ..

Scheme 8.

¢
9H2

CIH3N-CH-C02R

-¢- / -¢
9H2 9H2

CIH3N-CH-C02H CIH3N-CH-C02H n
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In Chapter 4, HRP-catalyzed polymerization of m-substituted phenols has been

achieved in the presence of heptakis(2,6-di-O-methyl)-p-cyclodextrin (DM-P-CD) in a

buffer (Scheme 9). A water-soluble complex of the monomer and DM-P-CD was

formed and the polymerization was performed by peroxidase catalyst to give the

polymer in high yields. The inclusion complex formation was examined by NMR.

Scheme 9.

OH

~U R
..

buffer

/ &RL
3

DM-13-CD

In Chapter 5, oxidative polymerization of 2,6-disubstituted phenols has been

performed by using an iron salen complex and hydrogen peroxide as a catalyst and an

oxidizing agent, respectively (Scheme 10). Efficient production of PPO and potential of

the complex for oxidative polymerization were mentioned.

Scheme 10.

....
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In Chapter 6, synthesis of a phenolic polymer bearing photosensitive groups

was carried out (Scheme 11) and its photochemical behavior caused by UV irradiation

was discussed. Spin coated polymer films were prepared and characterized. The

behavior in the UV irradiation was analyzed by IR spectroscopy and waveguide

spectroscopy.

Scheme 11.

Q
R

Fe-salen, H202 [~/ -A I

====D=M=F~:""""· Y y"

In Chapter 7, oxidative grafting of phenolic polymers onto a phenol-containing

cellulose has been performed in homogeneous system at room temperature under air to

produce cellulose-phenolic polymer hybrids (Chart 4). The course of the reaction was

analyzed by SEC in detail.

Chart 4.

°
~

HOSO
" j

. °

~

The present investigation provides not only new functional phenolic polymers

but also environmentally benign and efficient reaction systems to produce soluble
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polymers by utilizing new catalyst and m~thod, which would be further applicable to

synthesis of a variety of functional phenolic polymers for the future. The experimental

results will be described in the following chapters.
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Chapter 1

Peroxidase-Catalyzed Oxidative Polymerization of m-Substituted Phenol

Derivatives

Introduction

Peroxidases induced the oxidative polymerization of phenol derivatives under

mild reaction conditions to produce a new class of phenolic polymers in good yields.1013

This process does not use toxic formaldehyde and their synthetic procedure is very facile.

Some of the phenolic polymers showed high thermal stability.7,8 In the

peroxidase-catalyzed polymerization of a phenol derivative having methacryloyl group,

the phenolic moiety was chemoselectively polymerized to give a polymer having the

methacryloyl group In the side chain. 10 The polymerization of

3,5-dimethoxy-4-hydroxybenzoic acid (syringic acid) involved the elimination of

hydrogen and carbon dioxide from the monomer to give poly(1,4-oxyphenylene) having

a carboxylic acid group at one end and a phenolic group at the other. 13 Interestingly,

conventional chemical oxidation catalysts did not induce the polymerization of syringic

acid.

A mixture of a water-miscible organic solvent and buffer was often used as a

solvent of the enzymatic polymerization of phenols, in which peroxidase as well as

monomer is soluble. The previous studies on the oxidative polymerization of phenols

using horseradish peroxidase (HRP) as a catalystl
-
3 showed that an aqueous 1,4-dioxane

system afforded the polymers in high yields. However, the resulting polymers showed

low solubility toward organic solvents. Afterwards, the .solubility was improved by

changing the solvent composition, e.g., the polymerization of bisphenol A catalyzed by
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soybean peroxidase (SBP) in an equivolume mixture of methanol and phosphate buffer

(pH 7) produced the polymer, readily soluble III methanol, acetone,

N;N-dimethylformamide (DMF), and dimethyl sulfoxide (DMSO).12

So far, the detailed polymerization behaviors of the enzymatic polymerization

of unsubstituted and p-substituted phenols have been investigated, whereas there have

been few studies on the enzymatic polymerization of m-substituted monomers.

Poly(m-cresol) was synthesized by the HRP-catalyzed polymerization in an aqueous

organic solvent and a reversed micellar system,5,6,11 and HRP did not catalyze the

oxidative polymerization of m-iso-propylphenol in the aqueous 1,4-dioxane.5 The

present chapter describes systematical investigation on the enzymatic oxidative

polymerization of m-substituted phenols (Scheme 1). In this study, relationships

between the enzyme type and monomer substituent III the peroxidase-catalyzed

polymerizations have been clearly shown for the first time.

Scheme 1.

OH

~.U R

Experimental section

Materials. m-Substituted phenols were· commercially available and used as

received. HRP (BC 1.11.1.7, lOOU/mg) andSBP (BC 1.11.1.7, 60U/mg) were purchased

from Wako Pure Chemical Co. and Sigma Chemical Co., respectively. These enzymes

were used without further purification.

16



Enzymatic oxidative polymerization of m-substituted phenols. The

following is a typical procedure for the polymerization (entry 7 in Table 1). Under air,

m-cresol (0.54 g, 5.0 mmol) and HRP (1.0 mg) in a mixture of 12.5 mL ofmethanol and

12.5 mL of 0.1 M phosphate buffer (pH 7) were placed in a 50 mL flask. Hydrogen

peroxide (5 % aq. solution, 3.4 mL,5.0 mmol) was added dropwise to the mixture for 2

h at room temperature under air. After 3 h, the polymer precipitates were collected by

centrifugation. The polymer was washed with an aqueous methanol (50:50 vol%),

followed by drying in vacuo to give 0.52 g ofthe polymer (yield 97 %).

Measurements. SEC analysis was carried out usmg a TOSOH SC8010

apparatus with a refractive index (RI) detector at 40 DC under the following conditions:

TSKgel G3000HHR or G4000HHR column with tetrahydrofuran (THF) eluent at· a flow

rate of 1.0 mL/min. The calibration curves for SEC analysis were obtained using

polystyrene standards. IH NMR spectra were recorded on a 270 MHz lEOL

JNM-EX270l spectrometer. IR spectra were recorded on a Horiba FT-720 spectrometer.

GC analysis was carried out using a Shimadzu GC-14B apparatus equipped with an FID

detector and a TC-5 column (GL Sciences). DSC measurement was made at a

10 DC/min of heating rate under nitrogen using a Seiko SSC/5200 differential scanning

calorimeter calibrated with an indium reference standard. TG analysis was performed

using a Seiko SSC/5200 apparatus for thermogravimetry / differential thermal analysis

at a heating rate of 10 DC/min under nitrogen in a gas flow rate of 300 mL/min.

Results and discussion

HRP-catalyzed polymerization of· m-cresol. Previous reports showed that

poly(m-cresol) obtained by the HRP-catalyzed polymerization in a mixture of

17



1,4-dioxane and buffer (80:20 vol%) was almost insoluble in common organic solvents

and water. 5
,6 Here, the author has performed the optimization to form a soluble polymer

from m-cresol in a high yield by changing the solvent composition. The polymerization

started with the addition of hydrogen peroxide, which was poured dropwise into the

reaction mixture for 2 h. The reaction was carried out at room temperature under air.

During the polymerization, the formation of pale yellow, powdery precipitates was

observed. After 3 h, the precipitates were collected by centrifugation.

Table 1 summarizes the results ofm-cresol polymerization catalyzed by HRP in

an equivolume mixture of water-miscible organic solvent and buffer (0.1 M). The effect

of the organic solvent was examined by using pH 7 phosphate buffer as a solvent

(entries 1-4, 7, and 11). In all cases examined, the polymer was formed in high yields.

The polymer obtained using ethanol, methanol and 2-propanol as cosolvent showed high

solubility toward polar organic solvents such as acetone, DMF, DMSO, tetrahydrofuran

(THF), and chloroform (entries 4, 7, and 11). In particular, the polymer obtained in the

aqueous methanol (entry 7) was readily soluble in these solvents. On the other hand, the

polymerization in using acetone, acetonitrile, 1,4-dioxane afforded the polymer which is

partly soluble in such polar solvents (entries 1-3).

The buffer pH also affected the polymerization behaviors (entries 5-9). In the

pH range from 4 to 9, the polymer was formed in good yields and the yield was the

highest in the buffer pH of 7 (entry 7). On the other hand, no polymer formation was

observed in the buffer of pH 10. In case of the HRP-catalyzed polymerization of phenol

in a mixture of 1,4-dioxane and buffer (80:20 vol%), the yield in alkaline region (pH 2:

9) was much lower than that in pH 7,7 whereas the good yield was achieved in the pH

range from 9 to 11 in the HRP-catalyzed polymerization of 2,6-dimethylphenol using a

mixture of acetone and buffer (40:60 vol%) as solvent.9 These data suggest that the

polymer yield strongly depends on the solvent composition as well as the monomer

structure. Distilled water also provided the soluble polymer in a high yield (entry 10).
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Table 1. HRP-catalyzed polymerization ofm-cresol. a)

Entry Organic solvent Buffer pH Yield Mnx 10-2 b) MwlMn b)

(%)

1 acetone 7 96 20 c) 7.0 c)

2 acetone 7 84 22 c) 2.5 c)

3 1,4-dioxane 7 87 27 c) 8.0 c)

4 ethanol 7 89 25 2.8

5 methanol 4 84 13 1.5

6 methanol 5 94 13 1.5

7 methanol 7 97 15 2.3

8 methanol 9 90 10 2.6

9 methanol 10 0

10 methanol distilled water 92 17 2.5

11 2-propanol 7 89 30 1.3

a) Polymerization ofm-cresol (5.0 mmol) using HRP catalyst (1.0 mg) in an equivolume

mixture oforganic solvent and 0.1 M buffer (each 12.5 mL) at room temperature for 3 h

under air. b) Determined by SEC using THF eluent. c) Data ofthe THF-soluble part.

The molecular weight of the polymer was estimated by size exclusion

chromatographic (SEC) analysis using THF eluent. The molecular weight obtained in an

aqueous methanol was lower than that in a mixture of other organic solvents and buffer.

Among the mixed solvents to produce the soluble polymer, an aqueous 2-propanol

afforded the highest molecular weight (entry 11). A similar tendency was observed in

the peroxidase-catalyzed polymerization of bisphenol A in a mixture of organic solvent

19



and pH 7 phosphate buffer. 12

Figure 1 shows effects of the mixing ratio of the buffer on the yield and the

molecular weight of the polymer in a mixture of methanol and pH 7 phosphate buffer.

There was a maximum point of the polymer yield in the buffer content of 50 %. The

activity of HRP for the oxidation of phenol derivatives in the buffer was reported to be

much higher than that in an aqueous organic solvent.14 However, the yield of the

polymer obtained in the buffer was much smaller than that in the aqueous methanol.

One hypothesis is relevance of cluster formation by self-association of m-cresol15

although complete explanation has not been given so far. In the range of buffer content

from 30 to 80 %, the soluble polymer was obtained and the molecular weight decreased

as increasing the buffer content because of the decrease in the solubility of the produced

polymer.

100 2000

80
1500 -..cbJ)

~

60
"0)

~ ~'-'
"0

1000 ~1) ;:3:; 0
Cl)

40 ~

500
20

o L-.....,s::;II................,....L-...""-........-....4---J.----",a..--1 0

o w ~ ~ W 100

Buffer Content (%)

Figure 1. Effect of buffer content on the yield and molecular weight ofpolymer.

The effect of the enzyme amount was examined in an equivolume mixture of

methanol and pH 7 phosphate buffer. When the HRP amount was 1 (entry 7) or 10 mg
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per 5 mmol of m-cresol, the polymer was almost quantitatively obtained and the

molecular weight and solubility scarcely changed. Assuming the molecular weight of

HRP as 4xlO\16 the total turnover ofHRP is more than 2x105
, implying the extremely

high catalytic activity of HRP for the present oxidative polymerization. In using the less

amount (0.1 mg) of HRP, on the other hand, the polymer yield and molecular weight

decreased (yield = 19 %; number-average molecular weight = 1100).

HRP- and SBP-catalyzed polymerization of m-substituted phenol

derivatives. SBP was reported to be active as a catalyst for oxidative. polymerization of

phenol derivatives.4,12,13,17 In a previous paper concerning peroxidase-catalyzed

polymerization of bisphenol A,12 SBP was superior to HRP for the efficient production

of the polymer with higher molecular weight, whereas the yield of the polymer obtained

from phenol by using SBP was lower than that by HRP under similar reaction

conditions. 17 Moreover SBP has extremely high thermal stability and tolerate at lower

pH than HRP. 18 Here, the enzymatic polymerization of m-substituted phenol derivatives

was carried out by using HRP or SBP as a catalyst in an equivolume mixture of

methanol and pH 7 phosphate buffer (Table 2). The catalytic activity of SBP used

toward guaiacol oxidation was ca. quarter as large as that of HRP; four times amount of

SBP was employed. In order to explore the effects of the monomer structure on the

enzymatic polymerizability, substituent volume and HOMO level of the monomer were

calculated by the Spartan set of programs using the AMI method. The former is shown

as an indication of steric factor toward the enzymatic polymerization. The latter is

considered to strongly correlate the oxidizing reactivity.

The HRP-catalyzed polymerization of m-cresol afforded the polymer almost

quantitatively and the yield enormously decreased in using m-ethylphenol. The polymer

formation was not observed in the HRP-catalyzed polymerization of m-iso-propyl and

m-tert-butylphenols. In case of the SBP-catalyzed polymerization of m-alkylphenols, on

21



the other hand, the polymer yield increased as a function of the substituent volume.

Since the HOMO levels of m-alkylphenols are almost the same, the polymerization

behavior was mainly explained by the relationships between the peroxidase origin and

the steric factor of the monomer. It is thus to be noted that HRP has high catalytic

activity toward the monomer having a smaller substituent, and SBP is preferable to the

larger substituent monomer. This is probably due to the difference of the enzyme

structure. SBP has a more solvent accessible 8-meso heme edge whereas it shows 57 %

amino acid sequence identity;19 therefore larger substrate would be favored than HRP.

In case of the HRP-catalyzed polymerization of unbranched p-alkylphenols in the

aqueous 1,4-dioxa.ne, the polymer yield increased with increasing chain length of the

alkyl group from 1 to 5, and the yield of the polymer from hexyl or heptylphenol was

almost the same as that of the pentyl derivative.2o Thus large substituents could be

applied in the case of p-substituted phenol derivatives, whereas bulky m-substituted

phenols were unfavorable in producing polymer in the HRP-catalyzed polymerization.

In the peroxidase-catalyzed polymerization of m-cresol, chIoro and bromophenols

possessing almost the same volume substituent, the yield of the polymer by using HRP

is larger than that by SBP, and in using both enzymes, m-cresol afforded the polymer in

a higher· yield than m-chIoro and bromophenols. These results indicate that the

monomers with a smaller (more negative) HOMO value afforded the polymer in a lower

yield. A smaller HOMO value means the higher tolerance of the monomer to oxidation.

The polymerization of m-methoxyphenol produced the polymer with molecular weight

less than 1000.
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Table 2. Peroxidase-catalyzed oxidative polymerization of m-substituted phenol derivatives. a)

Entry

Monomer

Substituent Substituent volume d) HOMO d)

(A?) (eV)

Yield

(%)

HRP b)

Mn x 10-2 e) MwlMn e) Yield

(%)

SBP c)

Mn x 10-2 e) MwlMn e)

1 methyl 36 -9.02 97 15 2.3 49 11 3.5

2 ethyl 57 -9.02 37 14 1.8 72 12 2.5

3 isopropyl 77 -9.04 0 82 15 1.5
t-:>
CI.:l

4 tert-butyl 98 -9.01 0 99 12 1.3

5 chloro 32 -9.30 58 12 1.4 10 19 t) 2.4 t)

6 bromo 39 -9.34 51 9.9 1.5 6 13 3.0

7 methoxy 47 -8.94 67 6.0 1.4 96 6.5 1.4

8 phenyl 104 -8.95 60 11 1.3 77 14 2.6

a) Polymerization ofm-substituted phenol (5.0 mmol) using peroxidase catalyst in an equivolume mixture of organic solvent and 0.1 M

buffer (each 12.5 mL) at room temperature for 3 h under air. b) Enzyme amount of 1.0 mg. c) Enzyme amount of 4.0 mg. d) Calculated

by the Spartan set ofprograms using the AMI method. e) Determined by SEC using THF eluent. t) Data ofthe THF-soluble part.



Structural analysis. In previous papers on the enzymatic polymerization of

phenol and p-substituted phenols, NMR and IR analyses showed that the resulting

phenolic polymers had a structure consisting of a mixture of phenylene and

.oxyphenylene units.3,5-8,1O,12,20 Here, the structure of poly(m-cresol) was analyzed by IH

NMR and IR spectroscopies as well as titration of the phenolic hydroxy group in the

polymer. In the IR spectrum of poly(m-cresol) (entry 7 in Table 1), a broad peak

centered at 3500 cm- l due to the vibration of O-H linkage of phenolic group, peaks at

1236 and 1192 cm-l ascribed to the asymmetric vibrations of the C-O-C linkage and to

the C-OH vibration, and a peak at 1105 cm- l due to the symmetric vibration of the ether

bond were observed. These data show that the enzymatically obtained polymer from

m-cresol is also composed of a mixture of phenylene and oxyphenylene units. The

phenolic polymers obtained by the HRP-catalyzed polymerization of phenol and

p-alkylphenols show a small peak at ca. 1660 cm- l due to the C=O stretching of the

quinone, which may be formed by the oxidation of phenolic group at the polymer

terminal. Interestingly, the present polymer has no peak due to the quinone carbonyl

group. This is probably because m-substituent prevents the oxidation of phenolic group

at the terminal.

IH NMR spectrum shows three broad peaks due to the rigid structure: a peak

centered at 88.4-10.0 due to the proton of phenolic group, a peak at 86.2-7.3 ascribed

to the aromatic proton, and a peak at 8 1.4-2.5 due to the methyl proton. The integrated

ratio of the latter two peaks is 5:6, indicating that the content ofphenylene unit is 56 %

based on the assumption that the degree of polymerization is 10, while the previous

study showed that the phenolic polymer obtained from 2-(4-hydroxyphenyl)ethyl

methacrylate had 70 % of phenylene unit. This should be related to the result that

l,4-linkage of phenolic polymer mainly consists of oxyphenylene unit and l,2-linkage

of it consists of phenylene unit. m-Substituted phenols have free p-position unlike

p-substituted phenols and can form l,4-linkage of oxyphenylene unit. This is why the
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phenylene unit content of poly(m-cresol) is lower than that of

poly(2-(4-hydroxyphenyl)ethyl methacrylate).

The unit content of residual phenolic group in· the polymer was determined by

conventional titration methods (Table 3) .21 The phenylene unit content of

poly(m-cresol) was 44 %, which is close to that determined by 1H NMR. The effects of

the monomer structure and enzyme type were small; the content values were not so

different with each other. 1H NMR analysis and titration of the residual phenolic group

support that the enzymatically obtained poly(m-substituted phenol)s are of a mixture of

phenylene and oxyphenylene structure.

Table 3. Contents of the phenylene unit in poly(m-substituted phenol)s. a)

Entry Monomer Enzyme Content of phenylene unit

(%)

m-cresol HRP 44

2 m-cresol SBP 43

3 m-ethylphenol HRP 49

4 m-ethylphenol SBP 46

5 m-isopropylphenol SBP 56

6 m-tert-butylphenol SBP 54

7 m-chlorophenol HRP 50

8 m-methoxyphenol HRP 59

9 m-methoxyphenol SBP 51

10 m-phenylphenol HRP 37

11 m-phenylphenol SBP 37

a) Polymer preparation was as below: Polymerization of m-substituted phenol (5.0

mmol) using peroxidase catalyst in an equivolume mixture oforganic solvent and 0.1

M buffer (each 12.5 mL) at room temperature for 3 h under air.
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Polymerization profile. The polymerization in an equivolume mixture of

methanol and a pH 7 phosphate buffer was monitored by using GC and SEC.

Relationships between the monomer conversion and the polymer molecular weight are

shown in Figure 2. The conversion gradually increased as a function of the added

volume ofhydrogen peroxide, whereas the molecular weight was almost constant during

the polymerization. The monomer conversion was very close to the polymer yield (data

not shown). These data indicate that there were no oligomers soluble in the reaction

medium. during the polymerization. This may be explained as follows: the resulting

soluble dimer and oligomers reacted much faster than the monomer and the precipitated

polymer was not reacted any more during the polymerization. This polymerization

behavior is different from that of conventional oxidative polymerization in solution

(condensation-type polymerizationi2 and of the enzymatic polymerization of

2,6-dimethylphenol and syringic acid showing gradual increase of molecular weight

during the polymerization.9,13

80
-.
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20
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Addition ofhydrogen peroxide (%)

Figure 2. Addition of hydrogen peroxide versus monomer conversion and polymer

molecular weight. The polymerization of m-cresol was carried out by using HRP (1.0

mg) as catalyst in an equivolume mixture of methanol and pH 7.phosphate buffer at

room temperature under air. Hydrogen peroxide was added dropwise to the reaction

mixture for 2 h.
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The oxidation reactivity of m-cresol and its dimers was estimated by the

HOMO level (Table 4). Based on the polymer structure, five dimers were postulated:

carbon-carbon linked dimers (entries 2-4) and carbon-oxygen linked dimers (entries 5

and 6). All the dimers calculated showed the larger HOMO level than m-cresol,

supporting the higher reactivity of the dimers toward oxidation. Calculated heat of

formation for the dimers showed that C-C linkage was preferable in the polymerization

Table 4. HOMO level and heat of formation ofm-cresol and its dimers. a)

Entry Compound HOMO

(eV)

Heat of formation

; (kJ/mol)

1 m-cresol -9.02 -124

OH

2 CH3 -8.83 -233

HO

3 HO OH -8.81 -220

H3C

OH

4 H3C OH -8.84 -227

H3C

OH CH3

5 ~c-0-0--< ) -8.90 -152

CH3 CH3

6 "0-60--< 5 -8.70 -145

a) Calculated by the Spartan set ofthe programs using AMI method.

27



of m-cresol, indicating not only thermodynamic factor but kinetic one probably due to

the difference of the spin density at each atom of a phenoxy radical and/or interactions

between the radical molecules would affect the coupling behavior.23
,24

Thermal properties. Thermal properties of the present phenolic polymers

were evaluated by differential scanning calorimetry (DSC) and thermogravimetry (TG).

DSC measurement was carried out under nitrogen and the glass transition temperature

(Tg) was determined in the second or third scan. Figure 3 shows DSC charts of the

polymers from m-cresol, m-ethyl and m-tert-butylphenols. For all the polymers from

m-alkylphenols examined, Tg was observed (Table 5). Poly(m-cresol) showed Tg at

higher than 200°C. In case of the polymers from m-alkylphenols, the Tg value

decreased with increasing the bulkiness of the substituent.

50 100 150

Temperature (Co)

200 250

Figure 3. DSC traces of (A) poly(m-cresol), (B) poly(m-ethylphenol), and (C)

poly(m-tert-butylphenol).

28



Table 5. Thermal properties ofpoly(m-substituted phenol)s. a)

Entry Polymerization Property

1

2

3

4

5

6

7

8

9

monomer

m-cresol

m-cresol

m-ethylphenol

m-isopropylphenol

m-tert-butylphenol

m-chlorophenol

m-bromophenol

m-methoxyphenol

m-phenylphenol

enzyme

HRP

SBP

SBP

SBP

SBP

HRP

HRP

SBP

SBP

T b)
g

204

202

150

127

90

183

94

T c)
d5

336

303

325

307

231

195

216

272

221

residue d)

(%)

42

40

24

13

8

34

32

47

34

a) Polymer preparation was as below: Polymerization ofm-substituted phenol (5.0

mmol) using peroxidase catalyst in an equivolume mixture of organic solvent and 0.1

M buffer (each 12.5 mL) at room temperature for 3 h under air. b) Grass transition

temperature determined by DSC under nitrogen at a heating rate of 10°C/min.

c) Temperature at 5 % weight loss determined by TGA under nitrogen at a heating rate

of 10°C/min. d) Content of residue in wt.-% at 1000 °c determined by TGA under

nitrogen at a heating rate of 10°C/min. e) Not detected.

Tg of poly(p-alkylphenol)s obtained by the HRP-catalyzed polymerization in

an aqueous 1,4-dioxane has been measured already?O Most of them showed no clear Tg

and only poly(p-tert-butylphenol) showed Tg of 182 °e. On the other hand, Tg was

observed in the Dse chart of poly(m-alkylphenol)s and Tg of poly(m-tert-butylphenol)
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was much lower than that ofp-isomer.

Thermal stability was evaluated by TG measurement under nitrogen. The

decomposition behavior of poly(m-substituted phenol)s was similar to those obtained

from phenol and p-substituted phenols.6
-
8

,12,17,20 Among the polymers examined,

poly(m-cresol) had the highest temperature at 5 weight % loss (TdS) and the residual

weight of poly(m-methoxyphenol) at 1000 °C was the largest (Table 5). In the case of

poly(m-alkylphenol)s, TdS and residual weight at 1000 °C decreased as a function of the

bulkiness of the substituent.

Conclusion

Peroxidases, HRP and SBP, efficiently catalyzed oxidative polymerization of

m-substituted phenols. Under appropriate reaction conditions, a new class of phenolic

polymers showing high solubility toward common polar solvents were obtained in high

yields. By changing the solvent composition, the polymer molecular weight and

solubility could be controlled. The polymerization behaviors strongly depended on the

enzyme type and monomer structure; HRP could readily polymerize monomers having

small substituents, whereas in the case of monomers having large substituents, the high

yield was achieved by using·SBP catalyst. The resulting polymer was composed of a

mixture of phenylene and oxyphenylene units. Thermal analysis showed that

poly(m-cresol) had relatively high thermal stability.
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Chapter 2

Chemoselective Oxidative Polymerization of m-Ethynylphenol by Peroxidase

Catalyst to a New Reactive Phenolic Polymer

Introduction

In the field of polymer chemistry, an acetylenic moiety is very useful as a

polymerizable group toward transition metal catalysts1
,2 and also as a crosslinkable

group for thermal curings.3 Its polymerization produces a poly(acetylene), whose film

has functions such as high electroconductivity and selective permeability. The curing

through the group is often suitable for applications of electronic devices, because the

curing group does not contain a heteroatom causing high polarity.4

Chemoselective polymerization of a monomer having more than two

polymerizable (reactive) groups is expected to afford a new class of reactive polymer

having polymerizable or crosslinkable groups in the side chain. In case of such a

monomer having an unsaturated polymerizable group, however, it is often difficult to

achieve the chemoselective polymerization without involving reaction of the

unsaturated group because of high reactivity toward various polymerization catalysts.

Very recently, it has been reported that in the peroxidase-catalyzed oxidative

polymerization of 2-(4-hydroxyphenyl)ethyl methacrylate possessing two polymerizable

groups, phenolic and methacryloyl groups, only the phenolic moiety was

chemoselectively polymerized to produce a polymer having methacryloyl group in the

side chain,s suggesting specific catalysis of the enzyme.

In using conventional oxidation catalysts such as a copper/amine system,

aromatic compounds having two ethynyl groups are known to be subjected to oxidative
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coupling, yielding poly(diaceytylene)S6 by Glacer reaction. The copper/amine catalyst is

also very effective for oxidative polymerization of 2,6-substituted phenols to give

poly(1,4-oxyphenylene)s.7-8 Therefore, poly(I,4-oxyphenylene) having ethynyl group in

the side chain can not be synthesized directly by the oxidative polymerization using the

copper/amine catalyst; such polymer was. obtained by the polymerization of a

2,6~disubstituted phenol having silyl-protected ethynyl group and the subsequent

removal of the silyl groUp.9 The present chapter deals with peroxidase-catalyzed

polymerization of m-ethynylphenol, an acetylene group-containing phenol (1) (Scheme

1), and the following thermal curing of the polymer. The author has found that the

phenolic moiety of 1 was chemoselectively polymerized by using horseradish

peroxidase (HRP) as a catalyst to give the polymer having ethynyl group in the side

chain, which is applicable to production of pyropolymer in high carbon yield. Pyrolysis

of polymers is often used to prepare grafite-like materials possessing high electrical

properties.10,11

Scheme 1.

1

Experimental section

~/R
2

n

Materials. m-Ethynylphenol was synthesized according to the literature.12

Horseradish peroxidase (HRP) (BC 1.11.1.7, 100D/mg) was purchased from Wako Pure

Chemical Co. and used without further purification. All other reagents were

commercially available and used as received.
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Enzymatic reaction of 1. Monomer 1 (0.30 g, 2.5 mmol) and HRP (2.0 mg) in

a mixture of 6.25 mL of methanol and 6.25 mL of 0.1 M phosphate buffer (pH 7) were

placed in a 50 mL flask. Hydrogen peroxide (5 % aq. solution, 1.7 mL, 2.5 mmol) was

added dropwise under gentle stirring to the mixture for 2 h at room temperature under

air. After 3 h, polymer precipitates were collected by centrifugation. The polymer was

washed with an aqueous methanol (50:50 vol%), followed by drying in vacuo to give

0.28 g of the polymer (yield 95 %).

Enzymatic treatment of phenylacetylene. Reaction of phenylacetylene (2.5

mmol) using HRP (1.0 mg) catalyst was carried out in a mixture of 8.75 mL of

l,4-dioxane and 3.75 mL of 0.1 M phosphate buffer (pH 7.0). Hydrogen peroxide

(5.0 % aq. solution, 1.7 mL, 2.5 mmol) was added dropwise for 2 h. During the reaction,

polymeric precipitates were not formed. In the HRP-catalyzed treatment of

phenylacetylene (2.5 mmol) and phenol (1.25 mmol) under the similar reaction

conditions, black powdery materials were precipitated, which were collected by

centrifugation, followed by washing with an aqueous 1,4-dixoane to give 0.089 g of the

polymer (75 % yield based on phenol).

Copper/amine-catalyzed oxidation of 1 and phenylacetylene. Reaction of 1

(2.5 mmol) using copper chloride (I) (0.30 mmol) / N;N;N:N'-tetraethylethylenediamine

(TEED) (0.90 mmol) was performed in 10 mL of dimethoxyethane at room temperature

for 24 h under air. The mixture was concentrated under reduced pressure and the residue

was washed with 50 mL of water containing 2 mL of concentrated hydrochloric acid to

give 0.24 g of bis(3-hydroxyphenyl)butadiyne (3) (yield 81 %): IH NMR (CDC!]): 8

6.89 (dd, 2H, Ar), 6.94 (dd, 2H, Ar), 7.02 (dd, 2H, Ar), 7.23 (dd, 2H, Ar); IR (neat):

3200-3300 (u O-H), 2150 cm-1 (u carbon-carbon triple bond). In the reaction of

phenylacetylene (2.5 mmol, 0.26 g) or the coreaction of phenylacetylene (2.5 mmol,
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0.26 g) and phenol (1.25 mmol, 0.12 g) under the similar conditions, 0.19 g (74 % yield)

or 0.18 g (72 % yield based on phenylacetylene) of diphehylbutadiyne (4) was obtained

by the similar isolation procedures: IH NMR (CDC!}): 87.38 (m, 6H, Ar), 7.55 (dd, 4H,

Ar); IR (neat): 2110 cm-l (u carbon-carbon triple bond).

Heat treatment. Poly(m-ethynylphenol) (PEP) was heated at a heating rate of

10° C/min to reach predetermined temperatures and treated for further 30 min at the

temperature under nitrogen.

Measurement. SEC analysis was carried out using a TOSOH SC8010

apparatus with a refractive index (RI) detector at 40°C under the following conditions:

TSKgel G3000HHR column and THF eluent at a flow rate of 1.0 mL/min. The

calibration curves for SEC analysis were obtained using polystyrene standards. NMR

spectra were recorded on a 400 MHz Broker DPX-400 spectrometer. IR spectra were

recorded on a Horiba FT720 spectrometer. TG analysis was performed using a Seiko

SSC/5200 apparatus for thermogravimetry / differential thermal analysis at a heating

rate of 10°C/min in a gas flow rate of 300 mL/min. Raman spectra were excited by

using a 514.5 nm line (50 mW) of an argon ion laser (NEC, GLG3280). The scattered

light was collected ~ a backscattering (180°) geometry. The spectra were recorded using

a spectrometer (Jobin-Yvon, T64000) equipped with a multi-channel CCD detector. For

each measurement the integration time was 300 s. WAXD patterns were recorded on a

Rigaku RINT-1400 (40kV/200mA) system with the Cu-Ka X-ray beams.
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Results and discussion

HRP-catalyzed polymerization of m-ethynylphenol. The HRP-catalyzed

polymerization of 1 was carried out using hydrogen peroxide as an oxidizing agent in

methanoVphosphate buffer (pH 7.0) (50:50 vol%) at room temperature under air. During

the polymerization, powdery materials were formed. After 3 h, the resulting polymer

was collected by centrifugation (95 % yield). Polymer 2 was soluble in acetone,

N;N-dimethylformamide (DMF), dimethyl sulfoxide (DMSO), pyridine, and

tetrahydrofuran (THF), partly soluble in chloroform, and insoluble in hexane and water.

The molecular weight and polydispersity were determined by size exclusion

chromatography to be 1700 and 1.8, respectively. In the reaction without HRP (control

experiment), the monomer was recovered unchanged, indicating that the present

polymerization took place through the enzyme catalysis.

The polymer structure was confIrmed by lH NMR and IR spectroscopies. In the

lH NMR spectrum of2, observed were three broad large peaks at (5 3~4, 6~8, and 9~10,

ascribable to acetylenic, aromatic, and phenolic hydroxy protons, respectively. FT-IR

spectrum of 2 shows characteristic peaks at 3290 and 2100 cm-l due to the vibration of

the carbon-hydrogen and carbon-carbon bonds of the ethynyl group. These data indicate

that the resulting polymer possessed the ethynyl group in the side chain. The previous

study on the HRP-catalyzed oxidative polymerization of m-alkylphenols showed that the

polymer was of a mixed structure of phenylene and oxyphenylene units. The peaks'

pattern ofFT-IR spectrum of the present polymer is very similar to that of enzymatically

synthesized poly(m-alkylphenol)s,13 suggesting the formation of the polymer consisting

of phenylene and oxyphenylene units from 1. The ratio of phenylene and oxyphenylene

units in polymer 2 was calculated to be ca. 1:1 from the amount of the residual phenolic

group determined by conventional titration methods. l4
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Verification of chemoselectivity. In order to examine the chemoselectivity.

between phenolic and ethynyl groups toward HRP catalyst, the following model

reactions were carried out (Scheme 2): the reaction of phenylacetylene catalyzed by

HRP and the HRP-catalyzed copolymerization of phenol and phenylacetylene.12

Polymer formation was not observed in the former reaction. The latter produced the

polymer containing no ethynyl group.13

Scheme 2.

HRP, H202
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For reference, the polymerization of 1 using the copper chloride (I) / TEED

catalyst was examined. The phenolic polymer was not formed; the coupling of the

acetylene moiety took place to give selectively bis(3-hydroxyphenyl)butadiyne (3) in

81 % yield (Scheme 3).14 Instead ofHRP, the above model reactions were carried out

using the copper/amine catalyst. In both cases, only diphenylbutadiyne (4) was

exclusively obtained in ca. 75 % isolated yield. These data clearly indicate the

chemoselectivecatalysis ofHRP for the oxidative polymerization of 1.
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CuCI (I), TEED

4

Thermal analysis of 2. The thermal properties of 2 was evaluated by

thermogravimetry (TG) under nitrogen. Figure 1 shows TG traces of 2 and

poly(m-cresol), which were enzymatically synthesized under the similar reaction

conditions. l1 In case of poly(m-cresol), rapid weight decrease was observed around 400

°C. Conventional phenol resins show the similar degradation behaviors. On the other

hand, thermal degradation of 2 proceeded slowly. It is known that thermal treatment of

phenolic polymers at high temperature (>400 °C) produces carbonized polymers. 15
,16 At

such a temperatUre, the residual ratio

o I I I I I 0
200 400" 600 800 1000

Temperature (lC)

Figure 1. TG traces of2 and poly(m-cresol) under nitrogen.

very good precursor of the carbonized

materials. This is probably because the

100

- 80----...--
-:.::. 60

/
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..........------- 40
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- 2020-

40-

60-

80-

of 2 was much higher than that of

poly(m-cresol), indicating that 2· was a ~-i
~

ethynyl group was reacted at the initial

stage of TG measurement to give the

crosslinked polymer showing less

thermal degradability.
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The present polymer was cured even at 50 °e to give the insoluble polymer.

Dse profile (data not shown) shows broad exothermic peak around 200 °e.

Furthermore, the peak due to the ethynyl group in the FT-IR spectrum completely

disappeared at 200 °e. From these data, the ethynyl group in 2 possessed high reactivity

for thermal curing.

The present polymer was separately heated at 450 °e, 650 °e, and 850 °e for

30 min under nitrogen (PEP-450, PEP-650, PEP-850). After cooling down to room

temperature, black powders were obtained. IR spectra of them show no characteristic

absorbance of ethynyl group at 3290 and 2100 cm-1 unlike 2, indicating participation of

the ethynyl group in the curing process (Figure 2). The pyropolymer obtained by heating

at 850 °e showed no absorbance in the IR spectrum. This would be because the polymer

was gradually forming graphite-like structure and its high symmetry led to no

absorbance ofthe IR spectrum.

(a)

!
-C=C-H

J
Q)

(b)0
cm:s::
"E
rn
c
!!!
I-

(c)

4000 3000 2000 1000 400

Wavenumber (cm-1
)

Figure 2. FT-IR spectra of (a) PEP, (b) PEP-450, (c) PEP-650, and (d) PEP-850.
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The Raman spectra show two broad bands at 1350 cm- l and 1600 cm- l for all

pyropolymers (Figure 3). A graphite-like structure has also been known to show distinct

bands at 1350 cm-l and 1630 cm-I
•
l7 The former corresponds to the A1g vibration mode,

which becomes Raman active unless the graphite crystal has infinite size as a result of

the relaxation of symmetry selection rules, the latter to the E2g vibration mode due to the

structural defect of the graphite lattice. These results indicate that· the pyropolymers

consist of small crystallites of graphite and have disordered graphite structure.

1300 1400 1500 1600

Wavenumber (cm-1
)

1700

Figure 3. Laser-Raman spectra of (a) PEP, (b) PEP-450, (c) PEP-650, and (d) PEP-850.

Powder X-ray diffraction analysis was carried out on the pyropolymers to

check the crystallinity (Figure 4). In aU cases, observed bands were broad, showing that

the samples were amorphous and the intedayer distance is around 4 A, which is longer

than that of graphite (3.35 A). These results are consistent with the disordered

graphite-like structure proposed from the Raman spectra.
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Figure 4. Powder X-ray diffraction pattern of (a) PEP, (b) PEP-450, (c) PEP-650, and

(d) PEP-850.

A model structure of a moluculer-order graphite-like material is given by

Tanaka et al (Figure 5).10 Spectroscopic analyses show that the present polymer has the

structure similar to it.

Figure 5. An illustrative model structure of graphite-like material.
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Conclusion

The phenolic moiety was chemoselectively reacted in the HRP-catalyzed

polymerization of 1 in an aqueous methanol. The resulting polymer possessed the

ethynyl group in the side chain, and hence, is expected to have various potential

applications as a highly reactive starting polymer. Furthermore, the residual ratio of 2 at

a high temperature (~ 1,000 °C) was higher than that of the other phenolic polymers,

suggesting many possibilities for new precursors of functional carbonized materials. The

analysis of the curing process showed that the present polymer formed graphite-like

amorphous carbon by heating, which is expected to have high electrical properties. The

present polymer is synthesized without use of toxic formaldehyde under mild reaction

conditions and cured at low temperature. Therefore, the present method is an

environmentally benign process of functional crosslinked polymer production, giving an

example system of green polymer chemistry.
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Chapter 3

Enzymatic Polymerization ofp-Substituted Phenol Derivatives: Synthesis of

Poly(hydroquinone) and Poly(tyrosine)

Introduction

There are several papers reported on the enzymatic synthesis of reactive

phenolic polymers. In the peroxidase-catalyzed polymerization of a phenol derivative

having methacryloyl group, the phenolic moiety was chemoselectively polymerized to

give a polymer having the methacryloyl group in the side chain.! The polymer was

subjected to thermal and photo crosslinking, yielding the insoluble product. A phenolic

polymer containing a thymidine pendant group was synthesized by using peroxidase

catalyst.2

Redox-active polymers possess various applications for batteries, sensors,

electrical conductors, and antioxidants.3 Poly(hydroquinone) is one of the most typical

redox polymers. Direct oxidative reaction of hydroquinone using enzyme catalyst

produces benzoquinone. On the other hand, electrochemical polymerization of

hydroquinone produced poly(l,4-dihydroxy-2,5-phenylene).4 Another approach of

poly(hydroquinone) synthesis was reported: the enzymatic oxidative polymerization of

glucose-~-D-hydroquinoneand subsequent acid hydrolysis of the resulting polymer

produced poly(l ,4-dihydroxy-2,6-phenylene).5 The former was insoluble in polar

organic solvents, whereas the latter was soluble in polar organic solvents. The latter

behaved as a redox mediator for glucose sensing.6

Most of the enzymatically synthesized phenoic polymers have a mixed

structure of phenylene and oxyphenylene units.7
,8 This chapter deals with synthesis of a
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new poly(hydroquinone) derivative (3) by the peroxidase-catalyzed polymerization of

4-hydroxyphenyl benzoate (1) and the subsequent hydrolysis of the resulting polymer

(Scheme 1). The structure of3 was different from that from glucose-13-D-hydroquinone.

Scheme 1.

Peroxidase, H20 2
~ ~ -¢- /-¢

02CPh °2CPh
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Amino acid-based polymers including polypeptides have been remarkably

developed owing to their wide potential application for biocompatible materials as well

as useful chemical materials.9 Some of· these polymers have unique properties and

functions derived from amino acid moiety. Modification and functionalization ofnatural

proteins have been extensively studied in the standpoint of materials development from

renewable resources. A thermally polymerized product from aspartic acid has received

much attention as a new useful class of biodegradable, water-soluble polymeric

materials. lo The polymers consisting of the amino acid moiety in the main chain often

showed good biodegradability. Recently, multiblock copolymers of GlyAlaGlyAla and

poly(ethylene oxide) were prepared as a model of silk-based materials, which formed

nanostructures through 13-sheet self-assembly.11 Polymerization of vinyl monomers

possessing the amino acid group has been also extensively investigated. l2
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Peroxidases induce the reticulation ofextension, which is a maior protein in the

cell wall. Recently the dimerization of calmodulin via a dityrosine bridge by peroxidases

was analyzed.13 In the case ofproteins, the degree of polYmerization is generally limited

to trityrosine because of steric hindrance. The present chapter also deals with enzYmatic

polYmerization of a tyrosine derivative, in which a phenol moiety was subjected to an

oxidative coupling. The polYmerization of tyrosine esters, followed by alkaline

hydrolysis of the ester group, produced poly(tyrosine) having amino acid moiety in the

side chain.

In chapters 1 and 2, ellZYffiatic polYmerization of m-substituted phenol

derivatives was introduced. In this chapter, peroxidase-catalyzed polYmerization of

p-substituted phenols is focused.

Experimental part

Materials. Horseradish peroxidase (EC 1.11.1.7, lOOD/mg) and soybean

peroxidase (EC 1.11.1.7, 60D/mg) were purchased from Wako Pure Chemical Co. and

Sigma Chemical Co., respectively. D-Tyrosine methyl ester hydrocWoride was

synthesized according to the literature. I4 EllZYffies and other reagents were commercially

available and used as received.

Synthesis of 4-hydroxyphenyl benzoate. IS Benzoyl chloride (7.0 g, 50 mmol)

was added dropwise to a solution of hydroquinone (5.5 g, 50 mmol) and sodium

carbonate (6.0 g, 55 mmol) in 20 mL of water under nitrogen. The mixture was stirred

below a temperature of 20°C. After 5 min of stirring, the obtained residue was filtered

and poured into 200 mL ofmethylene chloride. The solution was dried over MgS04 and

the solvent was removed in vacuo. The crude product was recrystallized from carbon
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tetrachloride to give 10 g of4-hydroxyphenyl benzoate (yield 93 %). m.p.: 130-131 DC.

Enzymatic reaction. The following is a typical procedure for the

polymerization (entry 6). Under air, 4-hydroxyphenyl benzoate (1.0 mmol) and soybean

peroxidase (4.0 mg) in an equivolume mixture of 0.1 M phosphate buffer (pH 7.0) and

l,4-dioxane (10 mL) were placed in a 50 mL flask. Hydrogen peroxide (5.0 % aq.

solution, 0.75 mL, 1.1 mmol) was added dropwise to the mixture for 2 hat room

temperature under air. After 3 h,po1ymer precipitates were collected by centrifugation.

The polymer was washed with an aqueous methanol (50:50 vol%), followed by drying

in vacuo to give 0.19 g ofthe polymer (yield 87 %).

Hydrolysis of polymer 2. The polymer (0.50 g) was dissolved in a mixed

solvent oftetrahydrofuran (8.0 mL) and water (2.0 mL) containing potassium hydroxide

(40 mmol). The mixture was kept at 60 DC for 24 h. The layer of the organic solvent was

removed, followed by the addition of 100 mL of 1.0 M HCI to the redisue. The formed

precipitates were separated by centrifugation. The polymer was washed with water and

dried in vacuo to give 0.16 g ofthe hydrolyzed polymer (yield 62 %).

HRP-catalyzed polymerization of tyrosine ester hydrochlorides. A typical

run was as follows (entry 3 in Table 1). L-Tyrosine ethyl ester hydrochloride (0.98 g, 4.0

mmol) and HRP (10 mg) in 1.0 M Tris buffer ofpH 7.6 (25 mL) were placed in a 50 mL

flask. Hydrogen peroxide (5.0% aqueous solution, 2.7 mL, 4.0 mmol) was added

dropwise to the mixture for 2 h at room temperature under air. After 3 h, polymer

precipitates were collected by centrifugation. The polymer was washed with water,

followed by drying in vacuo to give 0.80 g of the polymer (yield 82%). IH NMR

(DMSO-d6): 8 1.0-1.5 (hr, CH3), 2.7-3.2 (br, ArCH2), 3.7-4.0 (br, CH), 4.0-4.2 (hr,

OCH2), 6.5-7.5 (hr, Ar); IR (KBr): 3200-3400 (n(O-H», 1731 (v(C=O», 1608, 1506
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(v(C=C) ofAr), 1214 (v(C(Ar)-O-C(Ar) and C(Ar)-OH)), 1028 (v(C(Ar)-O-C(Ar))).

Alkaline hydrolysis of poly(tyrosine ethyl ester). Poly-(L-tyrosine ethyl

ester) (1.0 g) was kept in 1.0 M NaOH solution (25 mL) at 60°C. After 24 h, the

mixture was neutralized with 6.0 M hydrochloride solution, and subsequently, the

polymer was purified by dialysis (cutoff molecular weight 100). The remaining solution

was lyophilized to give 0.28 g of the polymer (yield 40%). IH NMR (D20): 82.7-3.2 (br,

ArCH2), 3.6-4.0 (br, CH), 6.5-7.5 (br, Ar).

Measurements. In the study of poly(hydroquinone), SEC analysis was carried

out using a TOSOH SC8010 apparatus with a refractive index (RI) detector at 40°C

under the following conditions: TSKgel G3000HHR column and THF eluent at a flow

rate of 1.0 mL/min. In the study ofpoly(tyrosine), SEC analysis was mainly carried out

using a TOSOH SC8020 apparatus with a refractive index (RI) detector at 60°C under

the following conditions: TSKgel 0.3000 column and DMF containing 0.10 M LiCI

eluent at a flow rate of 0.5 mL/min. The calibration curves for SEC analysis were

obtained using polystyrene standards. IH NMR spectra were recorded on a 400 MHz

Broker DPX-400 spectrometer. IR spectra were recorded on a Horiba FT-720

spectrometer or Shimadzu IR-460 spectrometer.

Results and discussion

Enzymatic oxidative polymerization of 4-hydroxyphenyl benzoate. The

peroxidase-catalyzed polymerization of 1 was carried out with hydrogen peroxide as an

oxidizing agent at room temperature for 3 h under air. The enzymes employed in this

study were horseradish and soybean peroxidases (HRP and SBP), respectively. The
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catalytic activity of SBP determined using guaiacol as a substrate is ca. quarter as large

as that of HRP, then four times amount of SBP was employed. Both peroxidases were

active for the oxidative polymerization ofvarious phenol and aniline derivatives.7
,8,16

In using a mixture of phosphate buffer (pH 7) and acetone (30:70 vol%) as a

solvent, the powdery precipitates were formed during the polymerization, which was

isolated by centrifugation. The yield of the polymer obtained by using SBP was larger

than that from HRP (entries 1 and 2 in Table 1). A similar tendency was observed in the

polymerization of bisphenol A and m-substituted phenols.17
,18 In the subsequent

experiments, SBP is used as a catalyst.

Table 1. Enzymatic oxidative polymerization of4-hydroxyphenyl benzoate (1). a)

Entry Catalyst b) Organic solvent Buffer pH Buffer content Yield Mnx 10-2 c) Mw/Mn c
)

(vol%) (%)

1 HRP (1.0) acetone 7 30 45 22 1.7

2 SBP(4.0) acetone 7 30 75 24 1.8

3 SBP (4.0) acetone 7 50 96 15 1.5

4 SBP(4.0) 1,4-dioxane 5 50 95 11 1.2

5 SBP(4.0) 1,4-dioxane 7 40 85 16 1.5

6 SBP (4.0) 1,4-dioxane 7 50 87 13 1.4

7 SBP (4.0) 1,4-dioxane 9 50 93 13 1.4

8 SBP(4.0) THF 7 50 83 16 1.5

a) Polymerization ofl (1.0 mmol) using hydrogen peroxide as an oxidizing agent in an aqueous

organic solvent (10 mL) at room temperature for 3 h under air. b) In parenthesis, amount of enzyme in

mg. c) Determined by SEC using THF eluent.

In the peroxidase-catalyzed polymerization of phenols in a mixture of buffer

and organic solvent, the solvent composition, Le., type of organic solvent, buffer pH and

mixing ratio, strongly affected the yield, solubility, and molecular weight of the
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polymer.7
,8,16 In this study, acetone, 1,4-dioxane, and tetrahydrofuran (THF) were used

as organic solvent In all cases examined, the polymer yield was high (more than 75 %).

The polymerization in an equivolume mixture of buffer (pH 7) and acetone produced

the polymer in a higher yield than that in the 30 % buffer content (entries 2 and 3).

Effect of buffer pH was relatively small in the polymerization using an aqueous

1,4-dioxane as a solvent (entries 4, 6, and 7).

The solubility of the resulting polymer obtained in an equivolume mixture of

buffer (pH 7) and 1,4-dioxane (entry 6) was examined (Table 2). The polymer was

soluble in acetone, N,N-dimethylformamide (DMF), and dimethyl sulfoxide (DMSO),

but insoluble in water, methanol, and hexane. The polymer molecular weight was

estimated by size exclusion chromatographic (SEC) analysis using tetrahydrofuran

(THF) eluent. The molecular weight was in the range of several thousands.

Table 2. Solubility of2 and 3. a)

Entry Solvent 2 (entry 6 in Table 1) 3

1 acetone + +

2 alkaline solution b) +

3 chloroform +

4 DMF + +

5 DMSO + +

6 hexane

7 methanol +

8 THF + +

9 distilled water ±

a) +: Soluble; ~: partly soluble; -: insoluble. b) l.ON NaOH aqueous solution.
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The polymer structure was analyzed by using 1H NMR and IR spectroscopies.

Figure l(A) shows IH NMR spectrum of1 in DMSO-d6. Two doublet peaks at 8 6.8 and

7.1 are ascribed to the aromatic protons of phenolic moiety, and phenyl protons of the

benzoate group were observed at 8 7.6, 7.7 and 8.1. A peak at89.5 was due to the

phenolic proton. The spectra pattern of 2 (Figure l(B)) was similar to that of the

monomer, although all the peaks, especially, peaks due to the aromatic· protons derived

from the phenol moiety, became broad. In the IR spectrum of the polymer (Figure 2(B)),

observed were new peaks at 1264 and 1176 cm-1
, which are ascribed to the vibration of

the C-O-C and C-OH linkages. These data show that the enzymatically obtained

polymer from 1 is composed of a mixture ofphenylene and oxyphenylene units.
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Figure 1. IH NMR spectra of (A) 1, (B) 2, and (C) 3.
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Figure 2. IR spectra of (A) 1, (B) 2, and (C) 3.

The polymerization was carried out in a preparative scale (15 folds as described

in experimental section) under the same conditions of entry 6 to give the polymer in

90 % yield, in which molecular weight and its index were 1500 and 1.5, respectively.

The amount of the residual phenolic group of the polymer was determined by

conventional titration methods. IS The ratio of phenylene and oxyphenylene units was

determined as 61 :39.
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Synthesis of poly(hydroquinone). The hydrolysis of 2 was carried out by

using an excess of potassium hydroxide in a mixed solvent of THF and water (80:20

vol %). By the addition of potassium hydroxid~ at room temperature, the precipitates

were immediately formed afterwards, the reaction mixture was heated at 60°C for 24 h

to complete the hydrolysis.

Figure l(C) shows lH NMR spectrum of hydrolyzed polYmer (3) in DMSO-dti.

The broad peaks due to the aromatic protons of the benzoate group at () 7.3-8.2

completely disappeared. The peaks ascribed to the aromatic protons of the polYmer

backbone were somewhat shifted to the higher magnetic field. In the IR spectrum of 3

(Figure 2(C», a characteristic peak at 1738 cm-l ascribed to the carbonyl group of the

benzoate shown in the IR spectra ofpolYmer 2 was not observed. A broad strong peak at

1200 cm-l due to the vibration of the C-O-C and C-OH linkages newly appeared and the

peaks at 1264 and 1176 cm-l shown in that of 2 disappeared. These data shows that the

quantitative hydrolysis of the ester bond in 2 took place, yielding the

poly(hydroquinone).

The solubility of the hydrolyzed product was different from that before the

hydrolysis (Table 2). PolYmer 3 was readily soluble in an alkaline aqueous solution and

methanol, and insoluble in chloroform. On the other hand, the reverse tendency of the

solubility was observed in 2.

HRP-catalyzed polymerization of tyrosine ester hydrochlorides. At first,

the HRP-catalyzed polYmerization of L-tyrosine ethyl ester hydrochloride (4a) was

carried out using hydrogen peroxide as an oxidizing agent in a Tris buffer (pH 7.6) at

room temperature (Scheme 2). In the polYmerization in 0.10 M Tris buffer, no

polYmeric precipitates were formed. The reaction mixture was poured into a large

amount of acetone to give the powdery polYmer in 19% yield. The molecular weight of

the polYmer, estimated by SEC with DMF containing 0.10 M LiCI as eluent, was 2400.

54



In distilled water, the formation of polymeric precipitates was not observed during the

polymerization.

Scheme 2.

4

4a: L-Form, R = Et
4b: L-Form, R = Me
4c : D-Form, R = Me
4d : D,L-Form, R = Me

5

n

6

On the other hand, the powdery polymer was precipitated in high buffer

concentration (1.0 M) during the reaction, which was collected by centrifugation after

the reaction. This is because the solution became acidic due to the ammonium group in

the case· of dilute buffer concentration, which would affect enzyme activity and

solubility of the resultant polymer. The resulting polymer was soluble in DMF, DMSO,

methanol, and acidic and basic aqueous solutions but insoluble in distilled water,

acetone, acetonitrile, and tetrahydrofuran. The polymer structure was estimated to be of

a mixture of phenylene and oxyphenylene units by· NMR and IR analysis.18
,19

Polymerization results are summarized in Table 3. The polymer yield strongly depended

on the monomer concentration; there was a maximum point at the concentration of 160
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mM (entry 3 in Table 3), indicating higher concentration of the monomer give good

yield as long as the buffer capacity allows.

Table 3. HRP-catalyzed polymerization of tyrosine ester hydrochlorides (4). a)

Entry Monomer b) Yield Mn x 10-2 c) MwlMn c)

(%)

1 4a (1.0) 35 15 1.8

2 4a (2.0) 74 17 2.5

3 4a (4.0) 82 19 3.6

4 4a (8.0) 24 22 1.7

5 4b (2.0) 64 40 3.4

6 4c (2.0) 64 40 3.1

7 4d (2.0) 63 25 3.4

a) Polymerization of 4 (1.0 mmol) using HRP catalyst (10 mg) in 1.0 M Tris

buffer (pH 7.6, 25 mL) at room temperature for 3 h under air. b) In parenthesis,

amount ofmonomer (mmol). c) Determined by SEC using DMF containing 0.10

M LiCI eluent.

To examine the effect of the stereoisomer on the present polymerization, L-, D;.,

and D,L-tyrosine methyl ester hydrochlorides (4b, 4c, and 4d, respectively) were

polymerized by HRP in the Tris buffer. The solubility of 4b and 4c toward the buffer

was not high; thus, the low concentration of the monomer was used. The polymerization

results of 4b were very close to those of 4c, suggesting that the stereoconfiguration of

the tyrosine derivatives scarcely affected the present polymerization although it is

reported that HRP showed stereospecificity with the oxidative reaction rate of

56



D-tyrosine being twice as fast as that ofL-tyrosine.2o The solubility of the polymer from

4b, 4c, and 4d decreased, as compared with that from 4a; the polymer was only soluble

in DMF, DMSO, and acid and basic aqueous solutions.

(A)

of the commercially available

poly(tyrosine). Thus, the present

Alkaline hydrolysis of poly(tyrosine ester) to a new class of poly(tyrosine).

Poly(4a) (entry 3 in Table 3) was converted to a new class of poly(tyrosine) (6) by

alkaline hydrolysis. The resulting product was only soluble in water. The molecular

weight of 6 was 2300, estimated by SEC with water containing 0.10 M NaCl as eluent

using poly(ethylene oxide) standard, whose value was relatively close to that ofpoly(4a).

Figure 3 shows FT-IR spectra ofpoly(4a) and 6. In the spectrum ofpoly(4a), there was

a characteristic peak at 1730 cm- l due to the c=o vibration of the ester moiety, which

completely disappeared after the

reaction. A new strong peak at 1635

D20. These data indicate that the ester

cm- l ascribed to the carboxylate salt

was seen in the FT-IR spectrum of 6.

The ethyl ester group was not observed

in the I H NMR measurement of 6 in

moiety was hydrolyzed to form

poly(tyrosine) having no peptide bond,

whose structure was different from that

polymer is regarded as a new class of I
4000

I I I
3000 2000

I I
1000

I
400

poly(amino acid).
Wavenumber (cm-1

)

Figure 3. FT-IR spectra of (A) poly(4a) and (B) 6.
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Conclusion

4-Hydroxyphenyl benzoate (1) was oxidatively polymerized by the peroxidase

catalyst to give a phenolic polymer 2 having the ester group in the side chain. The

polymerization using soybean peroxidase in a mixed solvent of 1,4-dioxane and

phosphate buffer (pH 7) afforded soluble polymer 2 in good yields. Polymer 2 was

subjected to the alkaline hydrolysis, yielding a new type ofhydroquinone polymer 3; the

structure of the polymer was different from that from hydroquinone or the hydroquinone

derivative hitherto reported. Peroxidase-catalyzed oxidative polymerization of tyrosine

ester hydrochlorides produced a new class ofpoly(amino acid)s. The stereoconfiguration

of the monomer scarcely affected the polymerization behaviors. The alkaline hydrolysis

of the resulting polymer afforded water-soluble poly(tyrosine), whose structure was

different from that of polypeptides. Applications of the chemoenzymatically synthesized

poly(hydroquinone) and poly(tyrosine) are expected to be developed for various

purposes.
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Chapter 4

Enzymatic Polymerization of m-Substituted Phenols in the Presence of

Heptakis(2,6-di-O-methyl)-f3-cyclodextrin in Water

Introduction

There has been much interest in supramolecular chemistry using cyclodextrins

(CDs) as host molecules. CDs are cyclic oligoamyloses providing hydrophobic cavity

ranging from ca. 6 A to loA and were found to form inclusion complexes with various

polymers.1-3

Figure 1. A stereo drawing of a-CD from 6-0H direction.

CDs also form water-soluble inclusion complexes with many organic

compounds showing low solubility toward water. Recently, Ritter and co-workers have

reported that water-soluble complexes are formed from hydrophobic monomers such as

styrene or (meth)acrylates with methylated f3-CD in water and the complexes were

subjected to free-radical polymerizations and copolymerizations, yielding

water-insoluble vinyl polymers in high yields.4
,5 During the polymerization, the CD
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generally slips off from the guest component and remains in the aqueous phase owing to

its high water solubility, then the resulting polymer precipitates. Furthermore, the degree

of the polymerization could be controlled by the addition of a water-soluble chain

transfer agent (N-acetyl-L-cystein).6 Under the atom-transfer conditions, the

polymerization ofthe CD-complexed vinyl monomers showed a living character.7

In the enzymatic polymerization of unsubstituted phenol, use of an aqueous

methanol solvent afforded the soluble polyphenol showing high thermal stability.8,9

m-Substituted phenols were enzymatically polymerized in an aqueous methanol to

produce the polymer readily soluble in polar solvents such as acetone and methanol. 10

For the efficient enzymatic production of the soluble phenolic polymers, organic

solvents are often required as cosolvents except highly hydrophilic phenolic

monomers.8
-
18 The polymerization in water often gave the insoluble polymer in low

yields.9 Very recently, the polymerization in the presence of CD derivatives has been

expanded to the HRP-catalyzed oxidative coupling; water-soluble complexes of

p-substituted hydrophobic phenols and heptakis(2,6-di-O-methyl)-13-cyc1odextrin

(DM-13-CD) were formed in water and oxidatively polymerized by HRP catalyst. 19 This

chapter deals with HRP-catalyzed polymerization of m-substituted phenols (1) in a

buffer in the presence of DM-13-CD (Scheme I), in which the soluble polymer was

obtained in high yields without organic solvents.
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Scheme 1.
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DM-f3-CD

Materials. m-Substituted phenols and DM-B-CD were commercially available

and used as received. Horseradish peroxidase (HRP) (EC 1.11.1.7, 100U/mg) was

purchased from Wako Pure Chemical Co. and used without further purification.

Enzymatic rea~tion. The .following is a typical procedure for the

polymerization (entry 1). Under air, m-substituted phenol (2.0 mmol) and HRP (10 mg)

in 0.1 M phosphate buffer (pH 7.0) (10 mL) were placed in a 50 mL flask. DM-B-CD

(2.2 mmol) was added to the solution and vigorously stirred until the solution became

clear. Hydrogen peroxide (5.0 % aq. solution, 1.36 mL, 2.0 mmol) was added dropwise

to the mixture for 2 h at room temperature under air. After the subsequent stirring of the
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reaction mixture for an hour, the resulting precipitates were collected by centrifugation.

The precipitates were dissolved in a small amount of tetrahydrofuran and reprecipitated

by pouring into a large amount of water, followed by washing with water repeatedly to

remove DM-rJ-CD completely. The purified precipitates were dried in vacuo to give

0.22 g ofthe polymer (yield 100 %).

Measurement. SEC analysis was carried out usmg a TOSOH SC8010

apparatus with a refractive index (RI) detector at 40°C under the following conditions:

TSKgel G3000HHR column and THF eluent at a flow rate of 1.0 mL/min. The

calibration curves for SEC analysis were obtained using polystyre~e standards. 1H NMR

and 2D-NOESY spectra were recorded on a 400 MHz Broker DPX-400 spectrometer.

Results and discussion

Formation of inclusion complexes. Here m-substituted phenols, m-cresol (Ia),

m-fluorophenol (Ib), m-chlorophenol (Ie), m-bromophenol (Id), and m-iodophenol (Ie)

were used. Even in case ofphenols showing low solubility toward water (la, Ie, Id, and

Ie), water-soluble inclusion complexes (2) consisting of DM-rJ-CD and I were readily

formed by stirring them at room temperature; the heterogeneous aqueous solution of I

became a clear homogeneous one after the addition of a slight excess of DM-rJ-CD.
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The formation of 2 was confirmed by NMR spectroscopies in D20. IH NMR

spectroscopy has been often used to confirm complexation by the change of chemical

shifts. 19 In the IH NMR spectrum of an equimolecular mixture of la and DM-J3-CD, a

distinct change was observed with comparison of that of la or DM-J3-CD (Figure 2).

Methyl protons of la were shifted from 02.21 to· a lower magnetic field of 0 2.25, on

complexation; on the other hand, a reverse tendency was seen for aromatic protons of la

and CD protons. Similar behaviors were also observed in spectra of m-halogenated

phenols (lb-ld). More clear ev~gence of the complexation was obtained by

two-dimensional nuclear Overhausereffect spectroscopy (2D-NOESY) (Figure 3),

(a)

(b)

(c)

8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0

8 (ppm)

Figure 2. 1H NMR spectra of (a) m-cresol,· (b) an equimolecular mixture of m-cresol and

DM-J3-CD and (c) DM-J3-CD in D20.

which has been extensively used for structural characterization, especially information

of proton vicinity.21,22 2D-NOESY NMR spectrum of an equimolecular mixture of la

and DM-J3-CD in D20 showed intermolecular cross peaks between methyl and aromatic

protons of la and DM-J3-CD, as pointed out by the circles in Figure 3. These data

clearly indicate the proximity of la and the inner protons of DM-J3-CDby the inclusion

complex formation.
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Figure 3. 2D-NOESY spectrum ofan equimolecular mixture of m-cresol and DM-~-CD in D20.

Association constant (Ka) for 2 was measured according to Benesi-Hildebrand

method.2o,23

1/ A8 = {I / (Ka x A8en 1/ [13-CD]o + 1 / A8e (1)

where A8 is the observed change in chemical shift~ A8e is the difference in chemical

shift between the free and complexed states, [13-CD]o is the total I3-CD concentration

and Ka is the association constant obtained from the ratio of intercept to slope from a

plot 1 / A8 vs. 1 / [13-CD]o. Figure 4 shows effects of the concentration ofDM-I3-CD on

the IH or 19F NMR chemical shift of monomers. For all the monomers except Ie, there

was a linear relationship between reciprocals of them, and Ka is calculated from the ratio

of the interceptto slope. Ka values were higher than 100 M-1 (Table 1), which was

enough large to solubilize the monomer in the present concentration.
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Figure 4. Determination of the association constants of inclusion complexes (2)
according to the Benesi-Rildebrand plots: (0) m-cresol; (Ll) m-fluorophenol; (0)
m-chlorophenol; (x) m-bromophenol.

Molecular mechanics calculations were performed using MM2. The reference

J3-CD structure was obtained by minimizing a crystallographic geometry. After adding

m-cresol as a guest molecule at the center of CD cavity and methyl groups at each 2- and

6- OR group, the system is minimized. The resulting geometry is shown in Figure 5.

Similar results were obtained in cases of the other halogenated phenols as well as

m-cresol.

Figure 5. Optimized structure of the m-cresol complex with DM-J3-CD (stereo view).
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Enzymatic reaction. After the complexation, the oxidative polymerization was

carried out by HRP catalyst. Polymerization results are summarized in Table 1, in which

results in the absence of DM-f3-CD are shown for comparison. During the

polymerization, polymeric precipitates were formed, which were collected by

centrifugation. Residual DM-f3-CD was removed by reprecipitation and washing with

water. The presence of DM-f3-CD efficiently produced polymer (3) soluble in polar

organic solvents such as acetone, N,N-dimethylformamide (DMF), dimethyl sulfoxide,

Table 1. HRP-catalyzed polymerization ofm-substituted phenols (1) in water in the

presence ofDM-13-CD. a)

Entry 1 Ka b) [DM-13-CD] Yield

Substituent R (MI
) (mmol) (%)

Mn x 10-2 c) Mw/Mn c)

1 Me 132 2.2 100 d) 10 1.7

2 Me 0 22 d) e) e)

3 F 181 2.2 77 d) 12 1.7

4 F 0 23 d) e) e)

5 CI 244 2.2 88 d) 9.3 1.3

6 CI 0 Of)

7 Br 438 2.2 87 d) 8.1 1.4

8 Br 0 Of)

9 I g) 2.2 80 d) 7.2 1.3

10 I 0 Of)

a) Polymerization of 1 (2.0 mmol) using HRP catalyst (10 mg) in pH 7.0 phosphate buffer

(10 mL) at room temperature for 3 h. b) Determined by NMR. c) Determined by SEC using

THF eluent. d) Water-insoluble part. e) Insoluble in THF. f) Unreacted monomer was

recovered. g) Not determined due to small peak shift.
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and tetrahydrofuran (THF). On the other hand, the polymer yield dramatically decreased

in the absence ofDM-~-CD probably due to low conversion of the phenolic monomers.9

Furthermore, the polymers obtained in the absence of DM-~-CD showed very low

solubility toward any solvents. These results indicate that the complexation of phenols

by DM-~-CD plays a very important role for the polymerization of hydrophobic phenols

in water. It is interesting that only phenols free from DM-~-CD are likely to be

polymerized by HRP because these inclusion complexes looks too bulky to be

recognized to the binding site of HRP, nevertheless, DM-~-CD provided efficient

reaction system by homogenizing solution and releasing monomer gradually and slowly.

NMR and IR spectra of the present polymer were similar to those previously obtained

without DM-~-CD in aqueous organic solvents. 1O
,24 Therefore they would be consisting

of biphenyl linkages and phenoxy ether linkages like previous reports.

Conclusion

m-Substituted .phenols (1) were successfully polymerized by HRP catalyst in

water in the presence of DM-~-CD, yielding the soluble polyphenols in high yields.

NMR analysis exhibited the complexation of 1 and DM-~-CD. Monomers la-ld

possessed the large association constant of the complexation. The present study clearly

shows that commercially available DM-~-CD is found to be a very useful additive for

efficient production of the polymer without use of organic solvents.
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ChapterS

Iron Salen-Catalyzed Oxidative Polymerization of Phenol Derivatives

Introduction

Oxidative polymerizations have afforded various functional polymers. Typical

examples are polyaniline, polypyrrole, and polythiophene showing high conductivity.I-3

These polymers are synthesized by electrolysis or chemical oxidation processes.

Another example is poly(I,4-oxyphenylene) (poly(phenylene oxide), PPO), which was

first synthesized from 2,6-dimethylphenol by using a copper/amine catalyst.4
,5 PPO is

widely used as high-performance engineering plastics in industrial fields, since the

polymer has excellent chemical and physical properties, e.g., a high glass transition

temperature (ca. 210°C) and mechanically tough property.6

Complexes of a metal with N;N'-ethylenebis(salicylideneamine) (salen) or its

derivatives have been extensively studied as oxidation catalysts. In particular, Mn(III)

and Co(II)-salens showed excellent catalytic ability toward enantioselective epoxidation

of olefins and versatile synthesis of alkoxyamines.7-IO Immobilization of these

complexes onto the synthetic polymers was performed to develop a polymeric catalyst

for the highly selective reactions. I 1,12

Here the author picked up a five-coordinated (J.L-OXO)diiron(III) complex, IS as a

mimic of peroxidases. The crystal structures of a wide variety of these complexes are

available (Figure 1).13-17 The relationship between the structure and the function has

been under discussion to get more insight about the active centers of the proteins. 18-22 In

most of oxidative polymerizations of phenol derivatives except those using peroxidase

catalyst, oxygen molecules and metal oxides were used as oxidizing agents; so far, there
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were few reports on the oxidative polymerization using hydrogen peroxide?3 This

chapter deals with the oxidative polymerization of phenol derivatives, especially

focused on 2,6-disubstituted phenol derivatives (1), catalyzed by Fe(lII)-salen complex

(2) using hydrogen peroxide as an oxidizing agent (Scheme 1). This is the first example

that a metal-salen complex showed high catalytic activity toward the oxidative

polymerizations.

Figure 1. Stereoscopic illustration of the molecular geometry of [Fe(salenh]O.

Scheme 1.

. ..

1

Ia : R1 =R2 =CH3

Ib: R1 = CH3• R2 = CH2CH=CH2

Ie: R1 = R2 = i-C3H7

Id : R1 =R2 =OCH3

Ie : R1 =R2 =Ph

2
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Experimental section

Materials. Fe-salen complex (2) was synthesized according to the literature?4

Other reagents and solvents were commercially available and used as received.

Oxidative polymerization of phenol derivatives. A typical run was as follows

(entry 4 in Table 1). 2,6-Dimethylphenol (0.61 g, 5.0 mmol), 2 (3.3 mg, 5.0 Ilmol) and

pyridine (0.10 mL) in 10 mL of l,4-dioxane were placed in a 50 mL of flask. 5 %

Hydrogen peroxide (3.4 mL, 5.0 mmol) was added dropwise for 1 h at room temperature.

The mixture was stirred under air. After 3 h, the reaction mixture was poured into a

large amount of methanol. The precipitates were separated by centrifugation and washed

with methanol, following by drying in vacuo to give the polymer (0.56 g, 91 % yield).

Measurements. Size exclusion chromatographic (SEC) analysis was carried

out using a Tosoh SC8010 apparatus with a refractive index (RI) detector under the

following conditions: TSKgel G3000HHRcolumn and tetrahydrofuran (THF) eluent at a

flow rate of 1.0 mL/min. The calibration curves for SEC analysis were obtained using

polystyrene standards. NMR spectra were recorded on a 270 MHz JEOL JNM-EX270J

or a 400MHz Broker DPX-400 spectrometer. IR spectra were recorded on a Horiba

FT720 spectrometer. DSC measurement was made at a 10°C/min heating rate under

nitrogen using a Seiko SSC/5200 differential scanning calorimeter calibrated with an

indium reference standard. TG analysis was performed using a Seiko SSC/5200

apparatus for thermogravimetry / differential thermal analysis at a heating rate of

10°C/min in a gas flow rate of 300 mL/min.
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Results and discussion

Oxidative Polymerization of 2,6-Dimethylphenol Catalyzed by

Fe(lII)-Salen Complex. The oxidative polymerization of 2,6-dimethylphenol (la) was

performed by using Fe(III)-salen (2) and hydrogen peroxide as a catalyst and an

oxidizing agent, respectively, at room temperature under air. As a polymerization

solvent, l,4-dioxane was used since it shows high solubility toward PPO and is miscible

with aqueous hydrogen peroxide solution. Hydrogen peroxide was added dropwise to

the reaction mixture for 1 h. By the addition of hydrogen peroxide, the reaction solution

turned dark-red, afterwards the precipitates were formed. After 3 h, the products were

isolated by pouring the reaction mixture into a large amount of methanol (yield 78 %).

In the chart of SEC, two peaks were observed and their peak areas were almost the same.

The number-average molecular weight and its index of the peak in lower elution volume

were 1.6xl04 and 1.5, respectively. IH NMR chart of the product shows two singlet

peaks at 86.6 and 7.7 in the aromatic region (Figure 2), which were ascribed to methyl

protons of poly(2,6-dimethyl-1 ,4-oxyphenylene) and a dimer of la,

3,5,3' ,5'-tetramethyl-4,4'-diphenoquinone (DPQ), respectively?S The ratio of integrated

areas of these peaks was 52:48, which was very close to that determined by SEC. Thus,

the peak ofhigher elution volume in the SEC chart was ascribed to DPQ. The DPQ

formation is explained by the para-para coupling ofradical species from 1a.
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Figure 2. IH NMR spectrum of the product (entry 1 in Table 1).

In the oxidative polymerization of la using a copper catalyst, the addition of

amine suppressed the DPQ formation, yielding PP0.26
,27 Here, the polymerization of la

by using 2 as catalyst was performed in the presence of pyridine with different amount

(Table 1). A small amount of pyridine was effective for the suppression of the DPQ

formation (entry 2). As the added amount of pyridine, the content of the polymer in the

methanol-insoluble part increased. DPQ was not formed in using 1.0 mL of pyridine

(entry 5). These results indicate that the addition of pyridine effectively suppressed the

DPQ formation. In the subsequent experiments, the amount of amine is fixed at 0.1 mL.

The molecular weight of the polymer scarcely changed by the amount ofpyridine.
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Table 1. Effect ofPyridine Amount in the Oxidative Polymerization of

2,6-Dimethylphenol (1a) Catalyzed by Fe(III)-Salen Complex (2). a)

Entry Amount ofPyridine Yield b) Polymer Content c) Mn x 10-3 d) Mw/Mn d)

(mL) (%) (%)

1 0 78 50 16 1.5

2 0.001 100 93 15 1.6

3 0.01 88 97 16 1.5

4 0.1 91 99 11 1.4

5 1.0 89 100 12 1.4

a) Polymerization of 1a (5.0 mmol) using 2 (5.0 J.Ul1ol) and hydrogen peroxide as a catalyst

and an oxidizing agent, respectively, in the presence ofpyridine in l,4-dioxane (10 mL) at

room temperature for 3 h under air. b) Methanol-insoluble part. c) Polymer ratio in

methanol-insoluble part, determined by SEC. d) Determined by SEC.

The oxidative polymerization of la catalyzed by a copper/amine is known to

involve several side reactions, resulting in Mannish-base- and DPQ-incorporations into

the polymer.28 The polymer structure was confirmed by using NMR spectroscopy.

Before the measurement, the polymer was further purified by washing with acetone for

the complete removal of DPQ. In the IH NMR spectrum (Figure 3), there are two main

peaks at 0 2.1 and 6.6, which are due to the methyl and aromatic protons of

2,6-dimethyl-l,4-oxyphenylnene unit.28
,29 Beside these peaks, a multiplet peak at 0 7.1

ascribed to the terminal phenyl protons was observed. No additional peaks were

detected in the IH NMR spectrum. These data indicate that the present polymer was

composed of exclusively 1,4-oxyphenylene unit. Be NMR analysis supports the

polymer structure.
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Figure 3. IH NMR spectrum ofPPO obtained by the iron salen catalyst.

The effect of amine structure has been examined by usmg 2,6-lutidine,

N;N;N',N'-tetraethylethylenediamine (TEED) and triethylamine (Table 2). The yield of

the methanol-insoluble part and the molecular weight of the polymer were not so

different with those in using pyridine. In all cases, the polymer content in the

methanol-insoluble part· was more than 96 %. These data suggest that the

polymerization behavior was not much affected by the amine structure.
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Table 2. Effect of Amine Structure in the Oxidative Polymerization of

2,6-Dimethylphenol (la) Catalyzed by Fe(III)-Salen Complex (2) a)

Entry Amine Yield b) Polymer Content c) Mn x 10-3 d) Mw/Mn d)

(mL) (%) (%)

1 2,6-Lutidine 91 96 14 1.6

2 Pyridine 91 99 11 1.4

3 TEED e) 91 100 9.4 1.3

4 Triethylamine 91 100 9.1 1.3

a) Polymerization ofla (5,0 mmol) using 2 (5.0 /-lmol) and hydrogen peroxide as a catalyst

and an oxidizing agent, respectively, in the presence of amine (0.1 mL) in 1,4-dioxane (10

mL) at room temperature for 3 h under air. b) Methanol-insoluble part. c) Polymer ratio in

methanol-insoluble part, determined by SEC. d) Determined by SEC.

e) N,N,N',N'-tetraethylethylenediamine.

The polymerization has been performed in various organic solvents in the

presence of pyridine (Table 3). In good solvents for PPO, i.e., l,4-dioxane, THF, and

dimethoxyethane, the polymer with molecular weight of more than lx104 was obtained

in high yields (entries 2, 3, and 6). In these solvents, the polymer content in the

methanol-insoluble part was very high t: 98%). The highest molecular weight was

achieved by using dimethoxyethane as a solvent (entry 2). Acetonitrile,

N;N-dimethylformamide (DMF), and 2-propanol afforded the oligomer (entries l, 4, and

5). This is probably due to the low solubility of PPO toward these solvents. IH NMR

analysis showed that the DPQ content in the product was low (less than 10 %).
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Table 3. Effect of Organic Solvent in the Oxidative Polymerization of

2,6-Dimethylphenol (la) Catalyzed by Fe(III)-Salen Complex (2) a)

Entry Amine Yield b) Polymer Content e) Mn X 10-3 d) Mw/Mn d)

(mL) (%) (%)

I Acetonitrile 91 91 e) 2.3 1.6

2 Dimethoxyethane 91 99 19 1.4

3 l,4-Dioxane 91 99 11 1.4

4 DMF 98 93 e) 1.9 1.4

5 2-Propanol 70 92 e) 2.2 1.4

6 THF 91 98 16 1.4

a) Polymerization of la (5.0 mmol) using 2 (5.0 /lmol) and hydrogen peroxide as a catalyst

and an oxidizing agent, respectively, in the presence of pyridine (0.1 mL) in organic

solvent (10 mL) at room temperature for 3 h under air. b) Methanol-insoluble part.

e) Polymer ratio in methanol-insoluble part, determined by SEC. d) Determined by SEC.

e) Determined by IH NMR.

The synthesis of phenylene oxide oligomer from la was reported: peroxidase

catalyst in an aqueous organic solvenf9 and copper/amine catalyst in a mixture of good

and poor solvents for PPO.28 Next, a mixed solvent of 1,4-dioxane and water was used

in order to control the molecular weight (Table 4). By the addition of water, the

molecular weight dramatically decreased. The decrease of the polymer yield was

observed in the aqueous 1,4-dioxane, probably due to the loss of the oligomer during the

purification procedure.
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Table 4. Effect of Water Content in the Oxidative Polymerization of

2,6-Dimethylphenol (la) Catalyzed by Fe(I1I)-Salen Complex (2) a)

Entry Water Content Yield b) Mn x 10.3 c) MwlMn c)

(mL) (%)

1 0 91 11.0 1.4

2 20 74 3.8 1.6

3 40 56 2.3 1.5

4 60 56 1.5 2.1

5 80 50 1.6 2.0

a) Polymerization of la (5.0 mmol) using 2 (5.0 flIllol) and hydrogen peroxide as a catalyst

and an oxidizing agent, respectively, in the presence ofpyridine (0.1 mL) in a mixture of

l,4-dioxane and water (10 mL) at room temperature for 3 h under air. b) Methanol-insoluble

part. c) Determined by SEC.

In this study, a very small amount of the catalyst (0.10 mol% for the monomer)

afforded the polymer in high yields, showing the very efficient catalysis of 2. The

catalyst amount was decreased (0.01 mol% for la) in the polymerization using

1,4-dioxane as a solvent in the presence of 0.001 mL of pyridine, resulting in the very

low yield of the polymer (5 %). In the above experiments, hydrogen peroxide was added

dropwise for 1 h. Next, hydrogen peroxide was added all at once in the monomer

solution to give the polymer with molecular weight of 2500 in 15 % yield, suggesting

that the dropwise addition of hydrogen peroxide was required for the efficient synthesis

ofPPO.

Thermal properties of the polymer were evaluated by usmg differential

scanning calorimetry (DSC) and thermogravimetry (TG). In the DSC measurement
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under nitrogen, glass transition temperature (Tg) was observed at 187°C, which is

lower than that of the commercially available PPO.6 This is probably due to the lower

molecular weight of the present polymer. In the TG measurement under nitrogen, the

weight loss was hardly observed below 400°C (the temperature at 5 weight % loss =

397 °C). These data indicate the polymer obtained by using 2 as a catalyst showed

excellent thermal stability.

Oxidative Polymerization of Other 2,6-Disubstituted Phenols Catalyzed by

Fe(III)-Salen Complex. Besides la, other 2,6-disubstituted phenols,

2-allyl-6-methylphenol (lb), 2,6-diisopropylphenol (Ie), 2,6-dimethoxyphenol (ld), and

2,6-diphenylphenol (Ie) were used as monomer. In the polymerization of lb in

1,4-dioxane under the similar reaction conditions of la (entry 4 in Table 1), the polymer

with molecular weight of 8700 was obtained in 88 % yield. In the IH NMR spectrum of

the polymer, five main peaks were observed: a singlet peak at () 2.1 due to the methyl

protons, peaks at () 3.2, 5.0, and 5.8 ascribed to the protons of allyl group, and a singlet

peak at () 6.5 due to the aromatic protons. It is to be noted that the dimeric byproduct

(DPQ derivative) was not detected in the methanol-insoluble part from lb. FT-IR

spectrum showed peaks at 1205 and 1028 cm-1 due to the C-O-C vibration. These data

indicate that the polymer from lb was of 1,4-oxyphenylene unit structure. From Ie, an

oligomer with molecular weight of 1500 was obtained in 59 % yield. IH NMR analysis

of the product showed that the characteristic peak ofthe DPQ derivative from Ie at () 8.1

was much smaller than that due to the aromatic protons of the oxyphenylene unit,

indicating that the catalysis of2 afforded the PPO derivative from Ie.

In the reaction of Ie, the yield of the methanol-insoluble part was low (17 %).

In the 1H NMR spectrum of the product, observed was a characteristic singlet peak at ()

7.6 ascribed to the aromatic protons of the DPQ derivative from Ie. From integrated

ratio between this peak and peaks of isopropyl group, the DPQ content in the product
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mixture was 80 %. IR spectrum showed a characteristic sharp peak at 1663 cm- l due to

the carbonyl moiety of DPQ. These data indicate that the main product by the oxidative

coupling of Ic by the Fe-salen complex was the DPQ derivative. This may be since the

bulky substituent of Ic prevented the polymer formation. A similar behavior was

observed in using copper/amine catalyst.s From Id, an insoluble product was formed in

69 % yield. In the IR spectrum of the product, there was a characteristic strong peak at

1628 cm- l ascribed to the carbonyl vibration, assuming the formation of the DPQ

derivatives from the oxidative coupling of Id catalyzed by 2.

Recently, another approach was developed to synthesize PPO derivatives by

the polymerization of 3,5-dimethoxy-4-hydroxybenzoic acid (syringic acid) and

3,5-dimethyl-4-hydroxybenzoic acid by using peroxidase or laccase as a catalyst,30

which is a new type of oxidative polymerization involving elimination of not only

hydrogen but also carbon dioxide from the monomer. However, 2 did not induce the

oxidative polymerization of syringic acid under the similar reaction conditions.

Synthesis of a soluble phenolic polymer by oxidative polymerization of

bisphenol A using Fe(lII)-salencomplex as a catalyst. The enzymatically synthesized

phenolic polymers often showed low solubility toward organic solvents, which restricts

their applications as polymeric materials. This section deals with the oxidative

polymerization of bisphenol A using 2 as a catalyst to produce the soluble phenolic

polymer.

The oxidative polymerization of bisphenol A was performed by usmg

Fe(III)-salen (2) and hydrogen peroxide as a catalyst and an oxidizing agent,

respectively, at room temperature under air. As a polymerization solvent, l,4-dioxane

was used since it shows high solubility toward poly(bisphenol A) and is miscible with

aqueous hydrogen peroxide solution. By the addition of hydrogen peroxide, the reaction

solution turned dark-red and the reaction mixture· was homogeneous during the
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polymerization. This is in contrast with the previous study on the peroxidase-catalyzed

polymerization of bisphenol A; the polymer precipitates were fonned in the initial stage

of the polymerization since the product polymer was insoluble in the reaction medium (a

mixed solvent of buffer and water-miscible organic solvents such as methanol, acetone,

and 1,4-dioxane).31 After 3 h, the products were isolated by pouring the reaction mixture

into a large amount of aqueous methanol (water/methanol = 50/50 (vol %)) to give the

powdery polymer (yield 45 %). The polymer was soluble in polar organic solvents, i.e.,

chlorofonn, THF, methanol, acetone, and DMF. The polymer molecular weight and its

index estimated by SEC analysis using THF eluent were 2700 and 2.4, respectively.

It is mentioned above that the oxidative polymerization of 2,6-dimethylphenol

catalyzed by 2 afforded poly(phenylene oxide) along with a byproduct dimer of

3,5,3',5'-tetramethyl-4,4'-diphenoquinone, and the addition of pyridine efficiently

suppressed the fonnation of the dimer and greatly improved the polymer yields. Thus,

the polymerization of bisphenol A by 2 was perfonned in the presence of small amount

of pyridine (0.020 mL per 1.0 mmol of the monomer) to give the polymer with

molecular weight of 3400 in 69 %. These data indicate that the yield and molecular

weight increased by the addition of pyridine. The role of the pyridine may be explained

as follows. Bisphenol A is neutralized in situ by pyridine to produce a little amount of

phenoxy anion having higher reactivity for oxidative couplings due to the larger

complexation constant with metal catalyst.

Polymerization results are summarized in Table 5. The polymerization also

proceeded in dimethoxyethane and THF. In all solvents, the yield and molecular weight

values of the polymer obtained in the presence of pyridine were larger than those

without pyridine. In using 1,4-dioxane, both values were the largest, indicating that

1,4-dioxane was the most suitable for the oxidative polymerization of bisphenol A by 2.

In this study, a very small amount of the catalyst (0.10 mol % for the monomer)

afforded the polymer in moderate yields, showing the efficient catalysis of 2 for the
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Table 5. Oxidative Polymerization ofBisphenol A catalyzed by 2 a)

Entry Solvent Pyridine Yield b) Mn x 10-3 c) MwlMn c)

(mL) (%)

1 Dimethoxyethane 0 18 2.4 2.0

2 Dimethoxyethane 0.1 42 2.8 2.1

3 1,4-Dioxane 0 45 2.7 2.4

4 1,4-Dioxane 0.1 69 3.4 2.9

5 THF 0 36 1.8 1.7

6 THF 0.1 45 2.2 1.8

a) Polymerization ofbisphenol A (5.0 mmol) using 2 (5.0 J.U11ol) and hydrogen peroxide as a

catalyst and an oxidizing agent, respectively, in organic solvent (10 mL) at room

temperature for 3 h under air. b) Methanol/water (50:50 vol%)-insoluble part. c) Determined

by SEC.

bisphenol A polymerization.

Polymer structure was confIrmed by IH NMR and IR spectroscopies. In the IH

NMR spectrum, there were four broad peaks: 8 1.5 due to the methyl protons, 8 6.5

ascribed to the aromatic protons of ortho position, 8 6.9 due to the meta aromatic

protons, and 8 9.1 due to the phenolic protons. In IR spectrum of the polymer (entry 4),

observed were a broad peak centered at 3400 cm-l due to the vibration ofO-H linkage of

phenolic group, peaks at1218 and 1177 cm- l ascribed to the asymmetric vibrations of

the C-O-C linkage and to the C-OH vibration, and a peak at 1115 cm- l due to the

symmetric vibration of the ether. The spectrum pattern of the resulting polymer was

similar to that obtained by using soybean peroxidase catalyst. These data show that the

present polymer is composed of a mixture ofphenylene and oxyphenylene units.
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Fe-salen catalyst induced the polymerization of p-tert-butylphenol in

l,4-dioxane in the presence of pyridine to give the soluble polymer with molecular

weight of 2200 in 83 % yield. Phenol and m-cresol were also polymerized under the

similar reaction conditions to give the polymers showing low solubility toward organic

solvents.

Thus, Fe-salen complex was found to be an efficient catalyst for the synthesis

of soluble poly(bisphenol A) consisting of a mixture of phenylene and oxyphenylene

units. The addition of pyridine increased the polymer yield and molecular weight. The

application ofthe complex is not limited only to 2,6-disubstituted phenols.

Conclusion

Fe(III)-salen complex (2) was used as a new catalyst for oxidative

polymerization of phenol derivatives. The author regards 2 as a model complex of

peroxidase having a heme in the .catalytic active site. The polymerization of

2,6-dimethylphenol catalyzed by 2 in the presence of an amine proceeded under mild

reaction conditions to give the polymer exclusively consisting of 1,4-oxyphenylene unit.

Complex 2 showed a very high catalytic activity for the oxidative polymerization. The

molecular weight could be controlled by the solvent composition.

2-Allyl-6-methylphenol and 2,6-diphenylphenol were also polymerized by 2 to give

PPO derivatives. Complex 2 catalyzed the polymerization of other phenols such as

bisphenol A and p-tert-butylphenol to give soluble polymers.
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Chapter 6

Synthesis of a Phenolic Polymer with a Mesoionic

6-0xo-l,6-dihydropyrimidin-3-ium-4-olate as Pendant Group andIts

Photochemical Behavior

Introduction

Mesoionic 6-oxo-1,6-dihydropyrimidin-3-ium-4-0Iates (1) were first

synthesized in 1971 1
,2 and the interest in that 6-membered mesoionic heterocycles was

originally focused on l,4-dipolar cyc1oadditions with olefins and alkynes.3
-
6 It was also

shown that these compounds are photosensitive and undergo an intramolecular

cycloaddition which leads to the formation ofbis(~-lactams) (2)7 as pictured in Scheme

1.

Scheme 1.
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With the change of the chemical structure, one can expect also changes of the

physical properties such as color, specific volume, dipole moment, and·refractive·index.

For this reason, it IS interesting to prepare polymers containing

6-oxo-1,6-dihydropyrimidin-3-ium-4-01ates, which can be used as photosensitive
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materials.

Up to now, different types of mesoions containing styrenic8
-
10 or methacrylll

moiety have been synthesized and polymerized by Ritter et al. Recently, they also

prepared polymers containing mesoionic groups in the main chain.12
,13 In addition, the

changes in film thickness and refractive index on irradiation of a spin coated polymer

film with a mesoionic group in the main chain (Scheme 2) was analyzed by waveguide

spectroscopy.13 This method is based on the selective excitation ofwaveguide modes by

prisms or diffraction gratings. 14-16

Scheme 2.
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It was shown that laser irradiation caused anisotropic changes in the refractive

index and reduction of the film thickness,16 which is controlled by a complicated

interplay of the anisotropy at the beginning caused by the spin coating process, and the

cyclization and reorientation kinetics in both polarization directions of the polymeric

structure. For that reason, polymers with mesoionic groups are interesting materials for
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the laser which was used for irradiation.

In this chapter, a phenolic polymer bearing the photosensitive mesoionic group

as pendant group was synthesized and its photoreactivity was investigated. Expected

photocyclization of the mesoion is depicted in scheme 3.

Scheme 3.
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Experimental section

Materials. .N;N-Diphenylformamidine22 and binuclear iron salen complex23

were synthesized according to the literatures. All other reagents were commercially

available and used without further purification.

4-Benzyloxybenzyl malonic acid (7): Diethyl malonate (12 g, 75 mmol) and

sodium ethoxide (5.1 g, 75 mmol) were solubilized in 40 ml of ethanol at room

temperature under gentle stirring. The homogeneous solution was cooled to 0 °C and

4-benzyloxybenzyl cWoride (5) (5.8 g, 25 mmol) was added gradually. The mixture was

stirred at room temperature for 8 h, and then acidified by dilute HCI solution, followed
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by extraction with diethyl ether. After evaporation of diethyl ether and distillation of

most part of unreacted diethyl malonate under vacuum at 170°C, the residue was

subjected to flash chromatography using hexane/ethyl acetate as eluent. The obtained

sticky product was dissolved in aqueous ethanollNaOH solution and washed by diethyl

ether. The aqueous phase was acidified by dilute HCI solution, followed by extraction

with diethyl ether. Evaporation of the organic phase and drying in vacuum yielded 5.0 g

of white precipitate (7) (yield 60 %): IH NMR (DMSO-d6): 82.95 (d,2H, CH2), 3.51 (t,

IH, CH), 5.05 (s, 2H, OCH2), 6.90-7.45 (m, 9H, Ar).

Mesoionic 5-(4-hydroxybenzyl)-6-oxo-l,2,3-triphenyl-l, 6-dihydropyrimidin-3-

ium-4-o1ate (3): To a solution of
OH

N,N-diphenylbenzamidine (8) (1.85 g, 6.80

mmol) and dicycloIiexylcarbodiimide (DCC)

(2.81 g, 13.6 mmol) in 8 mL of dry

N;N-dimethylformamide·(DMF), 7 (2.02 g, 6.73

mmol) was gradually added at 0 °C under

stirring. After 1 h, the color of the reaction

mixture turned to bright yellow. During the

reaction at room temperature for 24 h, urea was

precipitated, which was removed by filtration. The filtrate was concentrated by

evaporation under reduced pressure. Compound 9 was crystallized by adding
,

chloroform (yield 62 %) and converted to 8bydeprotection of benzyl group with

Pd(OH)2 catalyst in acetonitrile (yield 83 %): IH NMR (DMSO-d6): 83.56 (s, 2H, He),

6.61 (d,2H, Ha
), 6.96 (m, 3H, Hg), 7.15 (t, IH, Hf

), 7.18 (d, 2H, Hb
), 7.22 (t, 2H, Ir),

7.28 (d, 2H, Hd
) 7.42 (m, 2H, Hh

); MS (FAB, glycerol matrix): mlz 447 [(M+Ht].
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.Mesoionic 5-methyl-6-oxo-l, 2, 3-triphenyl-l, 6-dihydropyrimidin-3-ium-4-o1ate

(4): To a solution of N,N-diphenylbenzamidine (8)

(1.00 g, 3.67 mmol) and DCC (1.51 g, 7.34 mmol)

in 7.5 mL of dry dichloromethane, methylmalonic

acid (0.43 g, 3.67 mmol) was gradually added

under stirring over a period of 10 min, whereby the

reaction mixture turned to bright yellow. After 1 h,

the precipitated urea was filtered off. The filtrate

was concentrated by evaporation under reduced pressure and the desired mesoionic

compound (4) was crystallized by adding diethyl ether and petroleum ether (yield 62 %):

IH NMR (DMSO-d6): B 1.87 (s, 3H, H'), 6.90-7.00 (m, 3H, Hg), 7.09-7.14 (m, 10H,

Hd,e,f), 7.15-7.44 (m, 2H, Hh
); IR (ATR): 3054 (Ar. C-H), 2918, 2859 (aliph. C-H), 1640

(C=O), 1595 (Ar. C=C), further signals at 1489, 1445, 1382, 1344, 1324, 1290, 1158,

1068, 1026, 1003, 971, 933, 833, 748, 713, 694; UV (DMF): Amax [nm] (log E) = 268

(3.90),348 (3.29); MS (FD): rn/z 354 (100) [~].

Polymerization of monomer 8. The iron salen complex (5.0 mg, 7.5 J.1lll01)

and 3 (450 mg, 1.0 mmol) were dissolved in pyridine (5.0 mL). Ten % hydrogen

peroxide (0.51 mL, 1.5 mmol) was added dropwise to the mixture for 2 h at room

temperature under air. After the subsequent stirring of the reaction mixture for an hour,

the resulting solution was poured into a large amount of methanol/water (50:50 vol%).

Obtained precipitates were collected by centrifugation and followed by washing with

methanol/water (50:50 vol%) repeatedly. The precipitates were dried in vacuum to give

241 mg ofthe polymer (yield 54 %, Mn = 4000): IR (ATR): 3133,3062 (Ar. C-H), 2977,

2932 (aliph. C-H), 1643 (C=O), 1596 (Ar. C=C), further signals at 1692, 1492, 1443,

1315, 1273, 1210, 1105, 1068, 1026, 1003, 834, 753, 712, 691; UV (DMF): Amax [nm]
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(log E) = 268 (4.15).

Measurement. 1H NMR spectra were recorded on a 400 MHz Broker

DPX-400 or 200 MHz Broker AC-200 spectrometer. IR spectra were measured on a

Nicolet 5SXB FT-IR spectrometer equipped with a MCT detector and a Specac golden

gate diamond ATR unit. UV spectra were performed on a Unicam UV 540 spectrometer.
J

FAB mass measurement was carried out using a JEOL high performance JMS-HX110

mass spectrometer. FD mass spectrometry was performed on a Finnigan MAT 95,

emitter heat-rate: 10 rnA / min. SEC analysis was carried out using a TOSOH SC8020

apparatus with a refractive index (RI) detector at 35°C under the following conditions:

TSKgel a-M column and O.IM LiCIIDMF eluent at a flow rate of 1.0 mL/min. The

calibration curves for SEC analysis were obtained using polystyrene standards. The

polymeric films were prepared using a 15 wt.% solution of the polymer in a 1:1 mixture

of DMF and I-methyl-2-pyrrolidone on a BLE Delta 10 spincoater with exhaust air

separation (600 rpm, highest acceleration, 5 min., followed by 2000 rpm, lowest

acceleration, 10 min.). The films were dried in vacuum at 60°C for 48 h. Waveguide

mode spectroscopy experiments were carried out using a home built spectrometer

(Figure 1).
bleaching beam

waveguide

reflected beam

outcoupled
waveguide mode

---------------------, ~ detector

Figure 1. Setup for waveguide mode spectroscopy with simultaneous irradiation of the

mesoionic polymer sample.

A grating with a periodicity A of 597 nm ion etched into the substrate24 was

used to couple a HeNe laser beam (J-. = 632.8 nm) in s- (TE) and p-polarization (TM)
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from the air into the waveguide. The waveguide mode spectrum was obtained by

scanning the angle of incidence of the incoming laser beam onto the grating while

measuring the out-coupled power with a photo detector situated at the end of the

waveguide. 14 From the coupling angles and the known parameter of the grating the

effective refractive indices of all modes Nij was calculated according to equation (1).

Nij = Ilc . sin a + m . A/A (1)

Ilc is the refractive index of the cladding (here air with Ilc = 1), A the wavelength of the

coupled light, A the grating period, and m the diffraction order. With the knowledge of

the optical constants of the substrate, the thickness and refractive index for both

polarization directions were calculated iteratively as long as at least two modes for each

direction could be detected. The irradiation of the film was carried out with the focused

light of a mercury vapor short arc lamp (Type Osram HBO 1DOW) at a power of 50 W,

filtered by a water filled IR filter and a 2 mm Schott UG-l filter (365 nm max.

transmission).
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Results and discussion

Polymer synthesis. The oxidative polymerization of 3 was carried out using

hydrogen peroxide as an oxidant in pyridine. The resulting polymer was soluble in DMF,

dimethyl sulfoxide, and pyridine, but insoluble in acetone, methanol, hexane, and water.

The UV spectrum of low molecular weight model compound (4) shows a strong and

narrow absorption band at 268 nm and a broader absorption at 348 nm, coming from the

mesoionic HOMO-LUMO transition. In the polymeric product, these two bands are

overlayed by a further signal with a nearly exponentional decay to longer wavelengths.

This absorbance is typical for polymeric phenols and is probably due to extended

conjugated system based on the phenylene linkage.
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Photochemical behavior of the polymer.·In order to proof the applicability of

the mesoionic phenolic polymer as a photosensitive material, films with a thickness at

about 1400 nm were prepared with a spincoater. Using a substrate with a grating, the

compound can be used as a waveguide, whereby the film thickness and refractive index

can be calculated for both polarization directions. Before irradiation, the refractive index

was determined to be 1.620 in TE direction, which is parallel to the surface of the

substrate and 1.617 in TM direction, being perpendicular to the surface. This values

differ only very little and are within the error limit of the measurement, so the film

seems to be almost isotropic. This result differs from that obtained from the polymer,

bearing the mesoionic groups in the main chain,16 which can be explained by an

increased mobility of the mesoionic groups. The thickness of the film was calculated to

be 1370-1380 nm, also identical within the error limit. The sample was irradiated for

about 14 h with the filtered light of a mercury vapor lamp resulting a maximum at 365

nm, which is proper to the HOMO-LUMO transition. At different times, the waveguide

mode spectrum was scanned and the refractive index and film thickness were calculated

(Figure 2 and 3).
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Figure 2. Time-development of the refractive index and the film thickness measured

with s-polarized light (TE). Errors: &1 = ±O.004 and ~d = ±40 nm.

1.624 1420

-0- refractive index TM
1400

1.623 A
~ film thickness [nm] 1380

'\. 1360
1.622

~
1340

~ :::!'!
I- 1.621 1320 3x

/0
0 1300 -Q) =r

"'C 1.620 1280 o'.E 0

"Q)
0_0

1260
:::J

> /
CD
CJ):g 1.619 1240 CJ)

ctI .......
.:= A____

1220 3
~ 1.618 I

A____A ......
1200

1.617 1180
0

1160

1.616 1140
0 100 200 300 400 500 600 700 800 900

irradiation time [min]

Figure 3. Time-development of the refractive index and the film thickness measured

with p-polarized light (TM). Errors: &1 = ±O.004 and ~d = ±40 nm.
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Whereas the refractive index remains nearly constant within the experimental

errors and does not show any anisotropic behavior, a strong decrease of the film

thickness could be observed. After irradiation, the film was still soluble in THF, so no

crosslinking has taken place. An IR spectrum was recorded (Figure 5) and compared to

that measured before irradiation (Figure 4). The spectra show distinct changes in the

region of the C=O vibrations. In lieu of the mesoionic C=O vibration at 1643 cm-I
, a

strong absorption at 1693 cm-I appears, which can be assigned to the C=O vibration of

the bis(~-lactam). The other parts of the IR spectra show only minor changes, which is a

strong hint, that the shown effect is based on the photocyclization of the mesoionic

groups and not on changes of the phenol polymer backbone.
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Figure 4. IR spectrum of 10 before irradiation.
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Figure 5. IR spectrum of 10 after irradiation.

The strong decrease in the film thickness can be explained by reorientation of

the polymer conformations caused by the different steric deIlland and the reduced

dipolaric character of the bis(I3-lactam) groups compared to the mesoionic groups. With

a decrease of the film thickness, the density of the material is increased. Due to

theoretical considerations and experimental results of other samples,13 a reduction of the

molar polarizability can be assumed. In the described sample, the effects of reduction of

the molar polarizability and the increase of the density equalize or cancel each other to

some extent, so that the refractive index nearly remains constant.

Conclusion

Amesoionic phenolic polymer, which has 6-oxo-I,6-dihydropyrimidin-3-ium-

4-0late moiety as pendant group, was synthesized by an oxidative polymerization using
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the iron salen complex as a catalyst. The resultant polymer was soluble in polar organic

solvents and had UV absorbance even in the range of visible light due to the structure of

phenolic polymer. The polymer can be processed as a film, which was proofed to be

photosensitive. Irradiation causes a change of the mesoionic structure to a bis(p-Iactam)

structure, which could be observed by IR spectra. In association with that change, a

strong decrease of the film thickness without refractive index changes could be

determined by waveguide spectroscopy.
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Chapter 7

Oxidative Grafting of Phenolic Polymers onto Phenol-Containing Cellulose:

Synthesis of Cellulose-Phenolic Polymer Hybrid

Introduction

Oxidative polymerization of phenols has been intensively studied to develop

economically and ecologically superior process of polymer synthesis. I
-
14 Most of them

deal with homopolymerization regardless of the variety of reaction system. For example,

several kinds of enzyme catalysts were used to produce alternatives of conventional

phenolic resins in various media.

Modification of cellulose has been eagerly investigated for scientific and

practical interest especially because cellulose is the most abundant polymer available

and a renewable resource by nature. From the commercial and environmental

viewpoints, covalent modification of cellulose is expected to be one of the most

promising routes to afford a new class of high-performance green polymers. Grafting of

polymers onto cellulose has been studied as one way to improve the properties and/or

provide novel functions,15-22 in which many of the side chain were vinyl polymers and

aliphatic polyesters.

Main components of wood are cellulose, hemicellulose, and lignin. In the

present chapter, the author has synthesized hybrid polymers consisting of two

components of them, cellulose and a lignin-model polymer, an enzymatically

synthesized phenolic polymer, which may be regarded as an artificial wood polymer.

The hybrid polymers were synthesized by an iron salen-catalyzed oxidative grafting of

the phenolic polymers onto a phenol-containing cellulose derivative. To my best
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knowledge, this study is the first example of grafting by an oxidative cross-coupling

between two polymers.

Experimental Section

Materials. Phenolic polymers,4,13 tosyl cellulose23 and the iron salen complex24

were synthesized according to the literatures. The other reagents and solvents were

commercially available and used as received.

Preparation of 2. Tosyl cellulose (3.5 g, DS = 0.92) was swelled in 350 ml of

.N;N-dimethylformamide (DMF) at room temperature. After adding 3.5 g of sodium

4-hydroxyphenyl acetate and purge, the solution was kept at 100°C under argon to

produce a clear solution. After 2 h, DMF was removed by evaporation under reduced

pressure, and then the residue was washed with water and subsequently methanol

repeatedly, followed by drying in vacuo (2.5 g). IH NMR (DMSO-d6): 8 3.0-5.6 (br,

cellulose backbone and CH2Ar), 6.5-6.8 (br, Ar), 6.9-7.2 (hr, Ar), 9.1-9.4 (hr, ArOH);

Anal. Found: C, 51.89; H, 5.36; S, 1.76. Syntheses of other phenol-containing celluloses

3 and 4 are similar to that of2. IH NMR of3 (DMSO-d6): 82.4-2.6 (br, CH2Ar), 2.6-2.8

(hr, CH2CO), 3.0-5.6 (hr, cellulose backbone), 6.5-6.8 (hr, Ar), 6.9-7.2 (br, Ar), 9.1-9.4

(hr, ArOH); IH NMR of 4 (DMSO-d6): 83.0-5.6 (br, cellulose backbone), 6.6-6.9 (br,

Ar), 7.6-7.9 (hr, Ar), 10.1-10.4 (hr, ArOH).

Grafting of poly(bisphenol A). The following is a typical procedure (entry 14

in Table 1). The phenol-containing cellulose 2 (17 mg), the iron salen complex (0.66

mg) and poly(hisphenol A) (34.2 mg) were dissolved in pyridine (2 mL) at room

temperature under air. Hydrogen peroxide (12 J-lmol) was added with stirring. Every 20
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min, 3.8 mg ofpoly(bisphenol A) and 12 mmol of hydrogen peroxide were added to the

reaction mixture for three times. After 23 h of further stirring, the reaction mixture was

poured into an excess amount of methanol to remove homo-coupled poly(hisphenol A)

and the catalyst. The precipitate was collected by centrifugation and washed with

methanol, followed by drying in vacuo (39 mg). IH NMR (DMSO-d6): 8 1.0-1.7 (hr,

CH3) 3.0-5.6 (br, cellulose backbone), 6.3-7.2 (br, Ar), 9.0-9.4 (hr, ArOH); Anal.

Found: C, 66.79; H, 5.73; S, 0.64.

Hydrolysis of the hybrids. The isolated hybrid (15 mg) was dissolved in DMF

(4.0 mL). Sodium methoxide in methanol (28 %, 50 I-lL) was added at room temperature

under nitrogen atmosphere. After 24 h of stirring, the solution was poured into an excess

amount of water and acidified by dilute HCI solution. The precipitate was collected by

centrifugation and washed with water, followed by drying in vacuo (6 mg, entry 12 in

Table 1).

Measurements. 1H NMR spectra were recorded on a 400 MHz Broker

DPX-400 instrument. SEC analyses were carried out using a TOSOH SC8020 apparatus

with a UV detector at 35°C under the following conditions: TSKgel a-M column and

O.lM LiCl/DMF eluent at a flow rate of 1.0 mL/min. The calibration curves for SEC

analysis were obtained using polystyrene standards. UV spectra were measured on a

Hitachi V-2001 spectrometer.

Results and Discussion

Oxidative grafting of poly(bisphenol A) onto a phenol-containing cellulose.

Cellulose-phenolic polymer hybrid was synthesized via an oxidative coupling ofphenol
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moiety between cellulose and the phenolic polymer. Cellulose has no phenolic group;

thus phenol-containing cellulose derivative was designed and prepared as shown in

Scheme 1. At first, tosylation of cellulose was performed in .N;N-dimethylacetamide

(DMA) / LiCI,23 and subsequently a phenol group was introduced in cellulose by

reaction of tosyl cellulose with sodium 4-hydroxyphenyl acetate (1) to produce a

phenol-containing cellulose (2). The degree of substitution (DS) of the phenol group

was determined by elemental analysis and IH NMR as 0.75, considering sulfur amount

in 1 and aromatic protons of phenol group, respectively. The phenol-containing

cellulose 2 was soluble in highly polar organic solvents as DMF, dimethyl sulfoxide

(DMSO) and pyridine.

Scheme 1.

t#
H

o 0

HO OH n

TsCI

DMA-LiCI

1

DMF

2

In this chapter, poly(bisphenol A)13 was mainly used as a phenolic polymer,

which shows high solubility toward polar organic solvents for the oxidative coupling.

An iron salen-catalyzed grafting of poly(bisphenol A) onto 2 was performed in pyridine

at room temperature under air. The reaction proceeded by adding aqueous hydrogen

peroxide dropwise. After each drop, a small portion of the reaction mixture was

analyzed by size exclusion chromatography (SEC) with UV detector at 340 nm (Figure

1). This wavelength was chosen to detect only coupling produ.cts containing
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poly(bisphenol A) chains because 2 has no absorption at 340 nm; one unimodal peak

due to poly(bisphenol A) was observed at retention time of ca. 17 min before reaction

(Figure l(a)).

(e)

10 t t 15 t
. Mw = 106Mw = 105 Mw = 104

Retention time (min)

t 20

Mw =103

Figure 1. GPC traces of the reaction mixtures monitored by UV detector (340 nm). (a)

Before reaction (poly(bisphenol A)), (b) H202 12 1Jl1l01 (entry 11 in Table 1), (c) H202

24 Jlmol (entry 12 in Table 1), (d) H20 2 36 1Jl1l01 (entry 13 in Table 1), (e) H202 48

Jlmol (entry 14 in Table 1).

In the present coupling, both the phenolic polymer and 2 have a reactive phenol

group. Therefore, the cross-coupling between both polymers as well as homo-coupling

of the phenolic polymer or 2 simultaneously take place. For the efficient production of

the hybrid polymer, it is necessary to examine the reaction conditions for the selective

cross-coupling. The present reaction proceeds via addition of hydrogen peroxide. When

a small amount of hydrogen peroxide was added, the molecular weight of

poly(bisphenol A) increased due to homo-coupling and at the same time small peak was

observed at retention time of ca. 13 min (Figure l(b)). This is due to the product formed

by cross-coupling between poly(bisphenol A) and the phenol-containing cellulose,
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which is hybrid. As the reaction proceeded by further addition ofhydrogen peroxide, the

amount of the hybrid increased gradually (Figure 1). This result indicates that

poly(bisphenol A) was grafted onto 2, accompanying homo-coupling of poly(bisphenol

A). It is likely that homo-coupling of 2 was suppressed under this reaction condition,

since only one drop addition ofhydrogen peroxide to 2 caused gelation in the absence of

poly(bisphenol A).

The hybrid was purely isolated by pouring the reaction mixture into an excess

amount of methanol; after the reprecipitation, only the peak of the higher molecular

weight product was detected in the SEC chart. The structure of the hybrid was

confirmed by 1H NMR,· UV and elemental analysis. The proposed structures of the

linkage between the phenol group formed by the oxidative grafting is depicted in Chart

1. When tosyl cellulose was used instead of2, the hybrid was not obtained. Furthermore,

the control experiment showed that the iron salen complex and hydrogen peroxide were

absolutely necessary for producing the hybrid. These data clearly indicate the phenolic

group of the backbone is critical to produce the hybrid and non-covalent bond such as

Van der Waals interaction and/or hydrogen bond between cellulose and phenolic

polymer are not essential for the hybrid formation.

Chart 1.

I"
HO ....

3
~

The hybrid synthesis was summarized in Table 1. When a small amount of
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poly(bisphenol A) was used (entry 6), gelation took place as soon as hydrogen peroxide

was added, indicating homo-coupling of 2 was superior. A large amount of

poly(bisphenol A) resulted only in homo-coupling of poly(bisphenol A) and

cross-coupling was not favored (entries 7, 8, 9 and 10). On the other hand, appropriate

feed ratio achieved hybridization in good yield and high content ofpoly(bisphenol A) by

sufficient cross-coupling between the two polymers. Then, poly(bisphenol A) was added

gradually during the oxidative coupling in order to controll the concentration of

poly(bisphenol A) favorable for cross-coupling during the reaction. In this method,

soluble hybrid bearing 1.61 poly(bisphenol A) unit per 1 glucose unit was synthesized.

Thus, hybrid formation was much affected by the feed ratio. Appropriate reaction

condition enabled sufficient hybrid synthesis and to control the composition.

Effect of the linkage structure on the oxidative grafting of poly(bisphenol

A). Effect of the linkage structure between cellulose and phenol group was investigated

as shown in Figure 2. Two cellulose derivatives (3 and 4), which have almost the same

DS as 2, were synthesized for the oxidative coupling with poly(bisphenol A) (Chart 2).

. The reaction condition was subjected to that of entries 1,2 and 3 in Table 1. In the

oxidative coupling in the presence of 3, gelation took place earlier than 2, suggesting

higher reactivity of 3 for the oxidative coupling, resulting in the formation of the

insoluble gel (Figure 2 (A». In using 4 as cellulose backbone, on the other hand, the

corresponding hybrid was not formed; only the homo-coupling of poly(bisphenol A)

took place (Figure 2 (B». Twofactors are considered for no formation of the hybrid:

shorter spacer length of 4 between the cellulose backbone and reactive phenol group,

and lower oxidative reactivity of the phenol group by the substituent .of

electron-withdrawing carbonyl group. These data suggest that the reactivity of the

phenol-containing cellulose should be controlled for the production of the soluble

cellulose-phenolic polymer hybrid.
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Table 1. Oxidative grafting ofpoly(bisphenol A) onto 2. a)

Entry Poly(bisphenol A) HzOz Yield b) Unit ratio c)

(mg) (!!mol) (mg)

1 45.6 20 16 0.15

2 45.6 40 33 1.22

3 45.6 60 42 1.50

4 45.6 80 gel d)n.d.

5 0 20 gel d)n.d.

6 11.0 20 gel d)n.d.

7 91.2 40 20 d)n.d.

8 91.2 80 21 d)n.d.

9 91.2 120 20 d)n.d.

10 91.2 160 17 d)n.d.

11 34.2 12 18 0.09

12 34.2 + 3.8 24 23 0.34

13 34.2 + 3.8*2 36 35 0.92

14 34.2 + 3.8*3 48 39 1.61

a) Grafting ofpoly(bisphenol A) onto 2 (17 mg) using the iron salen complex

(0.66 mg) in pyridine (2 mL) at room temperature for 24 h under air.

b) Methanol-insoluble part. c) Unit molar ratio ofbisphenol A per glucose,

determined by elemental analysis. d) Not determined.
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Chart 2.

OH
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(A)

(c) Gelation
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Figure 2. GPC traces of the reaction mixtures monitored by UV detector (340 nm),

using (A) 3 and (B) 4. (a) Before reaction (poly(bisphenol A», (b) H202 20 J.llllol, (c)

H202 40 Ilmol.
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Hydrolysis of the hybrid. In order to confinn the hybrid structure, the isolated

hybrid was subjected to the alkaline hydrolysis and the hydrolyzed product was analyzed

by SEC with UV detector at 340 run. GPC traces in the case of entry 12 in Table 1 were

shown in Figure 3. The hydrolyzed product showed almost the same retention time as

homo-coupled poly(bisphenol A) in the reaction mixture. The SEC analysis revealed

that the molecular weight of poly(bisphenol A) branch increased with the addition of

hydrogen peroxide as the molecular weight of the homo-coupled poly(bisphenol A)

increased similarly (Figure 4). This means that poly(bisphenol A) grafted onto the

cellulose backbone at the early stage of the reaction would be further coupled with other

poly(bisphenol A) molecules, leading to the increase in the molecular weight of the

poly(bisphenol A) branch.

10

I i

t t 15 t
Mw = 106 Mw = 105 Mw = 104

Retention time (min)

t 20

Mw = 103

Figure 3. GPC traces of (a) reaction mixture, (b) isolated hybrid, and (c) hydrolyzed

product of the isolated hybrid monitored by UV detector (340 run).
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Figure 4. GPC traces ofhydrolyzed products monitored by UV detector (340 run).

(a) Poly(bisphenol A), (b) H20 2 12 J.Ullol, (c) H202 24 ~mol, (d) H202 36 ~mol, (e)

H202 48 J.Ullol.

Grafting of enzymatically polymerized phenolic polymers. Grafting of other

phenolic polymers, poly(m-cresol)4 and poly(p-tert-butylphenol),25 on 2 has been

examined. These polymers were synthesized by an enzymatic oxidative polymerization.

The grafting behavior was analyzed by SEC (Figure 4). A peak was generated at the

retention time of ca. 13 min as in the case with poly(bisphenol A). The outlines of the

reactions were similar regardless of phenolic polymer structure although the reaction

rates were considerably different. Thus different kinds of phenolic polymers could be

applied to the synthesis ofhybrid.
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(A)

(8)

10 t t 15 t
Mw = 106 Mw = 105 Mw = 104
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Mw = 103

Figure 5. GPC traces of the reaction mixtures monitored by UV detector (340 nm),

using (A) poly(p-tert-butylphenol) and (B) poly(m-cresol). (a) Before reaction, (b) H202

20 J.UIlol, (c) H202 40 J.UIlol, (d) H20 2 60 Jlmol, (e) H202 80 Jlmol, (f) H202 8 J.UIlol, (g)

H202 16 J.UIlol, (h) H202 24 Jlmol.

Conclusion

Phenolic polymers were oxidatively grafted onto a phenol-containing cellulose

backbone by using the iron salen complex as a catalyst in homogeneous system,

producing cellulose-phenolic polymer hybrids, artificial wood polymers. By selecting

appropriate reaction conditions, cross-coupling of both polymers preferentially took
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place to produce the soluble hybrids without gelation. The hybrid composition could be

controlled by the amount of hydrogen peroxide. Furthermore, the structure of phenolic

polymers and of the linkage between cellulose and phenol group greatly affected the

coupling behaviors. The present hybrid is expected to show good biodegradability like

native wood and have high potential for various applications.
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Concluding Remarks

This thesis describes oxidative polymerization of phenolic derivatives:

preparation of new functional polyphenols, establishment of efficient reaction

conditions, and development of novel reaction system. In this section, the results of

investigation are briefly summarized.

In Chapter 1, HRP-· and SBP-catalyzed oxidative polymerization of

m-substituted phenols has been performed in a mixture of a water-miscible organic

solvent and buffer at room temperature under air. In the polymerization of m-cresol

using HRP catalyst, effects of an organic solvent, buffer pH, and their mixing ratio have

been systematically investigated with respect to the polymer yield, solubility, and

molecular weight. The difference of the polymerization behaviors, depending on the

origin ofperoxidases, and relationship with the m-substituent were examined.

In Chapter 2, HRP-catalyzed polymerization of m-ethynylphenol possessing

two reactive groups, phenol and acetylene moieties, was carried out in an aqueous

methanol under air. The reaction of the monomer using a copper/amine catalyst, a

conventional catalyst for oxidative coupling, exclusively produced a diacetylene

derivative. From these data, it was found that the peroxidase catalysis induced the

chemoselective polymerization of the monomer. The resulting polymer was converted to

carbonized polymer in a high yield and the process was analyzed by JR, Raman, and

X-ray diffraction measurements.

In Chapter 3, two functional phenolic polymers were chemoenzymatically

prepared. At first, 4-hydroxyphenylbenzoate was oxidatively polymerized by the

peroxidase catalyst and followed by hydrolysis in alkaline solution to give

poly(hydroquinone). The polymerization of tyrosine esters, followed by alkaline

hydrolysis of the ester group, produced the other target, poly(tyrosine) having amino
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acid moiety in the side chain.

In Chapter 4, HRP-catalyzed polymerization of m-substituted phenols has been

achieved in the presence of heptakis(2,6-di-O-methyl)-P-cyclodextrin (DM-P-CD) in a

buffer. A water-soluble complex of the monomer and DM-P-CD was formed and the

polymerization was performed by peroxidase catalyst to give the polymer in high yields.

The inclusion complex formation was examined by NMR.

In Chapter 5, oxidative polymerization of 2,6-disubstituted phenols has been

performed by using an iron salen complex and hydrogen peroxide as a catalyst and an

oxidizing agent, respectively. Efficient production of PPO and potential of the complex

for oxidative polymerization were mentioned.

In Chapter 6, synthesis of a phenolic polymer bearing photosensitives groups

was carried out and its photochemical behavior caused by UV irradiation was discussed.

Spin coated polymer films were prepared and characterized. The behavior in the UV

irradiation was analyzed by IR spectroscopy and waveguide spectroscopy.

In Chapter 7, oxidative grafting of phenolic polymers onto a phenol-containing

cellulose has been performed in homogeneous system at room temperature under air to

produce cellulose-phenolic polymer hybrids. The course of the reaction was analyzed by

SEC in detail.

To conclude, the present investigation provides not only new functional

phenolic polymers but also environmentally benign and efficient reaction systems to

produce soluble polymers by utilizing new catalyst and method, which would be further

applicable to synthesis of other functional phenolic polymers for the future. The present

study is expected to develop phenolic polymer synthesis which has infinite potential in

the field of science and industry.
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