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Control of the coupling selectivity (regioselectivity) in the
horseradish peroxidase-catalyzed oxidative polymerization of 4-
substituted phenols has been achieved by changing the hydrophobic
parameters of the monomer substituent and organic solvent (77 and
log P, respectively), yielding soluble polyphenols with a different
ratio of phenylene/oxyphenylene units.

Enzyme catalysis is well known to be highly selective in
substrates and reactions. In last decades, in vitro synthesis of
polymers through enzymatic catalysis (‘“‘enzymatic polymeriza-
tion”) has been extensively developed.! Enzyme catalysis has
provided new synthetic strategy for useful polymers, most of which
are otherwise very difficult to produce by conventional chemical
catalysts. In vitro enzymatic syntheses of polymers via non-
biosynthetic pathways, therefore, are recognized as a new area of
precision polymer syntheses.

Catalytic oxidative polymerization of phenols is an environ-
mentally benign production process of toxic formaldehyde-free
phenolic polymers. Recently, their enzymatic syntheses have
received much attention owing to extremely efficient catalysis of
enzyme for their production under mild reaction conditions with
facile procedures.’

In oxidative polymerization of phenol derivatives, the control
of the coupling selectivity is often very difficult. Only some 2,6-
disubstituted phenols are oxidatively polymerized to give poly(1,4-
oxyphenylene) exclusively.® In case of phenol itself, on the other
hand, conventional polymerization catalysts afford an insoluble
product with non-controlled structure since phenol is a multi-
functional monomer for oxidative polymerization.3® Polymeriza-
tion of phenols with o-unsubstitution using horseradish peroxidase
(HRP) gave the polymer consisting of a mixture of phenylene and
oxyphenylene units.

In enzymatic reactions, solvent engineering has been exten-
sively developed for tuning of solvent properties to achieve desired
reactivity and selectivity. In aqueous organic media, HRP catalytic
activity depended on both solvent and substrate hydrophobicities.*
In hydrolase-catalyzed reactions in organic solvents, the enantio-
selectivity could be controlled by changing the solvent hydro-
phobicity and/or dipole moment to give optically active
compounds.’ Regioselectivity also depended on the solvent
composition in hydrolase-catalyzed acylation of sugars and
nucleosides.® On the other hand, little attention to coupling
selectivity on enzymatic oxidative coupling of phenols has been
received so far, probably owing to the free-radical coupling
mechanism. We have reported that a soluble polymer was obtained
using HRP catalyst in an aqueous methanol and the ratio of the C-C
and C-O couplings changed with the solvent composition.”

In this paper, we have examined the coupling selectivity

(regioselectivity) in the HRP-catalyzed polymerization of 4-
substituted phenols in aqueous organic solvents (Eq. 1). The
regioselectivity could be controlled by changing the hydrophobicity
of the monomer and solvent, yielding the soluble polyphenols with a
wide range of the unit ratio of phenylene/oxyphenylene (Ph/Ox). To
our knowledge, this is the first clear-cut example on the coupling
selectivity control in free-radical oxidative coupling of phenols.
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The HRP-catalyzed oxidative polymerization was performed
by using hydrogen peroxide (5%, equimolar ratio of phenol) as
oxidizing agent in a variety of equivolume mixtures of water-
miscible organic solvents and phosphate buffer (pH 7) at room
temperature under air to give soluble polyphenols. The unit ratio
was determined by titrating hydroxy group of the polymer.’

In this study, log P, where P is a partition coefficient for a given
solvent between 1-octanol and water,® was used as parameter of
solvent hydrophobicity. In case of 4-t-butylphenol (4-TBP)
monomer, the polymer was obtained in 38-98% yields (Table 1).
Number-average molecular weight (M,) was estimated by size
exclusion chromatography (SEC) as 390-1600 and the molecular
weight value increased as a function of the hydrophobicity (log P).
This may be due to the dependence of the polymer solubility upon
the solvent hydrophobicity. The polymers in the range of unit ratio
(Ph/Ox) from 85/15 to 47/53 were formed and the phenylene unit

linearly  decreased as the  hydrophobicity increased
(correlation coefficient = 0.994).
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Table 1. Solvent Engineering for Structural Control of Polyphenol®

Organic log P Yield M,  My/M,®  Ph/Ox®
solvent 1%

Ethylene glycol ~— —1.36 38 390 2.0 85/15
Methanol —0.77 83 570 1.9 72/28
1,4-Dioxane —0.42 98 930 1.8 64/36
2-Propanol 0.05 87 1400 1.5 56/44
1-Propanol 0.25 64 1600 1.5 47/53

“Polymerization of 4-t-butylphenol (5.0 mmol) using HRP catalyst (440
units) in an equivolume mixture of an organic solvent and 0.1 M
phosphate buffer (pH 7) (25 ml) for 3 h at room temperature under air.
"Determined by SEC using DMF as eluent with polystyrene standards.
‘Determined by titration.

Besides 4-TBP, three 4-substituted phenols, 4-cyclohexylphe-
nol, 4-isopropylphenol, and 4-ethoxyphenol (4-CHP, 4-1PP, and 4-
EP, respectively), were enzymatically polymerized under the
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similar reaction conditions. Figure 1 shows the relationships
between log P of five organic solvents and the polymer structure.
For all the monomers examined, a linear dependence was observed
between log P and the unit ratio; the phenylene unit decreased as the
hydrophobicity of the solvent increased. These data suggest that the
polymer structure can be predicted by using log P of the organic
solvent. The slope was relatively close in four cases. In the oxidative
polymerization of the 4-substituted phenols catalyzed by soybean
peroxidase or Myceliophthora laccase, the linear relationship
between log P and the unit ratio was also observed (data not shown)
and the slope was close to that using HRP catalyst.
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Figure 1. Relationships between log P of five solvents and polymer
structure in HRP-catalyzed polymerization of 4-substituted phenols.

The polymer structure was also dependent on the monomer
substituent. In order to evaluate the effect of the substituent, a
hydrophobic substituent parameter, 77, was used (Figure 2), which is
derived from partition coefficient.” The first-order correlation was
observed in ethylene glycol and methanol; however, other solvents
did not show good linearity. In using other parameters such as
electric and steric parameters, on the other hand, the correlation was
not clear. These results indicate that the polymer structure strongly
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Figure 2. Relationships between 77 of four monomer substituents
and polymar structure in HRP-catalyzed polymerization of phenols.
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depended on the hydrophobic parameter of the substituent. The data
of relationships between the polymer structure and solvent or
substituent parameter will be useful to produce polyphenols with
well-defined structure.

Furthermore, the production of the polyphenols with the wide
range of the unit ratio was achieved. The polymer with the unit ratio
of 94/6 was obtained from 4-CHP in 50% ethylene glycol,
indicating the formation of poly(phenylene). The polymer mainly
consisting of oxyphenylene unit (Ph/Ox = 4/96) was formed by the
polymerization of 4-EP in 1,4-dioxane/phosphate buffer
(80 : 20 vol%). These data indicate that the highly regioselective
polymerization took place by selecting the appropriate selection of
the monomer substituent and solvent composition, yielding
poly(phenylene) or poly(oxyphenylene) selectively.

In conclusion, we have first achieved the control of regioselec-
tivity in the free-radical oxidative polymerization of phenols by
selection of the monomer substituent and solvent nature. The
hydrophobic parameters of the monomer substituent and organic
solvent (77 and log P, respectively) strongly affected the polymer
structure, and under appropriate conditions the polymerization
proceeded regioselectively to produce a soluble poly(phenylene) or
poly(oxyphenylene). The present study provides a clue to predict
the polymer structure in the oxidative polymerization of phenols,
which will contribute to the production of functional polymeric
materials with controlled structure. Further investigations including
mechanistic study on the regioselective polymerization using other
oxidoreductases are under way in our laboratory.
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Technology for Novel High-Functional Materials in Industrial
Science and Technology Frontier Program, AIST.

References and Notes

1 a)S.Kobayashi, S. Shoda, and H. Uyama, Adv. Polym. Sci., 121, 1 (1995).
b) S. Kobayashi, S. Shoda, and H. Uyama, “Catalysis in Precision
Polymerization,” ed. by S. Kobayashi, John Wiley & Sons, Chichester
(1997), Chap. 8. ¢) S. Kobayashi, J. Polym. Sci., Polym. Chem. Ed., 37,
3041 (1999). d) S. Kobayashi, H. Uyama, and M. Ohmae, Bull. Chem. Soc.
Jpn., 74,613 (2001). e) R. A. Gross, A. Kumar, and B. Kalra, Chem. Rev.,
101, 2097 (2001). f) S. Kobayashi, H. Uyama, and S. Kimura, Chem. Rev.,
101, 3793 (2001).

2 a) M. Ayyagari, J. A. Akkara, and D. L. Kaplan, Acta Polymerica, 47, 193
(1996). b) H. Uyama and S. Kobayashi, CHEMTECH, 29(10), 22 (1999).
c)J. A. Akkara, M. S. R. Ayyagari, and F. F. Bruno, Trend Biotechnol., 17,
67 (1999). d) S. Kobayashi, H. Uyama, H. Tonami, T. Oguchi, H.
Higashimura, R. Ikeda, and M. Kubota, Macromol. Symp., 175, 1 (2001).

3 a) A. S. Hay, H. S. Blanchard, G. F. Endres, and J. W. Eustance, J. Am.
Chem. Soc., 81, 6335 (1959). b) A. S. Hay, J. Polym. Sci., Polym. Chem.
Ed., 36, 505 (1998).

4 a)K.Ryuand]J.S.Dordick, J. Am. Chem. Soc., 111, 8026 (1989).b) K. Ryu
and J. S. Dordick, Biochemistry, 31, 2588 (1992).

5 a)T. Sakurai, A. L. Margolin, A. J. Russell, and A. M. Klibanov, J. Am.
Chem. Soc., 110, 7236 (1988). b) S. Parida and J. S. Dordick, J. Am. Chem.
Soc., 113, 2253 (1991). ¢) P. A. Fitzpatrick and A. M. Klibanov, J. Am.
Chem. Soc., 113, 3166 (1991). d) L. Gubicza and A. Szakacs-Schmidt,
Biocatalysis, 9, 131 (1994).

6 a)F.Moris and V. Gotor, J. Org. Chem., 58,653 (1993). b) H. K. Singh, G.
L. Cote, and T. M. Hadfield, Tetrahedron Lett., 35, 1353 (1994). ¢) J. O.
Rich, B. A. Bedell, and J. S. Dordick, Biotechnol. Bioeng., 45,426 (1995).

7 a) T. Oguchi, S. Tawaki, H. Uyama, and S. Kobayashi, Macromol. Rapid
Commun., 20, 401 (1999). b) T. Oguchi, S. Tawaki, H. Uyama, and S.
Kobayashi, Bull. Chem. Soc. Jpn., 73, 1389 (2000).

8 a)R.F.Rekkerand H. M. De Kort, Eur. J. Med. Chem., 14,479 (1979). b)
C. Laane, S. Boeren, K. Vos, and C. Veeger, Biotechnol. Bioeng., 30, 81
(1987).

9  T. Fujita, J. Iwasa, and C. Hansch, J. Am. Chem. Soc., 86, 5175 (1964).



