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Man-made urushi

Preparation of crosslinked polymeric films from renewable resources
via air-oxidation processes
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Abstract: “Man-made (artificial) urushi” has been prepared by laccase-catalyzed curing of new urush-
iol analogues, which were facilely synthesized by lipase-catalyzed regioselective acylation of catechol deriv-
atives having a primary alcohol with unsaturated fatty acids derived from plant oils, one of the most impor-
tant renewable resources. The curing of the catechol derivative having two or three unsaturated group
proceeded under mild reaction conditions to produce the crosslinked film (“man-made urushi”) with high
hardness and gloss surface, which are comparable with those of natural urushi coating. Similar urushiol ana-
logues from 4-hydroxyphenetyl alcohol and unsaturated fatty acids were subjected to an oxidative poly-
merization by Fe-salen catalyst, yielding soluble polyphenols having the unsaturated group in the side chain.
Cardanol, a phenol derivative mainly having a C15 unsaturated hydrocarbon chain with 1-3 double bonds at
m-position, is obtained from cashew nut shell liquid. Oxidative polymerization of cardanol by peroxidase or
Fe-salen catalyst gave the crosslinkable polyphenol. These prepolymers were subjected to hardening by
thermal treatment or cobalt naphthenate catalyst to give a crosslinked film (also, “man-made urushi” ) with
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good hardness.
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merization.

Introduction. Urushi is a typical Japanese tradi-
tional coating. It shows excellent toughness and bril-
liance for a long period, and thus, caused much interest
for organic chemists. Urushi coating is prepared from sap
of Japanese lacquer tree (Rhus vemicifem),lm) and
Majima'’s pioneering work in the early days of this cen-
tury revealed that main important components of
urushi are “urushiols”, whose structure is a catechol
derivative with unsaturated hydrocarbon chains consist-
ing of a mixture of monoenes, dienes, and trienes at 3- or
4-position of catechol.”® Typical urushiols are shown in
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Chart 1. Crosslinking of the urushiol is supposed to be
accomplished mainly by a laccase-catalyzed oxidative
coupling of the phenol moiety of the urushiol and a sub-
sequent oxidation of unsaturated alkyl chains in air.”®

Usushi can be regarded as the only example of prac-
tical natural paints utilizing ¢n vitro enzymatic catalysis
for hardening. The film-forming from the urushiol pro-
ceeds under air at room temperature without organic sol-
vents, and hence, urushi seems very desirable for coating
materials from the environmental standpoint. However,
modeling study of urushi has been limited for only one
paper.” This is mainly due to the difficulty in preparation
of the urushiol.

Polymerizations catalyzed by enzymes (enzymatic
polymerizations) have received much attention as new
methodology of polymer syntheses.w)'ls) Character-
istics of enzyme catalysis are expected to provide new
polymeric materials, which are difficult to be obtained by
conventional methods. Peroxidases induced the oxida-
tive polymerization of phenol derivatives under mild
reaction conditions to produce a new class of functional
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polyphenols in good yields. This process does not use
toxic formaldehyde and their synthetic procedure is very
facile. In the peroxidase-catalyzed polymerization of
phenol derivatives having an unsaturated group, the phe-
nolic moiety was chemoselectively polymerized to give
new reactive polymers, which were subjected to thermal
and photochemical curings.'®'”

Potential demands for replacing petroleum-
derived raw materials with renewable plant-based ones
in production of polymeric materials are quite world-
widely significant in the social and environmental view-
points.'® Using such plant-based raw materials con-
tributes to global sustainability without depletion of
scarce important resources. Furthermore, these materi-
als are often cheaper than petrochemicals. The present
article describes our recent progress on preparation of
man-made (artificial) urushi,® new crosslinked poly-
meric films, from urushiol analogues (phenols having an
unsaturated group in the side chain).'”? All the
monomers are derived from plant oils. In the curing
stage, the crosslinked polymeric film can be obtained in
the absence of organic solvents at an ambient tempera-
ture under air. Therefore, our new methodology can be
regarded as an environmentally benign process of poly-
mer coating, providing an example system of green
polymer chemistry.™®

Results and discussion. Laccase-catalyzed
hardening of urushiol analogues.'” ™ We designed
new urushiol analogues (5§~7), in which the unsaturated
group is connected with the catechol or phenol group
through an ester linkage. The analogues were synthe-
sized by a lipase-catalyzed esterification of phenols
having a primary alcohol (1~3) with unsaturated fatty
acids of different number of double bonds (4) (Scheme
1). Pseudomonas cepacia lipase catalyzed the regiose-
lective acylation of the primary aliphatic hydroxy group
in 1~3 to produce the urushiol analogues having no rash-
causing properties. In our new approach, the analogues
were obtained by one or two reaction steps via facile pro-

*) A suggestion was made to use “man-made urushi” rather
than “artificial urushi” for the present study.

“Man-made Urushi"

1,5:X=H, n=2 2,6: X=OH, n=1 3,7:. X=OCHg, n=1

4a-7a: R= SN NN NN
4b-7b: R= A NN
4¢-7c: R= AN TN TN

Scheme 1

cedures from commercially available reagents, whereas
urushiol synthesis involved multi-step reaction path-
ways mainly owing to difficulty of the direct introduction
of the unsaturated group onto the phenolic aromatics;
blocking and deblocking of the phenol moiety are often
required.

For the curing, used was laccase derived from
Pycnoporus coccineus as catalyst, which was highly
active for the oxidative polymerization of 2,6-
dimethylphenol and syringic acid to give poly(1,4-
phenylene oxide).25)’27)’28) Laccase belongs to an oxi-
doreductase having a copper-protein moiety as active
site.'” The curing of 5~7 was performed in the presence
of acetone powder (AP, an acetone-insoluble part of the
urushi sap containing mainly polysaccharides and glyco-
proteins) with 80% humidity at 30 °C for 24 h. AP, a third
component of the sap in addition to an urushiol and lac-
case, is believed to act as emulsifier of oily urushiol and
aqueous laccase solution. The sample film was pre-
pared on a glass slide by using applicator for 50 pm thick-
ness. The crosslinked film was obtained from 6b, 6¢, 7b,
and 7¢, and other urushiol analogues were not cured. In
the curing without laccase (control experiment), the film
formation was not observed. These data indicate that the
present curing took place via the enzymatic catalysis and
catechol or 2-methoxyphenol moiety having two or
three unsaturated groups in the side chain was
required for the hardening. The crosslinking of 6 pro-
ceeded faster than that of 7.

The curing of 6¢ was monitored by using a dynam-
ic microhardness tester (Fig. 1). At the initial stage of the
curing, the hardness value was very small and the sud-
den increase was observed after two weeks. Later, the
value gradually increased to reach. ca. 150 N/mm? after 5
weeks. The gloss value of the film surface was more than
100. The pencil scratch hardness reached H after 15
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Fig. 1. Time course in hardening of man-made
urushi film from 6¢ by using Fischer microhard-
ness tester.

days, which is hard enough for practical uses. The
hardness and gloss values of the present cured film are
comparable to those of natural urushi coating; the curing
of the urushiol analogues produced the brilliant film with
the high gloss surface. In the curing of 6b in the presence
of AP, on the other hand, the hardness value was less
than 5 N/mm? after 6 weeks. The reaction monitoring by
FT-IR showed that the present curing of 6 proceeds via
the oxidative coupling of the phenol moiety of 6 and the
subsequent autoxidation of the unsaturated group in the
side chain (Scheme 2).2

Recently, starch-urea phosphate (SP), a synthetic
material, was reported to be highly effective as the
third component for ¢n wvitro enzymatic curing of
urushiols.”” In the curing of 6b and 6c¢ in the presence of
SP which is a substitute of AP (the natural sap compo-
nent), the polymeric film was also obtained. However,
the film hardness from 6¢ was much smaller than that
using AP as the third component. Interestingly, the cur-
ing of 6b in the presence of SP produced the
crosslinked film with relatively good hardness (30
N/mm?® after 10 weeks); only a soft film was obtained by
curing of 6b in the presence of AP. Using SP as the third
component provided the artificial urushi from exclusive-
ly synthetic compounds.

Fig. 2 shows storage modulus (E”) and dissipation
factor (tan &) of the cured films from 6e as a function of
temperature. In case of the sample obtained in the
presence of AP after drying for 5 months, the glass tran-
sition temperature (Tg) was observed at 102°C (Fig.
2(A)). The increase of E” in the region of high tempera-
ture indicates that the unreacted unsaturated carbon-
carbon double bonds remained in the measured sample.
Smooth trace of tan 8 means the homogeneous structure
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of the present cured film, suggesting the good miscibili-
ty between the urushiol analogue and AP. Similar traces
were observed in the sample prepared by using SP as the
third component (Fig. 2(B)). These dynamic elastic
behaviors of the man-made urushi were very similar to
those of natural urushi (Fig. 2(C)).

Preparation of crosslinkable polyphenols from
wrushiol analogues®” As described above, urushiol
analogue 5 was not cured via laccase catalysis. Thus, we
have examined preparation of another “man-made
urushi” by an oxidative polymerization of §, followed by
curing of the resulting crosslinkable polyphenols
(Scheme 3).

Here, iron-N,N’-ethylenebis(salicylideneamine) (Fe-
salen) was used as catalyst for the oxidative polymeri-
zation of 5. We regarded Fe-salen as model complex of
peroxidase having a heme as catalytic active site. It was
reported that the Fe-salen complex showed high cat-
alytic activity toward an oxidative polymerization of
2,6-dimethylphenol and p-t-butylphenol to produce the
soluble polymers.’”*" Furthermore, we have first syn-
thesized crystalline fluorine-containing poly(phenylene
oxide) by the Fe-salen-catalyzed polymerization of 2,6-
diﬂuorophenol.Bz)
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Fig. 2. Dynamic viscoelasticity of (A) man-made urushi obtained from 6¢ in the presence of AP; (B) that from 6b in the pres-
ence of SP, and (C) natural urushi.
(CH2),0,CR (CH2)202CR  (CH3)205CR 2 h). The sample film prepared on a glass slide stood at
Fe-salen / Hy0, 25 °C under the humidity of 70%.
- / In the case of 8b and 8c, the hardness value of the
H H film with thermal treatment was ca. 100 N/mm” after 3
5 8 " days. The hardness of the cured film of 8¢ gradually
CoorA increased and reached more than 140 N/mm’ after 4

Crosslinked Polymer

5a, 8a: R= NN NN
5b, 8b: R= NN NN
5¢, 8c: R= NN AT

Scheme 3

The polymerization of 5 catalyzed by Fe-salen was
performed using hydrogen peroxide as oxidizing agent in
tetrahydrofuran (THF') at room temperature under air.
After the polymerization, the reaction mixture was
poured into a large amount of methanol to give an oily
precipitate, which was collected by centrifugation. 'H
NMR analysis of 8 showed that the unsaturated moiety
was not reacted during the polymerization.

Polymerization of 5a produced soluble polymer 8a
with molecular weight of several thousands, whose
index was relatively small (< 2). On the other hand, mol-
ecular weight and its index of polymers 8b and 8¢ were
larger than those of 8a; in some cases, the molecular
weight was beyond 1 x 10*. Futhermore, 8¢ became part-
ly insoluble in the high loading of the catalyst. These data
showed that the crosslinking between the unsaturated
groups in the side chain of 8b or 8c partly took place,
resulting in the increase of the molecular weight distrib-
ution value and/or the formation of the insoluble products.

The curing of the polymers was examined by two
methods: oxidation catalyzed by cobalt naphthenate (3
weight-% for 8) in air and thermal treatment (150 °C for

weeks, whereas the hardness of the cured film of 8b was
almost constant. In the curing by cobalt naphthenate cat-
alyst, 8b and 8c were also cured, however, the curing
proceeded more slowly than the thermal curing. The
formation of the cured film from 8a was not observed in
both curing methods. These data indicate that two or
three unsaturated group in the side chain was required
for the hardening. The surface gloss value of the cured
film obtained by using cobalt naphthenate catalyst was
more than 100, indicating the formation of the film with
the high gloss surface.

Preparation of crosslinked polymeric film from
cardanol®™ Cardanol (9) can also be taken as an
urushiol analogue. 9, a main component obtained by
thermal treatment of cashew nut shell liquid (CNSL), is
a phenol derivative mainly having the meta substituent of
a C15 unsaturated hydrocarbon chain mainly with 1-3
double bonds. Since CNSL is nearly the one third of the
total nut weight, much amount of CNSL is formed as by-
product from mechanical processes for the edible use of
the cashew kernel. Only a small part of 9 obtained in the
production of cashew kernel is used in industrial field,
though it has various potential industrial utilizations such
as resins, friction lining materials, and surface coatings.
Therefore, development of new applications for 9 is
strongly desired.

Phenolic resins from 9 and formaldehyde are
industrially produced as prepolymer of coating materials
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Table I. Oxidative polymerization of cardanol using Fe-salen

catalyst in bulk®
Entry cataly(soz ;"S‘ou“t Time (h)  Yield (%)° Mn® Mw/Mn®
1 0.50 2.0 38 1400 16
2 1.0 0.50 70 2800 2.8
3 1.0 2.0 70 3000 3.0
4 15 2.0 80 2900 45
5 2.0 2.0 Gelation

“Polymerization of cardanol (6.0 g) using hydrogen peroxide
(30%, 2.1 mL) in the presence of Fe-salen catalyst under air.
“Molar ratio of Fe-salen for 9. “Methanol-insoluble part.
“Determined by SEC using THF eluent, calibrated with
polystyrene standards.

with high gloss surface mainly for indoor use. However,
resins containing formaldehyde have much concern
about toxic nature of formaldehyde in their manufacture
and use. We have examined synthesis and curing of poly-
mer 10 obtained by a peroxidase-catalyzed oxidative
polymerization of 9 (Scheme 4). This curing reaction is
regarded as a new formaldehyde-free coating system
from 9.

We have reported that horseradish and soybean per-
oxidases (HRP and SBP, respectively) were efficient cat-
alysts for oxidative polymerization of various phenol
derivatives.'”™® As for the polymerization of 9, SBP
showed high catalytic activity to give the oily polymer
with molecular weight of several thousands, whereas the
polymerization did not occur via HRP catalysis. A similar
behavior was observed in peroxidase-catalyzed poly-
merization of m-substituted phenols; SBP could readily
polymerize the monomer having a large substituent,
whereas in the case of small substituent monomers, the
high yield was achieved by using HRP catalyst.”

Polymer structure was confirmed by 'HNMR spec-
troscopy. The peaks’ pattern of 10 was similar to that of
9, although all the peaks of 10 were broader than those
of 9. The integrated area ratio of peaks due to unsatu-
rated and saturated groups in the side chain did not
change before and after the polymerization, indicating
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Fig. 3. Dynamic viscoelasticity of crosslinked film of
poly(cardanol).

that the unsaturated group was not reacted and only the
phenolic moiety was polymerized. FT-IR analysis of the
polymer supported no reaction of the unsaturated
group during the polymerization.

Fe-salen also catalyzed the polymerization of 9 in
organic solvents as well as bulk. Using 1,4-dioxane as sol-
vent gave the soluble polymer in good yields and the
addition of pyridine improved the polymer yield and mol-
ecular weight. The polymerization also proceeded with-
out organic solvent to produce the polymer (Table I).
When the catalyst amount was 1.0 or 1.5% for 9, the sol-
uble polymer was obtained in relatively high yields. On
the other hand, the higher loading of the catalyst
resulted in the gelation (entry 5).

The curing was examined by similar method of 8:
catalysis of cobalt naphthenate (3 weight-% for 10) and
thermal treatment (150 °C for 30 min). As for the sample
obtained by Fe-salen catalyst, the curing of 10 took place
within 1 h in both methods to give a yellow transparent
film which can also be regarded as “man-made urushi” in
a broader sense. On the other hand, such a quick hard-
ening was not observed in monomer 9. These data indi-
cate that 10 was a good crosslinkable prepolymer. The
hardness of the film cured by the cobalt catalyst
reached nearly 100 N/mm? after 7 days. The gloss value
of the film surface was higher than 100. These values are
comparable to those of cardanol-formaldehyde coating
materials. The resulting crosslinked film exhibited good
elastic properties and its Tg was relatively high (ca.
100°C) (Fig. 3). The curing of the enzymatically
obtained poly(cardanol) also proceeded by cobalt
naphthenate catalyst to gave the crosslinked film with
good hardness. FT-IR monitoring of the curing of 10
showed that the crosslinking mechanism was similar to
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that of the oil autoxidation.

Conclusion. In conclusion, “man-made urushi”
with high gloss surface and good elastic properties has
been developed by enzymatic crosslinking of new
urushiol analogues, catechol derivatives having two or
three unsaturated group in the higher alkyl side chain,
under mild reaction conditions without use of organic
solvents. The present enzymatic curing to functional
polymeric materials expanded the scope of enzymatic
polymerizations. Crosslinked polymeric film with good
hardness was also obtained by the oxidative polymeriza-
tion of another urushiol analogues using Fe-salen as cat-
alyst, followed by curing via an autoxidation mechanism.
The oxidative polymerization of cardanol produced a
good prepolymer for the curing. In all cases, the resulting
crosslinkable prepolymers were prepared from cheap
plant-based oils, one of the most important renewable
resources, without use of toxic formaldehyde. In the cur-
ing stage, the crosslinked polymeric film is obtained in
the absence of organic solvents at an ambient tempera-
ture under air. Therefore, the present method has large
potential for a future environmentally-benign process of
polymer coating.
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