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Enzymatic Dehydrogenative Polymerization of Urushiols in
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Fresh exudates from the lacquer tree, Rhus vernicifera DC, were extracted with acetone and the
solution was chromatographed to isolate monomer, dimer, trimer, and oligomer fractions of urushiols.
Constituents of the monomeric and dimeric fractions were then identified by two-dimensional (2D)
1H-13C heteronuclear multiple quantum coherence (HMQC) and heteronuclear multiple bond
coherence (HMBC) NMR spectroscopic techniques. The results showed that the monomeric fraction
contained 3-[8'Z,11'E,13' Z-pentadecatrienyl]catechol (1), 3-[8'Z,11'Z,14'-pentadecatrienyl]catechol
(2), and 3-pentadecanyl]catechol (3), which was verified by HPLC analysis. The dimeric fraction
contained 8'-(3",4"-dihydroxy-5"-alkenyl)phenyl-3-[9'E,11' E,13' Z-pentadecatrienyl]catechol (4), 14'-
(3",4"-dihydroxy-5""-alkenyl)phenyl-3-[8'Z,10' E,12' E-pentadecatrienyl]catechol (5), 2-hydroxyl-3- or
-6-alkenylphenyl ethyl ether (6), 14'-(3",4"'-dihydroxy-2""-alkenyl)phenyl-3-[8'Z,10' E,12' E-pentadeca-
trienyl]catechol (7), 15'-(2""-hydroxy-3"- or -6"-alkenyl)phenyloxy-3-[8'Z,11' Z,13' E)-pentadecatrienyl]-
catechol (8), 14'-(2",3"-dihydroxy-4"-alkenyl)phenyl-3-[8'Z,10' E,12' E-pentadecantrienyl]catechol (9),
1,1',2,2'-tetrahydroxy-6,6'-dialkenyl-4,3'-biphenyl (10), 1,1',2,2'-tetrahydroxy-6,6'-dialkenyl-4,4'-biphenyl
(11), 1,1',2,2'-tetrahydroxy-6,6'-dialkenyl-5,4'-biphenyl (12), and 1,2,1'-trihydroxy-6,6'-dialkenyldiben-
zofuran (13) as constituents. In addition, dimeric ethers and peroxides, such as compounds 14 and
15, were produced by autoxidation of monomeric urushiols in atmospheric air. The possible reaction
mechanisms for the dehydrogenative polymerization of urushiols by Rhus laccase present in the
fresh raw exudates under the atmospheric oxygen are discussed on the basis of structures identified.
This is of primary importance because the use of the urushi exudates as coating materials does not
involve organic solvents and is an environmentally friendly process.

KEYWORDS: Lacquer tree exudates; urushiols; laccase; autoxidation; single-electron-transferring
oxidation; polymerization; 2D-NMR spectroscopy; reaction mechanisms

INTRODUCTION trichocarpa Mig (China, Japan, KoreajRhus sylvestrisSib

When urushi exudates from lacquer trees are dried, they (China, Japan, KorealRhus anbiqua.. (China, Japan, Korea),
produce a tough and brilliant film and have been used as RNus javanical. (China, Japan, KoreaRhus succedaneia
naturally occurring coating materials. Because of these char-(China, Japan, KoreaRhus succedanek. var. Dumoutiere
acteristics, lacquerware has been an important folk art in Japan Kudo and Matura (Taiwan, Vietnam), aMelanorrhoea usitata
China, and south-east Asia over the past 500000 years (+ wall (Thailand, Myanmar).

5). In addition, the use of urushi exudates as coating materials Urushi exudates are collected by artificially wounding a
is an environmentally friendly process, since it does not involve lacquer tree, such &. verniciferaDC (Anacardiaceae), so that
organic solvents (5—11). it secretes exudates that are called “urushi”. Aril8-year-old

Lacquer trees belong to the geriisus a member of the fam- ~ mature lacquer tree produced only about 200 g of fresh exudates
ily Anacardiaceae that contains 73 genera worldwide with approx- per year by wounding the trunk of the tree in the middle of
imately 600 species, including mangddngifera indica) and June to the end of OctobeB)( It is well-established that the
cashew fAnacardium occidenta)g3). In general, there are eight  acetone-soluble part of the fresh exudatesRofvernicifera
species of representative of lacquer trees growing in east Asia,contained approximately 70% monomeric urushidlg)( The
namely, Rhus vernicifera DC (Japan, China, KoreaRhus major constituents of the acetone-soluble fresh exudates of
lacquer trees are different according to the region in which the

*Author to whom correspondence should be addressed: e-mail |acquer trees are grown. For example, the fresh exudates of
chen-loung_chen@ncsu.edu. R. vernicifera grown in China, Japan, and Korea contain

T Meiji University. . . .
*North Carolina State University. urushiols, while those oR. succedane&. var. Dumoutiere
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Kudo and Matura grown in Taiwan and Vietham contain laccols, relative mass was calculated from a calibration curve prepared from
and those ofM. usitata grown in Thailand and Myanmar elution volumes of standard polystyrenes with molecular weights of
contains thitsisols (2—5). 5.2 x 10% 2.63x 10% and 1.81x 10%

When urushi exudates are dissolved in acetone, the resulting_ Separation of Monomers, Dimers, Oligomers, and Polymers from
acetone-soluble part is the lipid fraction (acetone-soluble Raw Urushi Exudates.Raw urushi exudates were initially chromato-

. o . . graphed by thin-layer chromatography (TLC), with silica gel as
fraction) containing mostly urushiols and water, while the stationary phase and CHEQis solvent as a preliminary test, and then

acetone-insoluble part is called the acetone powder. When,yere fractionated on a recycle HPLC LC-908 system (Japan Analytical
acetone powder is dissolved in water, the resulting water-soluble co, L td., Tokyo, Japan) equipped with an HPLC column [Tosoh, TSK-
part contains saccharides and copper glycoproteins, that is,gel G1000H6, 7.6 mm (i.d.x 300 mm x 2; exclusion limitM, =
enzymes including laccase, peroxidase, and stellacyanin. The1l000] and an Rl and UV (254 nm) detector. The sample (5 mg) was
water-insoluble part mostly consists of glycoprotei@s-§). dissolved in 2 mL of CHGl The resulting solution was taken in a 5
Under oxygen present in atmospheric air, the monomeric ML syringe and injected into the column through a pretreatment PTFE
urushiols undergo autoxidation and dehydrogenative polymer- cartridge containing an I—_|—13—5 filter disc into the colu_mn, and then
ization by Rhuslaccase present in the exudates during trans- the column was eluted with CHCat a rate of 3.5 mL mirt.

portation from the plantation to the factory for processing. _nfrared Spectroscopy. IR spectra were taken on a FT-IR480
Therefore, it is of primary importance to elucidate the change spectrometer (Jasco, Tokyo, Japan),

in the constituents of the raw urushi exudates as well as the *H—"C Correlation 2D-NMR Spectroscopy.NMR spectra were
- o recorded on a JEOL model JNM-ECA500 (500 MHz) spectrometer
mechanisms of the polymerization.

X ) . . with DMSO-¢s containing 0.01% TMS as solvent. The system was
In 1985, Oshima et al.1@) investigated the enzymatic  controlled by an IBM RS/6000 43P model 150 host workstation and
oxidative coupling of urushiols in exudates of the lacquer tree. AIX V 4.3.2 (IBM UNIX) operating system. The data were processed
They showed that urushiols in the exudates underwent dehy-by use of Delta V 4.2.3 (JEOL, Boston, MA) NMR software.
drogenative coupling catalyzed by laccase under atmospheric
oxygen, producing dimeric products. These products include RESULTS AND DISCUSSION
coupling of phenoxyl radicals and monomeric urushiols with o .
the conjugated systems in their side chains; coupling among an;tltutlon_s of Raw Urushi E_xudates.ln the lacquer tree, _
pheny! radicals derived from phenoxyl radicals producing the Ilpld fraction usually contains almost 100% monomeric
various bipheny! derivatives; and formation of dibenzofurans urushiols. However, when urushi exudates are collected in the
from oxidative dehydration of the resulting phenolic biphenyl Plantation, filtrated to remove any solid materials, and then
derivatives when phenolic hydroxyl groups in the biphenyl .transpc.)r.ted to processing, the amount of monomeric urushiols
derivatives are ortho to the biphenyl bridge. Three years later, !N the lipid fraction usually decreased to approximately 70% of
Takeda et al. {4) used 4ert-butyl-o-benzoquinone, 1,4- the fraction because the exudates undergo oxidative polymer-
dipentadiene, methyl sorbate, methyl linoleate, and 28 E,- ization catalyzgd byRhuslaccase present in the exudate_s. In
13'7]-pentadecatrienyl]veratrol as model compounds to verify order to determlne the degree of polymlelrlzatlon, the constituents
these conclusions. However, no structures for the constituents®f r@w urushi exudates were quantified by gel-permeation
of raw urushi exudates or reaction mechanisms for polymeri- chromatography (GPC). The resulting molecular distribution
zation of monomeric urushiols in the fresh exudates to produce Pattern showed that the peaks at the elution volumes of 50—60

dimeric, trimeric, and oligomeric products during transportation ML 42—47.2 mL, and 38:840.8 mL were determined to have
are firmly established. average relative molecular mas) of approximately 300, 600,

The objective of the present studies was, therefore, to and 1000, corresponding to monomeric, dimeric, and trimeric

reinvestigate changes that occur in the constituents of the rawfractlons, re_spec_:nvelyl%gure D), accordln_g to standard poly-
styrene calibration curves. Raw urushi exudates were then

urushi exudates by modern techniques including changes in thed. ved i ¢ Th i i lubl ;
molecular distribution pattern and advancgt-'H and 'H— ISSolved In acelone. 1he resulting acetone-soluble part was

15C correlation 2D-NMR_ spectroscopic techniques such as chromatographed by HPLC to obtain three major fractions,

homonuclear shift correlation spectroscopy (COSY), hetero- ;N.h'Ch. V\;eret.verlflsd lzl)yt_GPC Ias monorpeng, ?'?;rfé andd
nuclear multiple guantum coherence (HMQC) and heteronuclear fIMEric fractions by elution volumes centered at 55, 46, an

multiple bond coherence (HMBC) sequences)( These 2D- 44 mL, respectiv_ely. This is in good agreement v_vith the GPC
NMR spectroscopic techniques are widely used to elucidate of the raw urushi exudates. Thus, the raw urushi exudate was

structures of complex mixture of macromolecular compounds, calcula'ged to c_ontain .approximately 84% m.onom.eric fracti_on
such as polysaccharides (16) in lacquer, in addition to new and 1.6@ Qf ollgqmerlc fractions, the !atter mcludmg dimeric
natural products. and trimeric fractions but not polymeric fraction.

Separation of Monomeric, Dimeric, and Trimeric Frac-
tions from Raw Urushi Exudates. As a preliminary test, the

MATERIALS AND METHODS raw urushi exudates were chromatographed by thin-layer

Raw urushi exudates, produced from treeRbfisverniciferaDC chromatography (TLC). There were six spots witvalues of
growing in Cheng-Kou in the Hubei province, China, were purchased 0.79 (spot 1), 0.65 (spot 2), 0.49 (spot 3), 0.14 (spot 4), 0.08
from Tohityu-Ya, Osaka, Japan. (spot 5), and 0.01 (spot 6). Except for spot 3, the other spots

Gel-Permeation Chromatography.Gel-permeation chromatography  were similar in size. In contrast, spot 3 was the largest, about
v;/]as performed on a Tosho GPC SBQStemI equipped wuthha system of 10 times greater than the others. Spot 1 was extracted, and the
three connecting 300 mm 7.8 mm i.d. columns, TSK gels-3000, - 14 NMR spectrum of the resulting extract did not show the
0-4000, anda-M (Tosho, Tokyo, Japan), at 4. A sample of raw —— raqence of phenyl protons. In addition, its IR spectrum showed

urushi exudates (100 mg) was dissolved in 5 mL of DMF. After the th i boxvli id ester. Theref it t b
resulting solution was filtered through a microdisk H-13-5 (Tosho, € presence ol a carboxylic acid ester. Thereiore, it must be

Tokyo, Japan), the sample solution was injected onto the column system@n€ Of the fragrance substances present in the raw urushi
and eluted with DMF solution containing 0.01 mol of LiBr/L in DMF  €xudates (23). The extracts of spots 2 and 3 showétiand

at a flow rate of 0.8 mL/min. The eluent was monitored with an Rl 13C NMR spectra characteristic of monomeric urushiols. Spots
refractive index detector, model RI-8012 (Tosho, Tokyo, Japan). The 4 and 5 could not be extracted, because they were in too-small
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Figure 1. Molecular weight distribution of raw urushi by GPC; M, average relative molecular mass.

amounts. The extract of spot 6 was also rather small; we were pentadecatrienylJcatechd@)( 14-(5",6"-dihydroxy-4'-alkenyl)-

only able to record 8 NMR spectrum that indicated it is likely

phenyl-3-[82,10E,12E-pentadecatrienyl]catechd) 1,1,2,2-

polymeric urushiols. Therefore, the raw urushi exudates were tetrahydroxy-6,6dialkenyl-4,3-biphenyl (0), 1,1,2,2-tetrahy-
fractionated by column chromatography with recycle HPLC with droxy-6,6-dialkenyl-4,4-biphenyl (1), 1,1,2,2-tetrahydroxy-
chloroform as eluent to separate monomeric, dimeric, and 6,6'-dialkenyl-5,4'-biphenyl (12), and 1,2,1'-trihydroxy-6,6'-

trimeric fractions.
Characterization of Monomeric Fraction. The major

dialkenyldibenzofuran (13) as the constituerfEgre 2). In
the raw urushi exudates froR. vernicifera DC, the presence

constituents of the resulting monomeric fraction were identified of compoundslO—13was suggested by Du and Oshini)

as 3-[8Z,11'E,13Z-pentadecatrienyl]catechdl)( 3-[8'Z,11Z,-
14'-pentadecatrienyl]catechd)( and 3-(pentadecanyl)catechol
(3) (Figure 2) by 'H—'H COSY and 2D'*H—C HMQC and

three decades ago on the basis of GC-MS analysis.
8-(3",4"'-Dihydroxy-5"-alkenyl)phenyl-3-[9E,11E,13Z-
pentadecatrienyl]catechol (4)In thelH—'H COSY spectrum

1H—13C HMBC NMR spectra (data not shown). The structures of urushiol dimeric fractionKigure 4), a signal ab/on 3.03-

for monomeric urushiold —3 were verified by HPLC analysis.
In addition to compoundd—3, the monomer fraction also
contained small amounts of 3‘@B11'E-pentadecadienyl]cat-

[labeled (A)]/1.55 corresponded td coupling of H-8 and H-7
of 4, while the signal atu/dc (A)/47.8 in the 2DH-13C
HMQC spectrum Figure 5A) corresponded té&J coupling of

echol, 3-[8'Z,11'Z-pentadecadienyl]catechol, and 3-[8'Z-penta-H—13C in the —CH- group at C-8in the side chain of.

decaenyl]catechol (17). Ihable 1,H and*C NMR spectro-
scopic data for compounds-3 are summarized. These results
were verified by HPLC analysis of the fraction according to
the procedure of Du and OshimB2). In addition to compounds
1-3, the results showed the presence of Z[BLE-pentadeca-
dienyl]catechol, 3-[&,11Z-pentadecadienyl]catechol, and 348
pentadecaenyl]catechol in small amounts. Compalislthe

Furthermore, in the 2BH—13C HMBC spectraigure 5C,D),
the signal abp/dc at (A)/134.5 corresponded #J coupling of
H-8'/C-1" of a 3',4"-dihydroxy-5""alkenylphenyl group, while
signals atdn/dc (A)/111.6 and (A)/119.2 corresponded i®
coupling oflTH—13C at H-8/C-2" and H-8'/C-6", respectively.
In addition, signals atpy/oc 6.30/47.8 and 6.44/47.8 cor-
responded tdJ coupling of H-3'/C-8' and H-3"'/H-8', respec-

most abundant component, approximately 50% of the mono- tively. Furthermore, signals atn/oc (A)/35.7 and (A)/139.7

meric fraction.

Characterization of Dimeric Fraction. Isolation of the

corresponded tc?J coupling of H-8/C-7'and H-8/C-9',
respectively; the signal at/oc (A)/128.8 corresponded &

constituents of dimeric fraction by column chromatography was coupling of H-8/C10'; and the signal at/oc 5.37/47.8

not successful. As compared to tHe¢ NMR spectrum of the
monomeric fractionKigure 3A), the’H NMR spectrum of the
dimeric fraction Figure 3B) showed signals aty ranges 2.+
2.4, 2.9-4.4, 6.6-6.2, 6.377.00, and 7.59.1 ppm, which
were not present in thtH NMR spectrum of the monmeric
fraction. ThereforelH—1H COSY and 2D'H—13C HMQC and

corresponded t@J coupling of H-9'/C-8'. Thus, the"34"-
dihydroxy-5"-alkenylphenyl group should be bonded to'C-8
in the side chain of compount
14'-(3",4"-Dihydroxy-5"-alkenyl)phenyl-3-[8Z,10E,12 E-
pentadecatrienyl]catechol (5)In the'H—1H COSY spectrum
(Figure 4), the signal atdou/oy 3.28[labeled (B)]/1.25 cor-

HMBC NMR spectra were used to characterize the nature of responded tdJ coupling of H-14'and H-15'of 5, while the

these signals, in particular, signals-M, in order to identify
the constituents of dimeric fraction. This resulted in identifica-
tion of 8-(3",4""-dihydroxy-5-alkenyl)phenyl-3-[%E,-11E,13Z-
pentadecatrienyl]catechat)( 14-(3",4"'-dihydroxy-5-alkenyl)-
phenyl-3-[82,10F,12E-pentadecatrienyl]catechd)( 2-hydroxyl-

3- or -6-alkenylphenyl ethyl ether (6), 14'-(4",5"-dihydroxy-
6"-alkenyl)phenyl-3-[&,10E,12 E-pentadecatrienyl]catechal)(
15-(2"-hydroxy-3'- or -6'-alkenyl)phenyloxy-3-[&,11Z,13E-

signal atop/oc (B)/41.3 in the 2D™H—13C HMQC spectrum
(Figure 5A) corresponded téJ coupling of IH—13C in the
—CH- group at C-14in the side chain ob. Furthermore, in

the 2DH—13C HMBC spectra Figure 5D), the signal atu/

Oc (B)/135.6 corresponded & coupling of H-14'/C-1"of a
3",4"-dihydroxyl-5"-alkenylphenyl group, while the signals at

Onldc (B)/111.0 and (B)/118.7 corresponded3focoupling of

IH—-13C at H-14/C-2" and H-14/C-6", respectively. In addition,
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R=-CysHj5.3
Figure 2. Structures of compounds identified in the monomic and dimeric fractions of the raw urushi.

signals abp/dc 5.74/41.3, 6.33/41.3, and 6.46/41E3dure 5C)
corresponded té&J coupling of IH—13C at H-13'/C-14', H-14'/
C-2', and H-14/C-6", respectively. Thus, the'34'"'-dihydroxy-
5"-alkenylphenyl group should be bonded to C-itdthe side
chain of compounc.

2-Hydroxy-3- or -6-alkenylphenyl Ethyl Ether (6). In the
IH—1H COSY spectrumKigure 4), the signal aby/oy 3.44-
[labeled (C)]/1.07 corresponded td coupling of H-14'and
H-15 of an ethoxy group i®, which is confirmed by the signal
at op/dc (C)/56.1 in the 2D*H—13C HMQC spectrumFKigure
5A), corresponding t&J coupling oftH—13C in the -CH— group
at C-14'in the side chain o2. Moreover, in the 200H—-13C
HMBC spectrum Figure 5C), a signal atoy/oc (C)/18.0
corresponded t&] coupling of H-14'/C-15', while the signal at
Onldc 1.07/56.1 corresponded 3 coupling of H-15'/C-14'.
In addition to the absence & and3J couplings of both H-14
and C-14'with a 3,4-dihydroxy-5-alkenylphenyl group in the
2D H—13C HMBC (Figure 5C), the deshielding of bothy
and ¢ of —CH-14 indicates that the C-14s bonded to a
phenoxy group but not with a phenyl group, to form a phenoxy
ether moiety. Thus, the compound should have stru@uiat

is produced by coupling of a 3,4-dihydroxyl-5-alkenylphenyl
group with concomitant elimination of a 3‘[B10'E,12'Z-
tridecatrienyl]catechol fragment.
14'-(4",5"-Dihydroxy-6'"-alkenyl)phenyl-3-[8Z,10E,12E-
pentadecatrienyl]catechol (7).The 'H—1H COSY spectrum
(Figure 4) showed a signal abn/oy 3.57[labeled (D)]/1.25
corresponding t8J coupling of H-14/H-15’, while the signal
atdp/dc (D)/36.9 in the 2D'H—C HMQC spectrum (Figure
5A) corresponded t&) coupling of'H—13C in the—CH— group
at C-14 in the side chain of. In the 2D!H—13C HMBC spectra
(Figure 5C,D), signals atop/oc 3.54(D)/3.57 and 1.25/41.3
corresponded tdJ coupling of H-14/C-15' and H-15'/C-14',
respectively. Furthermore, the signalaf/éc (D)/134.4 cor-
responded t8J coupling of H-14'/C-1"0of a 4',5"-dihydroxy-
6" -alkenylphenyl group, while signals &t/oc (D) /127.8, (D)/
116.8, and 6.44/36.9 correspondedit@oupling of!H—13C at
H-14'/C-2", H-14'/C-6"", and H‘2C-14', respectively. In ad-
dition, signals abu/dc (D)/139.5 and 5.76/36.9 corresponded
to 1J coupling of H-14/C-13 and H-13/C-14, respectively.
Thus, the 4",5"-dihydroxy-6"-alkenylphenyl group should be
bonded to C-14in the side chain of compouril
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Figure 3. H NMR spectra of (A) monomeric fraction and (B) dimeric fraction.
Table 1. 'H and 13C NNR Data for Major Monomeric Urushiols 1, 2, and 3 in DMSO-ds
1 2 3
C/H no. Oy multiplicity (J, Hz) dc On multiplicity (J, Hz) dc On multiplicity (J, Hz) doc
1 143.4 142.9 142.9
2 142.4 144.7 144.7
3 6.63 ABCm 136.5 6.72 1128 6.68 112.8
4 6.63 ABCm 120.2 6.72 1184 6.68 118.4
5 6.63 ABCm 122.2 6.72 120.0 6.68 120.0
6 113.0 129.2 129.2
1 2.59 t(8.2) 209 259 t(8.2) 295 255 t(7.0) 295
2 1.72 m 29.2 1.72 m 29.3 1.60 m 29.3
3 1.44 m 29.2 1.44 m 28.5 1.26 S 28.5
4 1.44 m 29.2 1.44 m 28.6 1.26 S 28.6
5 1.44 m 29.2 1.44 m 28.7 1.26 S 28.7
6' 1.73 m 29.2 1.73 m 28.9 1.26 S 28.9
7 2.05 t(7.1) 2713 205 t(7.12) 1.26 s 285
8 5.54 td (7.1, 10.5) 130.9 5.54 td (7.1, 10.5) 126.4 1.26 S 28.6
9 5.54 dt (10.5,7.1) 126.8 5.54 dt (10.5,7.1) 127.3 1.26 S 28.7
10 2.85 dd (7.1, 6.1) 307 285 dd (7.1, 6.1) 250 126 s 28.9
1 5.64 dd (6.1, 14.0) 1324 564 dd (6.1, 14.0) 1288 1.26 s 287
12' 6.42 dt (14.0,9.7) 125.5 6.35 dt (14.0,9.7) 12.95 1.26 S 28.9
13 6.08 £(9.7) 129.3 2.82 dd(9.7,9.7) 30.9 1.26 S 31.0
14" 6.34 dd (9.7, 7.4) 1242 582 dd (9.7, 6.0) 1299 1.8 m 21.9
15' 1.67 d (74) 131 5.06(cis), 5.42 (trans)  dd (6.0, 9.5) (cis), dd (6.0, 16.0) (trans) ~ 1147  0.78 t(7.0) 137
OH-1 7.86 brs 7.86 S 7.76 S
OH-2 8.98 brs 8.98 S 8.98 S

15-(2"-Hydroxy-3"- or -6"-alkenyl)phenyloxy-3-[82,11Z,-
13'E-pentadecatrienyl]catechol (8)The 2D H—-13C HMQC
spectrum (Figure 5A) showed a signal at/dc 3.75[labeled
(E)]/55.9 corresponding t&J coupling of H-1%/C-15', while

signals atop/dc (E)/147.1 and (E)/153.0 in the 2EH—13C
HMBC spectrum (Figure 5D) corresponded @ coupling of
H-15'/C-1"and H-15'/C-2"0of either a 2-hydroxy-3"- or -6'-
alkenylphenoxyl group with the terminalCH,— group at C-15’
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Figure 4. H-'H COSY spectrum of dimeric fraction.

in the side chain 08. The deshielding of both C-1&nd C-2"
indicates that the substituent at the C-ikba phenoxy group,
not a phenyl group. This would lead to structBefor the
compound.
14'-(5",6"-Dihydroxy-4"-alkenyl)phenyl-3-[8Z,10E,12E-
pentadecatrienyl]catechol (9).The IH—H COSY spectrum
(Figure 4) showed signals adu/0y 3.85[labeled (F)]/1.25
corresponding tdJ coupling of H-14/H-15', while the signal
at on/dc (F)/34.8 in the 2D*H—13C HMQC spectrumFigure
5A) corresponded t&J coupling of'H—13C in the—CH— group
at C-14'in the side chain 09. Furthermore, in the 2BH—13C
HMBC spectra Figure 5C,D), signals abn/dc (F)/20.1 and
1.25/34.8 corresponded 4dcoupling of H-14/C-15 and H-15%/
C-14, respectively, while signals aty/0¢ (F)/128.2 correspond
to 2J coupling of a H-14C-1" 5",6"-dihydroxy-4"-al-
kenylphenyl group, and (F)/142.3, (F)/117.4, and 6.46/34.8
correspond t&J coupling of!1H—13C at H-14/C-2", H-14'/C-
6", and H-2"/C-14', respectively. In addition, signalatdc
(F)/138.6 and (F)/130.2 correspondedtdacoupling of H-14'/
C-13"and?J coupling of H-14'/C-12', respectively. Thus, the
4" 5"-dihydroxy-6'""-alkenylphenyl group should be bonded to
C-14'in the side chain of compouril
1,1',2,2-Tetrahydroxy-6,6'-dialkenyl-4,3-biphenyl (10).
The 2DH—13C HMQC spectrumFigure 5B) showed a signal
at op/oc 6.38[labeled (H)]/116.8 corresponding tbcoupling
of IH—13C in the —CH— groups in biphenyl ring at C-3 and
C-4' of 10. According to Du and Oshimd2), the biphenyl of
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oc (1)/147.1 corresponded & coupling of H-3/C-2 and H-3
C-2, while the signal atu/dc (1)/115.2 corresponded t&)
coupling of H-3/C-5 and H-3C-5'. Furthermore, the signal at
Onldc (1)/127.3 corresponded t&) coupling of H-3/C-4 and
H-3'/C-4', while the signal abp/dc (1)/143.4 corresponded to
3J coupling of H-3/C-1 and H-3'/C-1'. This would lead to
structurell for the compound.
1,1'2,2-Tetrahydroxy-6',6-dialkenyl-5,4-biphenyl (12).
The 2DH—13C HMQC spectrumFigure 5B) showed signals
at op/oc 6.67[labeled (J)]/118.0, 6.78[labeled (K)}/110.8, and
6.89[labeled (L)]/114.0, corresponding 4bcouplings oftH—
13C in the —CH—groups of the biphenyl ring at C-4, C-3, and
C-3' of 12, respectively. In the 2BH—13C HMBC spectrum
(Figure 5E), signals atow/oc (J)/110.8 and (J)/131.8 cor-
responded t8J coupling of H-4/C-3 and H-4/C-5, respectively,
while signals avn/d¢c (J)/127.3 and (J)/142.0 corresponded to
3J coupling of H-4/C-4'and H-4/C-2, respectively. In addition,
the signal atow/oc (J)/114.3 corresponded td coupling of
H-4/C-3. Furthermore, signals at/dc (K)/117.9 and (K)/142.0
corresponded téJ coupling of H-3/C-4 and H-3/C-2, respec-
tively, while signals atop/dc (K)/131.8 and (K)/144.8 cor-
responded t8J coupling of H-3/C-5 and H-3/C-1, respectively.
Similarly, the signals adu/dc (L)/127.3 and (L)/142.0 cor-
responded t&J coupling of H-3'/C-4'and H-3'/C-2', respec-
tively, while signals aton/oc (L)/120.8 and (L)/144.0 corre-
sponded té@J coupling of H-3/C-5' and H-3/C-1', respectively.
The deshielding of the C-1, C-2, C;&and C-2'indicated that

this type has only one broad signal for aromatic hydrogen atomsthese carbons are substituted by hydroxy groups. Thus, the

at H-3, H-5, H-4, and H-5 with dy4 6.53. In the 2D'H—-13C

HMBC spectraFigure 5E), signals abu/o¢c (H)/128.0 and (H)/

142.0 corresponded t& coupling of H-3/C-4 and H-3/C-2,

respectively. This would lead to structut® for the compound.
1,1',2,2 Tetrahydroxy-6,6'-dialkenyl-4,4-biphenyl (11).

The 2DH—13C HMQC spectrumFigure 5B) showed a signal

at ow/oc 6.53[labeled (1)]/120.8 corresponding & coupling

of IH—13C in the —CH— groups of the biphenyl ring at C-3

and C-3of 11, because the molecule is symmetric with respect

spectroscopic data are compatible with structligefor the
compound.

1,1,2-Trihydroxy-6,6'-dialkenyldibenzofuran (13).In both
the'H—1H COSY and 2D'H—13C HMQC spectraFigures 4
and5B), no signals for dibenzofuran-type structures are discern-
ible. However, in the 2DH—13C HBQC spectraKigure 5E),
signals ab/oc 6.99[labeled (M)]/143.4 and (M)/157.3 are like-
ly to correspond t3J coupling of H-3/C-2 and H-3/C-4 df3,
respectively. The deshielding of C-4 as compared to C-2 indi-

to a plane perpendicular to the center of molecule that bisectscated that C-4 is a part of furan ring, while C-2 is substituted by

the (C-4)—(C-4") bond, if the nature of the alkenyl groups
substituted at C-6 and C-& the same or not considered. In
the 2DH—13C HMBC spectra Figure 5E), the signal at/

a hydroxyl group. Thus, the compound should have strudiBre
Signals in Area G of thelH NMR Spectrum of the Dimeric
Fraction. In the 2D *H—13C HMQC and HMBC spectra, no



Enzymatic Dehydrogenative Polymerization of Urushiols

J. Agric. Food Chem., Vol. 55, No. 6, 2007 2207

o &y
L ST R e 7 T AT RS R SN , -
. B K-110.8 L]
FRA |
T Rora
L-114.0 —L oD L
©1 1 ) . F
J-118. ) 11-116.8 1
B 1 il RES
-.—_:-5‘.:..__\_\ \\_?.;;,L_';"_,_.._._v-. = - -I
11208 &
B e = b
' B = o =3
. 2 ! &wsu.}'“;—.f:ﬁ?—:
! ' ] |
B i
10 ;.In Inl 1L AL ARIR :Ir' o 14 e 1 1% ! : : an ..IE
C y - 8 ' of basa | D A-111.6 5
C-18.0 A ' > ’ 3
F2010 5 03 21.3 - | Fa17.4 B-111.0 k3
- L [ - - !
eey D-21.7 P e . F}-; . G i E3
T8 " ewm LA @_’{? A B-118.7 !
ey A ’ "“\;ﬂ R e I F-128.2 188
29 . aelE - : D-127.3 . A-128. |
6.46-34.98.44.36.9 i g,} ' }zﬁﬁg NErY i e @0-127-8 1;%0 é B8
= i = R = 5
6.33-41.3906.46:41.3 125@“13 . : :3gi ©D1395 &
006-30-47.8 2 R é i BleS g_u
644478 P B-139.3 A-139.7 3
- . 1.07-56.1 F—142 1
-h 147.1 []
] 2 | o
EDE-153.0
&
"In 1| : =
E I110.8 & =
| g 114:0@1 gﬁﬁ =
1-120. s@ \; - - &
R — E e |
1-127.3C>1-127.3 =
~ b
KBS © i
J-ul.s:;,) 2 %
L1420 K142.0__ Al %
M-143.4 =5 . e L 3
e T &
M-157.3 & E

Figure 5.

(A) HMQC spectrum of dimeric fraction (*H 0.5—4.0 ppm; 3C 10.0-75.0 ppm). (B) HMQC spectrum of dimeric fraction (*H 5.5-7.5 ppm; 13C

105.0-135.0 ppm). (C) HMBC spectrum of dimeric fraction (*H 0.5-7.0 ppm; 3C 10.0-65.0 ppm). (D) HMBC spectrum of dimeric fraction (*H 2.9-4.0
ppm; 13C 105.0-155.0 ppm). (E) HMBC spectrum of dimeric fraction (*H 6.0-7.2 ppm; 13C 105.0-160.0 ppm).

signals related to the signals in the area G atdheange of
4.10-4.45 in the'H NMR spectrum of dimeric fractiorFjgure

3B) are discernible. The deshielding &ff of protons in this
region seems to indicate that hydrogen atoms@H— groups

Reaction Mechanisms. Compounds4 and 5 could be
produced by coupling of a C-5-centered radical species of
catechol radical from one of the monomeric urushiols with'C-8
and C-14'-centered radical species derived from compdund

bonded to oxygen atoms are likely giving rise to these signals. with a concomitant hydrogen atom abstraction at Cta@orm

Monomeric urushiols would undergo autoxidation in the initial

the 9E,11'E,13Z and 82,10°E,12°E conjugate systems, respec-

stage of reactions, producing radical species involving the tively. Compounds6 and 8 could be produced by radical
conjugated system produced by oxidation with the atmospheric addition of either 2-hydroxy-3-alkenylphenoxyl or 2-hydroxy-
oxygen. Oxygen would abstract a single electron from the 6-alkenylphenoxyl radical species to C*i#dcompoundd and
conjugated system in the urushiols, producing corresponding 2, followed by either a McLafferty-type rearrangemeB)

radical species and superoxide,(®). This would result in
formation of dimeric urushiols with-HC—CH—, ether, and

resulting in elimination of a 3-[8'Z,10'E,12'Z-tridecatrienyl]-
catechol fragment or a concomitant hydrogen atom abstraction

peroxide linkages between two monomeric urushiols, such asat C-13'to form the 8Z,11'Z,13'Econjugate system, respec-

compoundd.4and15.However, further investigation is required
to verify this assumption.

tively. Compounds/ and9 could be produced by coupling of
C-4- and C-6-centered catechol radical species from the mon-



2208 J. Agric. Food Chem., Vol. 55, No. 6, 2007

omeric urushiols with a C-14entered radical species derived
from compoundL with a concomitant hydrogen atom abstraction
at C-10"to form the 8'Z,10'E,12'EEonjugate system, respec-
tively. Compoundsl0 and 11 could be produced by coupling

of a C-5-centered catechol radical species with a C-6-centered

radical species and two C-4-centered catechol radical species

from any of the monomeric urushiols, respectively. Compound
12 could be produced by coupling of a C-4-centered catechol
radical species with a C-5-centered radical species from the
monomeric urushiols. Compount3 could be produced by
coupling of a C-4-centered catechol radical with a C-6-centered
radical species from any of the monomeric urushiols, followed
by a dehydration involving the hydroxyl group at Cehd H-4

of the resulting intermediate catalyzed by laccase.

During transportation from the plantation to the factory for
processing, the monomeric urushiols in the raw urushi exudates
undergo single-electron-transferring dehydrogenative coupling
to produce dimeric, trimeric, and oligomeric products, catalyzed
by Rhuslaccase under presence of atmospheric oxygen. From
the urushi exudates, structures for monomeric urusHiei8
and dimeric productd—14were elucidated by using 2D-NMR
spectroscopic techniques includitg—1H COSY, andH—13C
HMQC and HMBC sequences. Thus, the 2D-NMR spectro-
scopic techniques were very effective tools in the elucidation
of the structures for the monomeric and dimeric constituents of
raw urushi exudates.

ABBREVIATIONS USED

COSY, homonuclear shift correlation spectroscopy; HMQC,
heteronuclear multiple quantum coherence; HMBC, hetero-
nuclear multiple bond coherence; GPC, gel-permeation chro-
matography; DMFN,N-dimethylformamide; DMSO+l hexa-
deuterated dimethyl sulfoxide; PTFE, poly(tetrafluoroethylene);
TMS, tetramethylsilane.
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