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Thermal Behavior of -1 Subunits in Lignin: Pyrolysis of
1,2-Diarylpropane-1,3-diol-type Lignin Model Compounds
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1,2-Diarylpropane-1,3-diol-type lignin model compounds, 1,2-bis(4-hydroxy-3-methoxyphenyl)propane-
1,3-diol (1) and 1-(3,4-diethoxyphenyl)-2-(4-methoxyphenyl)propane-1,3-diol (2), were pyrolyzed at
500 °C for 4 s to clarify the thermal behavior of -1 subunits in lignin. Products were monitored by
gas chromatography/mass spectrometry. The cleavage of the Ca—Cf bond to produce benzaldehydes
such as 4-hydroxy-3-methoxybenzaldehyde (9) and phenylethanals as the counterparts such as
4-hydroxy-3-methoxyphenylethanal (10) occurred in pyrolyses of both 1 and 2. In pyrolysis of 1, an
oxetane pathway leading to the formation of Z/E-stilbenes without the y-CH,OH group such as Z/E-
4,4'-dihydroxy-3,3'-dimethoxystilbene (3) was predominant. In pyrolysis of 2, the oxetane pathway
was minor, while pathways producing a dimer with a =CyH, group by loss of water and a dimer with
an o-carbonyl group were predominant. Pyrolysis of Japanese cedar wood provided 3 and 10 in
~0.8% and 0.6% yields, respectively, based on the Klason lignin content, while pyrolysis of a guaiacyl
bulk dehydrogenation polymer gave them in a very small amount.

KEYWORDS: Lignin; f-1 subunits; oxetane; stilbene; pyrolysis ~ —gas chromatography/mass spectrometry;
Japanese cedar wood; guaiacyl dehydrogenation polymer

INTRODUCTION tributes of the main subunits in lignin. However, the relation-

Lignin forms an integral part of all vascular plants, providing ShiPS between subunits and products remain unclear and are
them mechanical support to life on land, defense, and water Still c_ontroverS|aI. This |_nherent problen_n a;somated with py-
transport systems. Although it, next to cellulose, is abundantly TlYSis procedures restricts further applications of pyrolysis
present [15—36% of woody plants (1)], the main use is as an GC and—GC/MS procedures to lignin analysis. To resolve this
energy source. To utilize lignin and lignin-containing materials limitation, clarification of the thermal behavior of each lignin
effectively, a better understanding of the lignin structure is Subunitis required, because lignin comprises diverse subunits.
required. However, polymer complexities of lignin, such as a  This paper addresses the thermal behaviog-af subunit,
randomly cross-linked three-dimensional system connected bywhich is shown as one of the major subunits in lignin by mild
irregular C-C and C-O—C linkages and close association with  hydrolysis (3) and thioacidolysis (4). Recent studies show that
other cell wall polymers, make lignin analysis difficult. Such a -1 subunits are actually present as spirodienone structures with
situation encountered in lignin chemistry has opened up the roughly 3—4% abundance in lignin6¢7), which produce
possibility of developing new analytical procedures as alterna- traditional 5-1 subunits upon chemical treatments such as
tives to chemical and spectroscopic techniques traditionally acidolysis; this might be true for pyrolysis. Although the
employed in the field of lignin chemistry. abundance of traditiongl-1 subunits varies-115% in spruce

Pyrolysis combined with gas chromatography (GC) or GC/ lignin (8—10), depending on analytical methods employed,
mass spectrometry (MS) has shown usefulness as a powerfubpyrolysis products derived frofi-1 subunits often have been
analytical technique in the field of lignin chemisti®)(because reported (11-13). However, a few data on the thermal behavior
of sensitivity, less sample preparation steps, and short analysisof -1 subunits are availabld 2). In this study, to simplify the
time. Under controlled pyrolysis conditions, lignin polymers are interpretation of the thermal behavior 81 subunits in lignin,
reproducibly broken to produce diagnostic monomeric and we used two 1,2-diarylpropane-1,3-diol (3-1) lignin model
oligomeric phenols, which should preserve the structural at- compounds, 1,2-bis(4-hydroxy-3-methoxyphenyl)propane-1,3-
diol (1) and 1-(3,4-diethoxyphenyl)-2-(4-methoxyphenyl)pro-

* Corresponding author: phon¢81 92 642 2988; e-mail kenfumi@  pane-1,3-diol (2) (se€igure 1 for their structures). Pyrolysis

agﬂ'kK{,“ussthguuﬁfjgr'sity_ products were monitored by GC/MS and compared with those
¥ Kyoto University. of softwood synthetic and native lignins.
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Figure 1. Authentic dimers 1-4.

Table 1. Pyrolysis Products of 1

rel contribution

peak product? partial mass spectrum, m/z (rel int, %) (%)
5 2-methoxyphenol 124 (M*, 72), 109 (100), 81 (71), 53 (46) 16.3
6 2-methoxy-4-methylphenol 138 (M*, 94), 123 (100), 95 (33), 77 (23), 67 (31) 4.2
7 4-ethyl-2-methoxyphenol 152 (M*, 50), 137 (100), 77 (22) 0.5
8 4-hydroxy-3-methoxystyrene 150 (M*, 100), 135 (91), 107 (39), 77 (48) 0.8
9 4-hydroxy-3-methoxybenzaldehyde 152 (M*, 87), 151 (100), 123 (21), 109 (22), 81 (36) 7.6
10 4-hydroxy-3-methoxyphenylethanal 166 (M*, 23), 137 (100), 122 (23) 8.0
11 unknown 180 (M*, 15), 151 (100), 119 (31), 91 (58) 22
12 unknown 178 (M*, 67), 150 (25), 149 (100), 117 (21), 89 (42), 78 (26), 77 (35) 1.7
Z3 Z-4,4'-dihydroxy-3,3'-dimethoxystilbene 273 (21), 272 (M*, 100), 211 (18), 207 (12), 137 (17), 57 (55). 9.6
Z-13  Z-4-[2-(4-hydroxy-3-methoxyphenyl)prop-1-enyl]- 287 (17), 286 (M*, 100), 272 (4), 271 (5), 225 (14), 211 (12), 162 (13), 128 (17), 2.6
2-methoxyphenol 115 (17), 91 (21), 76 (21)

14 4-[2-(4-hydroxy-3-methoxyphenyl)ethyl]-2-methoxyphenol 274 (M*, 5), 137 (100), 122 (10) 6.8
E-3 E-form of 3 273 (17), 272 (M*, 100), 211 (19), 106 (11), 84 (16), 76 (13) 34.8
E-13  Efformof 13 287 (19), 286 (M*, 100), 272 (14), 271 (41), 211 (16), 165 (17), 153 (12), 152 (16) 47

total 99.8

2 Product structures refer to those in Figures 1 and 3 and Scheme 1.

MATERIALS AND METHODS q,J = 6.6 Hz,y-Hb), 6.01 (1H, dJ = 7.6 Hz,a-H), 6.62 (1H, dJ =
1.7 Hz, Ar—H), 6.80 (4H, m, ArH), 7.07 (1H, d,J = 1.9 Hz, Ar—

Melting points were uncorrectedH nuclear magnetic resonance H), 7.09 (1H, d,J = 1.9 Hz, Ar—H); EI-MS (diacetateln/z (%) 430
(NMR) spectra were obtained on a Bruker 500 or JEOL AL400 (M*, 4), 237 (24), 195 (100), 134 (16).

spectrometer with deuterium chloroform and were reported by chemical 1,2-Bis(4-hydroxy-3-methoxyphenyl)ethers, @ 4-dihydroxy-3,3-

shifts (relative to tetramethylsilane), splitting patterns, integration areas, . . ) .
and p(roton assignments. >I/EIectrozw ic?nizat?oel mass specgtrometry (El_d:cmethgxy(snlbene, was preﬁared:y d%carbloxylandon and ?jeacetylar?on

] : = of 2,3-bis(4-acetoxy-3-methoxyphenyl)acrylic acid according to the
MS) analysis employed a Shimadzu GC/MS, model QP 5000, a DB-5 method of Gierer et al16): mp 217—218C [iit. (16) 215—216°C];

fu_sed-snlca caplllary column (GL Science, 30 m0.25 mm, fllm_ NMR (diacetate, CDG) on 2.33 (6H, s, 2x Ar—OAC), 3.90 (6H. 5,

thickness 0.2%m) with a column temperature program of 50 (1 min) - i ;

to 320°C (12 min hold) ramped at 5 min~! or a Quadrex MS fused- Ar—OCHy), 7.01-7.10 (8H, m, Ar-6H+ olefinic-2H); EI-MS (di-
acetate)n/z(%) 356 (Mf, 11), 314 (M— 42, 19), 272 [M— (2 x 42),

silica capillary column (Quadrex, 25 m 0.25 mm, film thickness f ) .
0.25.m) with a column temperature program of 50 (1 min) to 280 100]. Stilbene3 consisted of 97%-form and 3%Z-form on the basis
of the GC peak areas.

(13 min hold) ramped at 5C min™2, carrier gas helium (flow rate 1.3
mL min~Y), injection and detector ports heated at 280 a 1:100 split 1-(4-Hydroxy-3-methoxyphenyl)-2-(2-methoxyphenoxy)ethedle (
ratio, 70 eV ionization voltage in a 20T ion chamber, mass range ~ consisting oZ- andE-isomers with a roughly 2:1 GC signal area ratio
m/z50—600. Data were collected by Shimadzu LabSolution software Was synthesized by treating 4-[1-hydroxy-2-(2-methoxyphenoxy)ethyl]-
(version 1.02). Product assignments were carried out by searching a2-methoxyphenol with bromotrimethylsilane and then 1,8-diazobicyclo-

NIST 62 database, by comparing MS data with published @3tb4), [5.4.0Jundec-7-ene (17): EI-M8/z (%) 272 (M, 100), 211 (59), 137

and by interpreting MS data. (55), 133 (43), 77 (55). It was prepared when required because of its
Materials. Diol 1 was prepared according to the method of Ahvonen  Instability under neutral and acidic conditions (18).

et al. (15): mp 155-156 °C [lit. (15) 151—154°C]. Structure As reference lignins, Japanese cedziyptomeria japonicd. Don)

confirmation was provided by NMR and EI-MS; the numbering systems wood and a bulk guaiacyl dehydrogenation polymer (DHP) were

of side chainsy, 8, andy and rings A and B are provided Figure employed, which were the same as those employed previoliSly (

1. NMR (tetraacetate, CDglox 1.98 (6H, s, 2x alcoholic-OAc), 20). The cedar wood was ground in a Wiley mill, and meals less than

2.27 (3H, s, Ar-0OAc), 2.29 (3H, s, Ar-OAc), 3.38 (1H, ddJ = 13.4, 60 mesh were Soxhlet-extracted with ethartménzene (1/2 v/v) for 6

6.7 Hz,-H), 3.70 (3H, s, A-OCHs), 3.73 (3H, s, AFOCH;), 4.18 h. After air-drying, the extractive-free cedar wood meals were subjected
(1H, dd,J = 11.3, 7.1 Hz,y-Ha), 4.39 (1H, ddJ = 11.3, 7.1 Hz, to pyrolysis—GC/MS and pyrolysis—GC analyses.

y-Hb), 6.10 (1H, dJ = 6.5 Hz,a-H), 6.61 (2H, ddJ = 13.5, 1.9 Hz, Pyrolysis—GC/MS. The pyrolysis-GC/MS system was a combina-
Ar—H), 6.77 (1H, ddJ = 8.2, 1.9 Hz, Ar-H), 6.82 (1H, ddJ = 8.2, tion of a JHP-5 model Curie-point pyrolyzer (Japan Analytical Industry,
1.9 Hz, Ar-H), 6.96 (2H, dJ = 8.1 Hz, Ar—H); EI-MS (tetraacetate) Tokyo, Japan) and a model QP5000 GC/MS (Shimadzu, Kyoto, Japan).
m/z (%) 488 (M*, <1), 446 (M — 42, 35), 237 (10), 209 (17), 195  Basically, this system is similar to that with a JHP-3 pyrolyzer (Japan

(44), 192 (18), 153 (64), 150 (100). Analytical Industry) and an HP 5890 series Il gas chromatograph
Diol 2: mp 83.5-84.8°C; NMR (diacetate, CDG) oy 1.39 (3H, t, (Hewlett-Packard, Palo Alto, CA) with an HP 5972A quadrupole mass

J=7.1Hz, A—OCH,CHj3), 1.44 (3H, tJ = 7.1 Hz, A—OCH,CHj), selective detector (Hewlett-Packard) employed previough).(The

1.94 (3H, s, alcoholic-OAc), 1.96 (3H, s, alcoholic-OAc), 3.33 (1H, g, sample (~2Qg for the model compoundsy50—70ug for the DHP,

J = 6.8 Hz,3-H), 3.79 (3H, s, ArOCHg), 4.00 (2H, q,J = 7.0 Hz, and ~100—200ug for the cedar wood) was tightly wrapped with a

Ar—0OCH,CHs), 4.03-4.11 (3H, m, A-OCH,CHs + y-Ha), 4.26 (1H, ferromagnetic alloy made of 40% iron and 60% nickel (pyrofoil), and
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Figure 2. Pyrolysis—GC/MS trace of 1. Pyrolysis was carried out at 500 °C for 4 s. Product names refer to those in Table 1; structures are given in
Figures 1 and 3 and Scheme 1.

Table 2. Pyrolysis Products of 2

peak product? partial mass spectrum, m/z (rel int, %) rel contribution (%)
15 methoxybenzene 108 (M*, 100), 78 (85), 65 (91), 51 (37) 0.2
16 4-methoxy-1-methylbenzene 122 (M*, 100), 121 (54), 107 (33), 91 (31), 79 (34), 77 (66), 63 (24) 11
17 4-methoxystyrene 134 (M*, 100), 119 (59), 91 (61), 65 (50), 63 (24) 18
18 1,2-diethoxybenzene 166 (M*, 20), 110 (100), 109 (28) 1.8
19 4-methoxyphenylethanal 150 (M*, 13), 121 (100) 9.2
20 3,4-diethoxybenzaldehyde 194 (M*, 29), 138 (62), 137 (100), 109 (17), 81 (20) 17.7
Z21 Z-3,4-diethoxy-4'-methoxystilbene 299 (25), 298 (M*, 100), 213 (26), 195 (47), 181 (40), 169 (18), 165 (22), 1.9
153 (31), 152 (59), 141 (24), 139 (15), 121 (18), 115 (36)
22 1-(3,4-diethoxyphenyl)-2-(4-methoxyphenyl) 314 (M*, 3), 193 (100), 165 (32), 137 (31), 121 (26), 109 (14) 26.0
ethan-1-one
E-21 E-form of 21 see Scheme 2 and Figure 5 4.3
23 1-(3,4-diethoxyphenyl)-2-(4-methoxyphenyl) 326 (M*, 28), 297 (10), 281 (14), 269 (10), 194 (16), 193 (100), 179 (24), 24
prop-2-en-1-one 165 (60), 151 (17), 137 (85), 135 (30), 133 (74), 118 (20), 109 (38)
24 1-(3,4-diethoxyphenyl)-2-(4-methoxyphenyl) 328 (M*, <1), 195 (12), 194 (10), 134 (100), 111 (11), 93 (20) 33.6
prop-2-en-1-ol
total 100

2 Product structures refer to those in Figures 1 and 3 and Scheme 1.

the sample-loaded pyrofoil was inserted in the top of the sample tube employed in the pyrolysisGC/MS with the same column. The injection
in the pyrolyzer heated at 25C; the pyrolyzer has a permanent magnet with a 1:100 split ratio and FID ports were kept at Z&) Helium as
located close to the sample tube. The magnet located outside the topthe carrier gas (flow rate= 1.3 mL mint) was employed. Duplicate
of the tube held the pyrofoil until the GC/MS conditions had been analyses were performed for each sample.

settled. Pyrolysis at 500C for 4 s under helium atmosphere was

triggered as soon as the foil released by the magnet fell to the bottom.RESULTS AND DISCUSSION

Products were sent to the GC/MS via a transfer line heated at@50

Products of the model compounds and reference lignins were separated Lignin model compounds are often employed to simplify the

on the DB-5 and Quadrex MS fused-silica capillary columns, respec- Study of the thermal behavior of corresponding lignin subunits

tively; therefore, absolute retention times slightly differed between because of the difficulty associated with the characterization of

model compound and reference lignin runs. Triplicate analyses were structural changes of lignin due to large thermal energy. In this

performed for each sample. study, diols1 and?2 were selected to represent phenolic and
Pyrolysis—GC. The pyrolysis-GC system was the same as that nonphenolig3-1 subunits in lignin, respectively. The use 2f

employed previously22, 23). Briefly, it was a combination of a Curie-  jith different rings A and B helped in clarification of pyrolytic

p0|n£ pyrolyzer (\_]HP-S model, Japan Analytical Industry) heated at sources for monomeric products.

250°C and a Shimadzu GC-17A gas chromatograph (Kyoto, Japan) gy v sis GC/MS of 1. Figure 2shows the pyrolysisGC/

with a flame ionization detector (FID). The cedar wood mea&l$q0— L o : .

2004g) and the DHP50—70ug) were pyrolyzed at 508C for 4 s MS tr'ace' ofl. Table 1lists |qent|f|ed products with the relative

in the pyrolyzer heated at 25€. The volatile products were sent, via ~contributions (%) and partial mass data; produttsand 12

atransfer line at heated at 250, to the GC with a Quadrex MS fused- ~ With each~2% contribution were unknown. Relative contribu-

silica capillary column (Quadrex, 25 m 0.25 mm, film thickness tions were determined by normalizing GC/MS signal areas of

0.25 um). The column temperature program was the same as that identified products at 100%.
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Scheme 1. Selected Pyrolytic Pathways of 1 and 22

Identified dimers and their proposed mass fragmentations [m/z (%)]. Product names refer to those in Tables 1 and 2.
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1: Ry= Ry = OH, R, = Ry = OMe
2: Ry = Ry = OFt, Ry= H, Ry= OMe

G

27: R3 = OMe, R4 = OH
28: R3=H, R4 = OMe

-H
S

OHC—HZCR4

10: R3 = OMe, R4 = OH
19: Ry = H, R, = OMe

2 Product names refer to those in Tables 1 and 2.

i+ i)

Ry
HOH,C
N W

i
HaC

8: Ry = OH, R, = OMe
20: Ry = R, = OEt

Rz

-

Monomeric product®—12 appeared below 30 min retention
time. On the basis of the library search, the earliest eluting
product was ascribed to 2-methoxypher&)| (vhich is produced
by the cleavage of either the bond between ring A and the C
atom or the bond between ring B and th¢ @om. The
formation of 5 is noted, because so far we observed no
production of5 in such a large contribution (relative contribution
16.3%) in pyrolysis ofs-5 (19), -5 (20), g-aryl ether (24),
and coniferyl alcohol end group2%) type lignin dimeric model
compounds, in spite 06 being a main pyrolysis product of
lignin. 2-Methoxy-4-methylphenol (6;-4%) may stem from
moiety B [see the following discussion on the production of
4-methoxy-1-methylbenzene (16) in pyrolysis2jf

A 7.6% contribution was given b9 attributed to 4-hydroxy-
3-methoxybenzaldehyde. Sin€eis produced by cleavage of
the Ca—Cpbond, the contribution of its counterpart stemming
from moiety B should equal that . It is rationalized that

9: Ry = OH, R, = OMe
20: Ry = R, = OFt

A:Ri=R4= OH, R;=R3= OMe
B:Ri=Ry= OEt, R3=H, R4= OMe

/iv) \) -CH,0
R3 Ry R3
H

8: R; = OMe, R4 = OH
17: R3 = H, R4 =OMe

3: Ry= Ry = OH, R; = Ry = OMe
21:R1=Rp= OEt, Rs=H, Ry= OMe

4-hydroxy-3-methoxyphenylethandlQ) with an 8% contribu-
tion is the counterpart 09.

These findings suggest th&t 6, 9, and 10 produced in
pyrolysis of softwood lignin partly stem frof+-1 subunits. To
our knowledge, this is a first report showing that fhé subunit
is a source forl0 in pyrolysis of softwood lignin.

The formation of3-aldehydelOis explainable by considering
the formation of 4-hydroxy-3-methoxyphenylethanol (27) not
detected in this study. Hydrogen migration from th©H group
onto the Cpatom of1 (pathway i inScheme 1) and successive
cleavage of the €&—Cp bond (pathway ii) give a pair & and
27. Removal of a hydrogen molecule from {fCH,OH group
of 27 providesf-aldehydelO.

a-Aldehyde9 is produced also from an oxetane intermediate
(oxetane A) (26), which is provided ly,y-dehydration between
the OH group at thex-position and the proton of they@OH
(pathway iii). Unstable oxetane A is immediately decomposed
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Figure 4. Pyrolysis—GC/MS trace of 2. Pyrolysis was carried out at 500 °C for 4 s. Product names refer to those in Table 2; structures are given in
Figures 1 and 3 and Scheme 1.
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Figure 5. Mass spectrum of E-21.

to provide the corresponding pair of 4-hydroxy-3-methoxysty- area (26). Similar oxetane intermediate mechanisms operate in
rene (8) and benzaldehyd®e(pathway iv). Genuit et al.1Q) pyrolysis of 3-aryl ether lignin model compound&7) and in
also proposed tha&® and9 are produced via a similar oxetane mass fragmentations of phenofiel lignin model compounds
intermediate fromB-1 subunits in softwood lignin. However,  (28). Comparison of the contribution 8fwith that of8 shows
our pyrolysis conditions provide8lin a rather smaller contribu-  that pathway v is favored over pathway iv in decomposition of
tion (~1%) than expected from the contribution ®{7.6%). oxetane A.
This finding and the large contribution df0 (8%) strongly Dimeric products13 and 14 with each ~7% relative
demonstrate that oxetane A is responsible for the production of contribution were ascribed to 4-{11E)-2-(4-hydroxy-3-meth-
9 to a small extent and th&is mostly produced via pathway  oxyphenyl)prop-1-enyl]-2-methoxyphenol because of the 286
i+ i molecular ion [relative intensity (rel int) 100%] and the M
Several dimers are visible above 30 min retention time, with CHz]* species am/z 271 (rel int 41% inE-13), and to 4-[2-
the largest abundance f&f3. Roughly 45% contribution§70% (4-hydroxy-3-methoxyphenyl)ethyl]-2-methoxyphenol because
contribution of identified dimers) was given by stilbenes of the molecular ion of 274 (rel int 5%) and the base iomét
Z-3 + E-3. These isomers were identified by comparing their 137 showing the presence of the [OH(OMgh)gCH,] ™ species
MS data and retention times with those of authe®@tonsisting (seeFigure 3 for the mass fragmentation).
of 97% E-isomer and 3%-isomer. The release of GB from Main reactions occurring in pyrolysis df are summarized
oxetane A by the ring cleavage (pathway v) resulted in stilbene as follows in order of decreasing contribution: (1) the oxetane
3 with a 1:3.6Z/E-isomeric ratio based on the GC/MS signal mechanism to produce stilbeBe(2) the ring-side chain bond
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Scheme 2. Possible Mass Fragmentation of E-212
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OFt
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EtO
. CH CH
+H
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[
(cH CH -149 +
OMe +0Me
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o)
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@Values in parentheses mean the relative intensity (percent) of the mass ion.

Scheme 3. Formation of 22—24 from 22
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o CaHa. ot .
-zs
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-28 l /
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T
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H H
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y
B ?:CHz
-H20 aC=0
i “OEt
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@Names for 22—24 refer to those in Table 2. Values in parentheses mean the relative contribution (percent) of the product.

cleavage, and (3) hydrogen transfer from ta®©H onto the
Cp atom and then the &&-Cf bond cleavage to produce
and10.

Pyrolysis—GC/MS of 2. Figure 4shows the pyrolysisGC/

MS trace of2. Table 2lists identified products with the relative
contributions (percent) and partial mass data.
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Figure 6. Pyrolysis—GC/MS trace of Japanese cedar wood (top), and the m/z 166 (middle) and m/z 272 (bottom) chromatograms. Pyrolysis was carried
out at 500 °C for 4 s. Product assignments were carried out according to published data (13, 29, 31).

As in Figure 2, monomeric and dimeric products are revealed
in Figure 4. Small contributions €2%) were given by meth-
oxybenzenel5, 0.2%), 4-methoxy-1-methylbenzeris(1.1%),
4-methoxystyrene (17, 1.8%), and 1,2-diethoxybenzer@& (
1.8%). The contributions 0f5 and 18 produced by cleavage

structural identification, probably due to the presence of the two
ethoxyl groups (compare with the MS data ®f, the mass
fragmentation is proposed Bcheme 2.

Also in pyrolysis of2, a large contribution of stilbenes was
expected. Stilben21, however, made an unexpectedly small

of the bonds between the ring and the side chain dramatically contribution (Z-+ E-isomers 6.2%), suggesting that oxetane B

decreased compared to thatmfsuggesting that protection of
phenolic hydroxyl groups enhanced the thermal stabilitg-af
subunits. Comparison of the contributionsld and 18 shows
that ring A—Ca bond cleavage is preferred to ring-®& bond
cleavage in pyrolysis d?; this might be true for pyrolysis df.
The production ofl6 having ring B suggests that 2-methoxy-
4-methylphenol §) obtained in pyrolysis ot also stems from
moiety B.

In spite of the enhanced thermal stability, the hydrogen
migration and then the &€&-Cf bond cleavage (pathwayt ii)
occurred also in pyrolysis d, to produce 4-methoxyphenyl-
ethanal 19, 9.2%) via28 stemming from moiety B and 3,4-
diethoxybenzaldehyde (20, 17.7%) from moiety A. Pathway i
+ ii is clearly responsible for the production @0 to a large
extent, as well as for the production ®ffrom 1, because the
contribution ofl9was roughly 5 times more than that of styrene
17, the counterpart d20 produced from oxetane B.

Dimers21—24 were visible above 30 min retention time, with
a large abundance fo22 and 24. Product21, showing a
molecular ion of 298, was assigned to 3,4-diethokxynéth-
oxystilbene consisting aZ- andE-isomers in a 1:2.3 GC/MS

made a small contribution in pyrolysis &f That is, protection
of phenolic hydroxyl groups strongly reduces the contribution
of the oxetane pathway to pyrolysis 8f1 subunits.

The prominent dimeR2 (26%), showing a molecular ion of
314 (rel int 3%), was assigned to 1-(3,4-diethoxyphenyl)-2-(4-
methoxyphenyl)ethan-1-one because of the presence affthe
193 base ion, due to the [(OEDsH:C=O]" species, and
fragment ions due to the [(OR€sHs] ™ species amn/z165 (rel
int 32%) and the [MeOgH,CH,]" species am/z121 (rel int
26%) (seeFigure 3). Them/z 137 ion (rel int 31%) may be
due to the [OEt(OH)gH3] ™ species.

Dimer 23 (2.4%) was assigned to 1-(3,4-diethoxyphenyl)-2-
(4-methoxyphenyl)prop-2-en-1-one on the basis of the MS
data: the molecular ion atw/z 326 (rel int 28%), the
[(OEt),CeH3C=O0]" species atm/z 193 (base ion), and the
[MeOCsH4,C=CH,]* species am/z133 (rel int 74%).

The formation of22 and 23 may proceed viat-ketone25
whose formation is initiated by abstraction of a single electron
from ring A of 2 by thermal energy to produce a corresponding
aryl cation radicaka (Scheme 3). Successivelgareleases a
hydrogen atom at the-position to give ara-hydroxyquinone

signal area ratio. Although the mass spectra of stilbenes with methide catior2b that immediately undergoes rearrangement
methoxyl group(s) are generally poor in fragments revealing to produce the correspondingketone25, with concomitant
the molecular ion as the base ion and a low relative intensity release of Fi. Ketone25 consequently provides (1) endb by

(<10%) of the [M— CHjz] * fragment ion, the mass spectrum
of 21 (Figure 5) revealed many informative fragment ions for

migrating a hydrogen atom onto the oxygen atom of tkeCC
group from they-OH group to form a six-membered intermedi-
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ate, with simultaneous elimination of the @poup as HCHO The pyrolysis—GC/MS trace of the bulk DHP also showed
followed by isomerization to its tautomé&2, and (2)23 by E-3 (not shown) but in very small abundance. This difference
B,y-dehydration. reflects the differences in abundanceset subunits in softwood

. . . and synthetic lignins [absence in an endwise guaiacyl CB3f.(
EI-MS apaly3|s of the mogt intens (33.6%) showed .the Pyrolysis directly combined with MS, pyrolystdMS, is also
molecular ion am/z328 (rel int <1%), them/z134 base ion  n5qyced as a powerful lignin characterization tool with the
due to the [MeOGH,CH=CHy"* species produced by a sgvantages of a shorter analysis time (usually within a few
hydrogen atom shift onto the Cgtom from thea-OH group seconds) and a smaller sample requirement (usually a few
and successive cleavage of the Co—@fhd, and then/z195 micrograms) than those of pyrolysis procedures with a GC
ion (rel int 14%) due to the [(OEf{LsH:CHOH]" species. column (34—36). However, since pyrolysiMS provides a
Therefore,24 was assignable to 1-(3,4-diethoxyphenyl)-2-(4- spectrum consisting of molecular and fragmentation ions derived
methoxyphenyl)prop-2-en-1-ol produced by simple-dehy- from lignin and carbohydrates, it is more difficult to assign MS
dration of?2. ions than for pyrolysis techniques with a GC column. This is
true for pyrolysis-MS of softwood lignocellulosic materials
In summary, in pyrolysis o2 the oxetane mechanism operates reyealing am/z 272 ion with a considerable intensiB0( 34).
as a minor pathway, and the main reactions that occurred areHowever, the results with pyrolysis of Japanese cedar wood

as follows in order of decreasing contribution: (B)y- clearly show thaf-1 subunits make a large contribution to the
dehydration, (2) formation ad-ketone dimer, and (3) hydrogen intensity of them/z 272 ion generated in pyrolysiVS of
transfer from thea-OH onto the @ atom and then &—Cp softwood lignin.

bond cleavage. A series of mass signals with a regular increment of 30 Da

. . (methoxyl group substitution for H-atom), thm/z 272, 302,
Pyroly_5|s—GC of Japanese Cedar WoodTo confirm the and 332 ions, observed in the pyrolysigS trace ofAesculus

contributions offi-1-derived products3 and 10 to softwood  ;rhinate Blume milled wood lignin 84) may be assigned to

lignin pyrolysates, extractive-free Japanese cedar wood and DHRhe molecular ions of guaiacyl/guaiacyl, guaiacyl/syringyl, and

were subjected to pyrolysis—GC/MS under similar conditions, syringyl/syringyl 4,4'-dihydroxys-1 stilbenes, respectively.

the same except the column conditions, to those employed in

the model experiments:igure 6 (top) shows the pyrolysis— | \TERATURE CITED
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