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Tetramethylammonium Hydroxide (TMAH) Thermochemolysis of
Lignin: Behavior of 4- O-Etherified Cinnamyl Alcohols and
Aldehydes
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The thermochemolytic behavior of 4-O-etherified cinnamyl alcohols and aldehydes in lignin was
investigated in the presence of tetramethylammonium hydroxide (TMAH) (315 °C/4 s), using
veratrylglycol-5-(coniferyl alcohol) ether (1a), veratrylglycol-5-(sinapyl alcohol) ether (1b), and
veratrylglycol-3-(coniferyl aldehyde) ether (2). The methylated products were monitored with gas
chromatography—mass spectrometry. Dimers 1a and 1b provided the coniferyl and sinapyl alcohol
dimethyl ethers consisting of three isomers, respectively. Coniferyl alcohol dimethyl ether isomers
were also observed in the TMAH thermochemolysis pyrolysates of a bulk dehydrogenation polymer
of coniferyl alcohol and a Japanese cedar (Cryptomeria japonica) wood. Coniferyl aldehyde methyl
ether was not provided from TMAH thermochemolyses of coniferyl aldehyde, 2, a dehydrogenation
polymer of coniferyl aldehyde, and the cedar wood. The former three provided veratryl aldehyde in
a large abundance, instead of coniferyl aldehyde methyl ether. Sinapyl aldehyde provided 3,4,5-
trimethoxybenzaldehyde in a large abundance and sinapyl aldehyde methyl ether in a trace
abundance. The results showed that TMAH thermochemolysis is an effective tool to obtain information
on cinnamyl alcohol end groups, but is not applicable to analysis of cinnamyl aldehyde end groups.

KEYWORDS: Lignin; 4- O-etherified cinnamyl alcohols; 4-  O-etherified cinnamyl aldehydes; tetramethyl-
ammonium hydroxide (TMAH) thermochemolysis; dehydrogenation polymer; Japanese cedar ( Cryptomeria
Japonica ) wood

INTRODUCTION sample (greater than milligram scale), multistep sample prepara-
tion prior to analyses, and intricate techniques, with a long
analysis time. Therefore, there is considerable interest in
developing convenient methods with high sensitivity for the
analysis of cinnamyl alcohol and aldehyde end groups in lignins.
In particular, recent studies on cinnamyl alcohol dehydrogenase
Beficient plants have enhanced interest in the analysis of both
end groups from the viewpoint of biosynthetic and industrial
concerns (12—20).

Lignins are biopolymers connected by—O and C—C
linkages, accounting for 1536 wt % of woody plantsX). They
arise from an enzyme-mediated dehydrogenatigmtmfdroxy-
cinnamyl alcohols and therefore involveltetherified cinnamyl
alcohols and aldehydes as end groups. Such end groups mak
a smaller contribution to the lignin polymer [e.g., 3 and/®%
for coniferyl alcohol end groups and coniferyl aldehyde end

groups, respectively, in a spruce milled wood lign®)](than ) . . . .
B-O-4 linkages (48 and 60% of the total interunit linkages in A pyrolysis method involving methylation with tetramethyl-

. . L ; i hydroxide (TMAH) has emerged as a powerful
spruce and birch milled wood lignins, respectived)]( How- ammonium at )
ever, the end groups are important for the evaluation of the total method for characterizing polymers as shown by Challiad).(

lignin structure because they can serve as a sensitive index foﬁeqentdstt;]dlesﬁel—ZS) clqufy that tn'ZT_:;R?_'d ;15 a therr1ma||31
the structural change and the overall character of the lighin (~ 25SIStéd chemolytic reaction, so-calle thermochemoly-

Cinnamvl alcohol and aldehvde end arouns are determinedSiS' This method provides more structural information than
by spectrg/scopic methods fg)y wet chegmiceF;I methods.Q conventional pyrolysis because it renders polar products released
11), and pyrolysis mass spectrometry (12). However, thesefrom the polymers by thermally assisted hydrolysis, amenable

rocedures. excent the last. often require a large amount Qfto chromatographic analysis by subsequent methylation. Nowa-
P ' P ’ q 9 days it is widely used to analyze lignindg—33). Furthermore,
this method is also used to characterize the chemical composition

* Corresponding author (telephone/fax81-92 642 2988; e-mail of degraded woods28, 34—36) and agricultural waste87,
kenfumi@agr.kyushu-u.ac.jp). S " .

Kyushu University. 38) and to track changes in lignin composition during com-

* University of Tsukuba. mercial growth of button, shiitake, and oyster mushroom on

10.1021/jf058085g CCC: $30.25 ~© 2005 American Chemical Society
Published on Web 10/14/2005



8860 J. Agric. Food Chem., Vol. 53, No. 23, 2005

Kuroda and Nakagawa-lzumi

Y
g Ri
R2 o B MeO OMe
HO .« B @ OMe H_O MeO._-CH, ©
O o
OMe
OMe
OMe OMe R OMe e OMe
OMe OMe OMe
1a: Ry = CH,OH, R, = H 3 4R=H 5 6
1b: R, = CH,OH, R, = OMe 13: R = OMe
2:Ry=CHO, R, =H
OMe 8 MeO H-—--0O HO
/ a® “OMe MeO OMe 7~ HO o
OMe
R OMe OMe OMe OMe OMe
OMe OMe OMe OMe OMe
7-9:R=H Z/E10 erythro/threo-11 12 17
14-16: R = OMe

Figure 1. Chemical structures for 1-17.

woody substrates, namely, wheat straw and oak w@aa(
40), as well as fruit-bearing tree<tl). Despite extensive
applications to the lignin analysis, however, how TMAH
thermochemolysis works on lignin is still far from completely
understood. Unfortunately, deciphering the lignin structure is
presently difficult from the TMAH thermochemolysis product
data. To use this method effectively as a tool for analyzing lignin
polymer, therefore, a comprehensive understanding of TMAH
thermochemolysis is required.

We are presently exploring the feasibility of TMAH ther-
mochemolysis for analyzing lignire@—31, 33,42,43). Recent
studies showed that TMAH thermochemolysis providesyl
ether (24,33), 5-5 (33, 43), andj-p (33, 42) substructure-
derived products from lignin. Along with these products,
coniferyl alcohol dimethyl ether is produced from guaiacyl
lignins (33, 42—45), suggesting that this method makes the

analysis of cinnamyl alcohol and aldehyde end groups possible.

If so, it could become a powerful tool for analyzing cinnamyl

Mass spectrometry (MS) analyses employed the same conditions as
those employed previously (43).

Materials. The following materials were commercial products
(Aldrich, Milwaukee, WI): coniferyl alcohol, coniferyl aldehyde,
sinapyl alcohol, sinapyl aldehyde, and a 25% TMAH methanolic
solution.

A bulk dehydrogenation polymer of coniferyl alcohol and a Japanese
cedar (Cryptomeria japonigavood used were the same as those used
previously @3). A bulk dehydrogenation polymer of coniferyl aldehyde
was prepared according to a method similar to that used in the
preparation of coniferyl alcohol-DHP: yield, 19%.

[-(Coniferyl alcohol) ether of veratrylglycol, 1-(3,4-dimethoxyphe-
nyl)-2-[4-(3-hydroxypropenyl)-2-methoxyphenoxy]ethandla), was
prepared according to the method of Lu and Ralp@)( Structure
confirmation was provided by NMR and MS analyses; the numbering
system of the side chain and the ring is giverFigure 1. Coniferyl
alcohol (350 mg, 1.94 mmol) angtbromoacetoveratrone [mp 8C,
lit. 80—81°C (46), 350 mg, 1.36 mmol] were dissolved in acetone (50
mL), and the mixture was heated under reflux over anhydro@K

end groups. However, available literature references contain few(800 mg) with stirring for 30 min. After the mixture had been cooled,

reports on the TMAH thermochemolysis behavior of the end
groups.

The goal of this study was to clarify the TMAH thermo-
chemolytic behavior of the end groups in lignin. For this, dimeric
lignin model compounddla, 1b, and2 (containing a 40©-
etherified coniferyl alcohol, sinapyl alcohol, and coniferyl
aldehyde at thg-position, respectively) were used. The results
of the model compounds were compared with those of TMAH
thermochemolysis of guaiacyl synthetic and native lignins.

MATERIALS AND METHODS

Melting points were uncorrected. Column chromatography was
carried out on Wakogel C200 Si@Wako Pure Chemical Industries,
Osaka, Japan). Thin-layer chromatography (TLC) was performed on
Kieselgel 60 B4 silica gel 20um thickness on aluminum sheet (Merck).
Spots were made visible with UV lightd nuclear magnetic resonance
(NMR) spectra were recorded in CDGNlith a Bruker Avance-500
spectrometer and reported by chemical shifts (relative to tetramethyl-

the inorganic materials were filtered off and washed with EtOAc. The
combined filtrate and washings were partitioned between EtOAc and
brine. After drying over Nz5O, overnight, the ethyl acetate was
concentrated in vacuo at40 °C. The residue was chromatographed
on 19 g of SiQ with a mixture of CHCI, and EtOAc (1:1, v/v) to
provide an oily ketone (460 mg, 1.34 mmol), which was crystallized
from MeOH: mp 149-150°C (MeOH); direct MSm/z(%) 358 (M,

12), 165 (100), 151 (14). To the ketone (150 mg, 0.42 mmol) in a
mixture of dioxane (10 mL) and # (3 mL) was added NaBH30
mg). After 8 h ofcontinuous stirring, the reaction was quenched by
the addition of a small amount of acetic acid. The reaction mixture
was partitioned in EtOAc and brine. The EtOAc was dried over Na
SOy (overnight) and concentrated in vacuo<at0 °C to provide an oil
(120 mg, 0.33 mmol) with purity by TLC (C¥CI/EtOH 100:3, v/v):

H NMR (acetatep 2.10 (6H, s, 2x OCOCH;), 3.85 (3H, s, OCH),
3.87 (3H, s, OCH), 3.91 (3H, s, OCH), 4.20 (1H, ddJ = 11.0, 3.9
Hz, Ap1), 4.31 (1H, ddJ = 11.0, 8.4 Hz, 42), 4.71 (2H, ddJ =

6.6, 1.1 Hz, B), 6.10 (1H, ddJ = 8.0, 3.9 Hz, Av), 6.17 (1H, dtJ

= 15.8, 6.6 Hz, Bf), 6.57 (1H, d] = 15.9 Hz, Ba), 6.84—6.98 (6H,
m, aromatic-H); MS (TMS)m/z (%) 504 (M, 4), 324 (10), 253 (17),

silane), splitting patterns, integration areas, and proton assignments.239 (100), 73 (57).
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p-(Sinapyl alcohol) ether of veratrylglycol, 1-(3,4-dimethoxyphenyl)- ~ Abundance
2-[4-(3-hydroxypropenyl)-2,6-dimethoxyphenoxy]ethanol (1b), was
prepared in the same way a&a by the NaBH reduction of 2-[4-(3- 2600000
hydroxyprop-1-enyl)-2,6-dimethoxyphenoxy]-1-(4-hydroxy-3-methox- OH
yphenyl)ethan-1-one: oil with purity by TLC (GBI,/EtOH 100:3, \
viv): 'H NMR (acetate)o 2.09 (3H, s, OCOCH, 2.12 (3H, s, 1500000 9 HO @
OCOCH), 3.82 (6H, s, OCH), 3.86 (3H, s, OCH), 3.88 (3H, s, OCHh), 5 £° Swe
4.20 (1H, ddJ = 11.0, 3.9 Hz, /1), 4.31 (1H, ddJ = 11.0, 8.4 Hz, @
AB2), 4.71 (2H, ddJ = 6.6, 1.1 Hz, B), 6.01 (1H, ddJ = 8.8, 3.3 1000000 SMe
Hz, Aa), 6.21 (1H, dtJ = 15.8, 6.5 Hz, Bj), 6.58 (1H, d] = 15.9
Hz, Ba), 6.62 (2H, s, aromatic-H), 6.83 (1H, #i= 8.3 Hz, aromatic- ! -
H), 6.90 (1H, d,J = 2.0 Hz, aromatic-H), 6.93 (1H, dd,= 8.3, 2.0 500000, 4 A
Hz, aromatic-H); MS (TMS)m/z(%) 534 (Mt, 2), 239 (100), 73 (60). 3
p-(Coniferyl aldehyde) ether of veratrylglycol, {3+[2-(3,4- ol J PRI N ‘ I :
dimethoxyphenyl)-2-hydroxyethoxy]-3-methoxyphémprop-2-enal ), 10 20 30 40 50
was prepared by heating a mixturelaf(1.07 g) and 1,4-benzoquinone Time (min)
(0.62 g) in 7 mL of diglyme at 120C for 24 h under stirring according  Figure 2. TMAH thermochemolysis-GC-MS trace of 1a. TMAH thermo-
to the method of Kulkarni and Sebastiadi7]. The reaction mixture chemolysis was performed at 315 °C for 4 s. Product names and structures
was poured into water, followed by extraction with EtOAc. After being  refer to those in Table 1 and Figure 1. Methylated 1a, 3-{4-[2-(34-
washed with brine, the EtOAc was dried over,8@, overnight and  gimethoxyphenyl)-2-methoxyethoxy]-3-methoxyphenyl} -1-methoxyprop-2-
concentrated in vacuo at40 °C. The residue was chromatographed  gne s Jabeled with an asterisk: MS miz (%) 388 (2), 181 (100).
on SiG with hexane/EtOAc (1.5:1, v/v) to provide yellowighwhich
was crystallized from MeOH in a refrigerator (0.44 g): mp +4A8 Table 1. Identified TMAH Thermochemolysis Products of 1a
°C (MeOH x 2); *H NMR (acetate)s 2.10 (3H, s, OCOC}), 3.88

e

(3H, s, OCH), 3.89 (3H, s, OCH), 3.91 (3H, s, OCH), 4.26 (1H, dd, rel
J=10.8, 3.9 Hz, 1), 4.36 (1H, ddJ = 10.8, 8.0 Hz, 42), 6.13 peak product MS data, m/z (rel intensity %) mol %2 source
(1H, dd,J = 7.8, 3.9 Hz, Av), 6.61 (1H, ddJ = 15.8, 7.7 Hz, ), 3 veratryl alcohol methyl ether 182 (M*, 48), 151 (100) 2.6 Amoiety
6.87 (1H, dJ = 8.7 Hz, aromatic-H), 6.92 (1H, d,= 8.3 Hz, aromatic- 4 veratryl aldehyde 166 (M*, 100), 165 (64) 58 B
H), 6.98 (1H, s, aromatic-H), 6.99 (1H, d,= 1.8 Hz, aromatic-H), 5 a,34-trimethoxystyrene® 1941(5M1*(314(§0)y 179 (20), 163 (44), 163 A
7.09 (1H, d,J = 1.8 Hz, aromatic-H), 7.13 (1H, dd,= 8.4, 1.8 Hz, lalveol 296 (M* 3). 181 (100). 166 (22 419 A
aromatic-H), 7.40 (1H, d] = 15.8 Hz, Ba), 9.65 (1H, dJ = 7.7 Hz, O i ethere 6(M".3) 181 (100). 166 (22) ~ 41.9
By); MS (TMS ether)m/z(%) 430 (Mf, <1), 340 (2), 281 (15), 240 7 isomer of 9 208 (M*, 100), 177 (84), 145 (23) 4.4 B
(19), 239 (100), 207 (39), 73 (30). 8 isomerof9 208 (M*, 100), 177 (89), 145 (24) 39 B

9  coniferyl alcohol 208 (M*, 88), 177 (100), 146 (37) 251 B

TMAH Thermochemolysis—Gas Chromatography—Mass Spec- dimethyl ether
trometry (GC-MS). The TMAH thermochemolysis-GC-MS system total 100
was a combination of a JHP-3 model Curie-point pyrolyzer (Japan
Analytical Industry, Tokyo, Japan) and an HP 5890 series Il gas  acalculated on the basis of effective carbon numbers of the products and their
chromatograph (Hewlett-Packard, Palo Alto, CA) with an HP 5972A G signal areas between 10 and 40 min of retention time. b 1-(3,4-Dimethoxyphe-
quadrupole mass selective detector (Hewlett-Packard). Samples werey).1.methoxyethene. © 4-(1,2-Dimethoxyethyl)-1,2-dimethoxybenzene.
placed on a 5@m ferromagnetic pyrofoil. The 25% TMAH methanolic
solution (~3—5uL) was added to the model compounds2Q «Q)
and coniferyl aldehyde-DHP (~50—70g) on the pyrofoil with a RESULTS AND DISCUSSION
syringe. After the mixture had been left f&3 min at room temperature TMAH Thermochemolysis of 1a. Figure 2shows the total
to remove most of the MeOH, the syrupy mixture was tightly wrapped jon chromatogram (TIC) of TMAH thermochemolysis (315
in the pyrofoil to ensure contact between the mixture and the pyrofoil. for 4 s) of 1a. Table 1 lists the identified pyrolysis products
The sample-loaded pyrofoil was inserted into a sample tube. After the |, :in MS data, relative abundances (mole percent), and pyrolytic
pyrolysis system had been flushed with helium gas for 15 s, the Samplesources The relative product yields were determined using the
holder with the sample tube was centered in the pyrolyzer heated ateffectivé carbon numbers and GC-FID signal areas of the

250°C. The samples were pyrolyzed at 35 for 4 s under a flow of
helium carrier gas. TMAH thermochemolysis of the coniferyl alcohol- products (29,49). The TIC reveals a large abundance of

DHP and the cedar wood was the same as that described previously"onomeric products between retention times of 20 and 30 min
(43). The volatile products were sent to the GC-MS and subjected to @hd a small abundance of dimeric products including the
the MS analyses. The products were identified by comparing the permethylated product dfa (marked with an asterisk), f84-
retention times of standard compounds or their on-line TMAH/ [2-(3,4-dimethoxyphenyl)-2-methoxyethoxy]-3-methoxyphgnyl
methylation products with those of the products and the MS data of 1-methoxyprop-2-ene [M®1/z (%) 388 (2), 181 (100)]. This
the products with published data (48). shows that thg3-O-4 linkage ofla was effectively cleaved
TMAH Thermochemolysis-GC. The pyrolysis-GC system was a  during the 315°C/4 s TMAH thermochemolysis.
combination of a JHP-3 model Curie-point pyrolyzer (Japan Analytical TMAH thermochemolysis cleaves the0O-4 linkage ofla
Industry) and a Shimadzu GC-17A gas chromatograph (Shimadzu, followed by permethylation of the released coniferyl alcohol,
Kyoto, Japan) with a flame ionization detector (FID) and a 1:50 split egiting in the formation of coniferyl alcohol dimethyl ether
ratio injector. The TMAH thermochemolysis-GC runs were performed (MW 208). Figure 2 reveals three produc—9 having the
similarly to the TMAH thermochemolysis-GC-MS runs. Product | | E im/z 208 i 14:10:100 GC-MS si |
identifications were carried out on the basis of the TMAH thermo- MO'€cUiar ion amiz ina 1.1 VIS signal area
chemolysis-GC-MS results. ratio (ord_er_of _GC-MS ell_Jtlon time). These are isomeric because
of the similarity of their mass fragmentation patterns. The

On-Line Methylation of Standard Materials with TMAH. - The difference in mass fragmentation patterns was Traatd8 have
25% TMAH methanolic solution containing a standard material 9 P

(coniferyl alcohol, coniferyl aldehyde, sinapyl alcohol, and sinapyl @ base peak at/z 208, and9 has it atm/z 177. Although
aldehyde) was introduced into the GC-MS or GC injection port heated coniferyl alcohol dimethyl ether should have only two isomers
at 280°C and the product analysis was done according to the TMAH (Z/E form with the side-chain double bond), treatmentlaf
thermochemolysis-GC-MS results. with TMAH provides the third isomer as shown kigure 2,
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Abundance 9 of 5-O-4 linkages, (2) simultaneous elimination of theCH,-
OH group, and (3) permethylation. Althoudghand 10 have
Abundance 177 the same molecular ion an/z 194 (rel int 100%),10 is
208 distinguishable fron® by a large abundance of tine/’z179 ion

160000 20000 9 (65%) and the small abundance of thi 163 ion (1%) present
140000 in the MS spectrum o0 (48). The formation ofx-methoxy-

146
10000 91 styrenes may be evidence for the presence of the phenylglycol
oo ! k l N moieties involved in3-O-4 linkages.
Mool )
60 I 100 150 I : |
m/z

oo o ! The yield of6 is roughly 2.5 times that d, suggesting that

200000

180000 4

200

800001 7 in TMAH thermochemolysis of nonphenolig-aryl ether

60000 / substructures the methylation is favored over the dehydration.
In fact, TMAH thermochemolysis of permethylated woods with
20000 diazomethane provided phenyltrimethoxypropanes such as
0 e N S erythrdthreo-11in a larger abundance th@amethoxystyrenes
“ % 40 % Time (miny such asZ/E-10, in contrast to the nonmethylated wood@s)(
Figure 3. On-line TMAH methylation GC-MS trace of coniferyl alcohol. The contributions of5+6 and 7+8+9 are ~58 and ~33
relative mol %, respectively. The low contribution of coniferyl
oundance 6 alcohol dimethyl ether5+6/7+8+9 ratio ~1.7:1) demonstrates
the low derivatization efficiency of the coniferyl alcohol released
during TMAH thermochemolysis to coniferyl alcohol dimethy!
OH ether. The nonmethylated coniferyl alcohol may polymerize.
[ Pyrolysis in the absence of TMAH produces coniferyl alcohol
16 Ma: @ from both coniferyl alcohol end groups and guaiacylglycerol
° HOv o moieties involved in3-O-4 linkages (50). However, the latter
800000 13 @ owe is not responsible for the formation @9 because the TMAH

OMSOMS thermochemolysis pyrolysate of veratrylglycerol-3-guaiacyl

40000 8
1 ‘ I

1200000

1b ether (17) is devoid o —9 (30, 31). From the findings on the
TMAH thermochemolysis behavior dfand17, therefore, it is
clear that coniferyl alcohol dimethyl ether mostly comes from
coniferyl alcohol end groups.
. I R L The source o# is the coniferyl alcohol moiety because the
T T T T e T e TIC of 1b (Figure 4) reveals 3,4,5-trimethoxybenzaldehydé&)(
Time (min) and is devoid of4, which should stem from the A moiety.
Figure 4. TMAH thermochemolysis-GC-MS trace of 1b. TMAH thermo- However, the coniferyl alcohol moiety makes a small contribu-
chemolysis was performed at 315 °C for 4 s. Product structures refer to tion to the formation oft. In TMAH thermochemolysis studies
those in Figure 1. on microbial decay of lignin in native, managed, and cultured
systems (2834, 36, 40, 41), the yield ratios of benzoic acid
which is unknown at present. On-line methylation of coniferyl Methyl esters such as 3,4-dimethoxybenzoic acid methyl ester
alcohol with TMAH also provided—9 in a similar GC-Ms 0 benzaldehydes such a$Ad/Al), the larger values of which
signal area ratio (12:4:100 in order of GC-MS elution time) indicate increased oxidation state of the lignin, are used widely
(Figure 3). The isomeric ratio may depend on the pyrolysis @S an |r_1d|cator to |_mp|y the extent o_f the structural change of
temperature employed because TMAH thermochemolysis at the lignin. Our finding on the formation of therefore shows
high temperature enhanced the contribution7oénd 8; for ~ that use of the Ad/Al values evaluated in TMAH thermo-
example, TMAH thermochemolysis of coniferyl alcohol at 500 chemolysis of lignin should be treated with caution because the
°C for 4 s provided7, 8, and9 in a 60:40:100 GC-MS signal additional Al contribution could lead to the misinterpretation

14
400000 ]

area ratio (48). that a compost or woody substrate has undergone less degrada-
Similarly, 1b (Figure 4) provided sinapyl alcohol dimethyl ~ tion than is the case.

ether consisting of three isomerk4—16, in a 25:9:100 GC- TMAH Thermochemolysis of 2. Figure 5a shows the

MS signal area ratio (order of GC-MS elution time) in TMAH  TMAH thermochemolysis-GC-MS trace @f No methylate®

thermochemolysis, and sinapy! alcohol providbt16 also was revealed, showing that tifeO-4 linkage was effectively

by both TMAH thermochemolysis and on-line methylation with ~ cleaved, as in TMAH thermochemolysis @& and 1b. The

TMAH. counterparts of the coniferyl aldehyde released bygtether
Cleavage of thep-O-4 linkage of 1a also resulted in linkage cleavageb and 6, were also observed. However, we

veratrylglycol, 1-(3,4-dimethoxyphenyl)ethane-1,2-diol, as a observed no expected coniferyl aldehyde methyl ett@&{\S
counterpart of coniferyl alcohol released from the B moiety. (m/z) 192 (M, 100), 161 (87)], which appears at a 27.5 min
The glycol was immediately permethylated to provéda ~42 retention time. Instead4 was obtained in an appreciable
mol % yield. Howeverg-methoxystyren®, a subproduct, was abundance. Its contributior:6:6 molar ratio of ~28:22:50)
also produced in-16 mol % yield. The formation of is due increased, compared to that§:16:42) inFigure 1. Aldehyde

to dehydration between theo@roton and the B-OH group 4 may come from the released coniferyl aldehyde.

of the released veratrylglycol, followed by methylation of the To confirm this, coniferyl aldehyde itself and its bulk DHP
Co-OH. On the other hand, lignin producgsnethoxystyrenes  were subjected to the 31%/4 s TMAH thermochemolysis.
consisting of two isomers such d#-10(29, 31, 33,43), due Coniferyl aldehyde provided?2 in a trace abundance addas

to the combination of (1) dehydration between tk©H group the major product (the pyrogram is not shown), IieSimilar
and theg-proton of the phenylglycerol moieties released by split results were obtained with both TMAH thermochemolysis and
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Figure 5.  TMAH thermochemolysis-GC-MS traces of (a) 2 and (b) coniferyl
aldehyde-DHP. TMAH thermochemolysis was performed at 315 °C for 4
s. Product names and structures refer to those in Table 1 and Figure 1.

on-line TMAH methylation of sinapyl aldehyde, which provided
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Figure 6. TMAH thermochemolysis-GC-MS trace of coniferyl alcohol-
DHP. TMAH thermochemolysis was performed at 500 °C for 4 s (43).
Product names and structures refer to those in Table 1 and Figure 1.
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3,4,5-trimethoxybenzaldehyde as the major product, and a tracerigure 7. TMAH thermochemolysis-GC-MS trace of a Japanese cedar
abundance of sinapyl aldehyde methyl ether. Coniferyl aldehyde-wood. TMAH thermochemolysis was performed at 500 °C for 4 s (43).

DHP results in the pyrogranfrigure 5b) with a large abundance
of 4 and a scarcity o12. Therefore, in TMAH thermochemoly-
sis of 2 the large participation of D-etherified coniferyl
aldehyde is clear in the formation &f

Although Filley et al. 24) demonstrate that guaiacylglycerol
moieties involved in3-aryl ether linkages are responsible for
the formation of4, we here propose @-etherified coniferyl
aldehyde as a new source #bim TMAH thermochemolysis of
lignin. The formation o# from 1 having no coniferyl aldehyde
group shows that during TMAH thermochemolysis parts &-4-
etherified coniferyl alcohol are oxidized to @-etherified
coniferyl aldehyde to producé. These findings demonstrate
that TMAH thermochemolysis provides little information on
cinnamyl aldehyde end groups from lignin.

Coniferyl Alcohol Dimethyl Ether Isomers 7—9 in the
TMAH Thermochemolysis Pyrolysates of Guaiacyl Synthetic
and Native Lignins. Figure 6 shows the TMAH thermo-
chemolysis-GC-MS trace of coniferyl alcohol-DHP. Clearly,
7—9 are produced. In particulag is revealed as a distinct,
intense signal, followingrythro-11. Productgt andZ/E-10 are
observed in a smaller abundance tfarOn the basis of the
GC-MS signal areas the summed contributio7e®is ~0.40
that of the guaiacylglycerol moiety-derived product®¢11).
The M 370 isomers and the M386 product revealed above
a 40 min retention time are derived from dehydrodiconiferyl
alcohol (43) and pinoresinolR) type substructures, respec-
tively. Parts of4 stem from 4-O-linked coniferyl alcohol in the
DHP, as described above.

The cedar wood provides a different product profiiggire
7) from the coniferyl alcohol-DHP. The pyrogram is predomi-
nated by Z/E-10 and erythro/threo-11. Isomers—9 were

Product names and structures refer to those in Table 1 and Figure 1.

consequently revealed in a smaller abundance thdfigare

6. Although they were revealed in GC-MS determinable
abundances, their peak intensities were very weak. The summed
contribution of7—9 was~0.15 of the1l0+11 contribution, based

on their GC-MS signal areas. The difference in abundance of
7—9 observed between the two TICs reflects the difference in
abundance of coniferyl alcohol end groups in the lignins because
DHPs and milled wood lignins contain the end groups in large
and small abundances, respectively: 10% in a DBP @nd

3% in spruce milled wood lignin2).

Although 4 was observed in a small abundance in the TIC
of the cedar wood12 was not observed despite the fact that
~3—5.3% of 40-etherified coniferyl aldehyde in a spruce
milled wood lignin is reported 3—5, 8, 9). This may be
responsible for the limitation of the TMAH thermochemolysis
application to the cinnamyl aldehyde end groups analysis as
described above or the very small frequency of 4-O-etherified
coniferyl aldehyde present in the cedar wood. Pyrolysis in the
presence oN,O-bis(trimethylsilyl)trifluoroacetamide suggested
the latter possibility (52).

In conclusion, cinnamyl alcohol end groups in lignin provide
the corresponding permethylated alcohols consisting of three
isomers in a GC-MS detectable amount in TMAH thermo-
chemolysis. In particular, the isomer with the slowest retention
time, such a9, is characteristic of ©-etherified cinnamyl
alcohols because it is revealed as an intense GC-MS signal
distinguishable from other TMAH thermochemolysis products.
Therefore, TMAH thermochemolysis is capable of drawing
information on cinnamyl alcohol end groups in lignin. However,
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Figure 8. Behavior of 4-O-etherified coniferyl alcohol and aldehyde in
lignin in TMAH thermochemolysis.

it is not informative on cinnamyl aldehyde end groups because
it fails to provide cinnamyl aldehyde methyl ethers. The results
obtained are given irFigure 8, in which the behavior of
cinnamyl end groups in TMAH thermochemolysis is briefly
demonstrated as exemplified by softwood lignin.
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