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Loss of anthraquinone (AQ) in alkaline pulping is partly attributed to irreversible
reactions of AQ or AQ-derived compounds with lignin fragments. 3-(4-Hydroxy-3-
methoxyphenyl)benz[d, e]anthracen-7-one, 3-(4-hydroxy-3,5-dimethoxyphenyl)benz-
[d,e]anthracen-7-one and 3-(4-hydroxyphenyl)benz[d,e]anthracen-7-one have been
synthesized and their formation in reactions of isolated lignins has been studied.

2-(4-Hydroxy-3-methoxyphenyl)anthracene-9,10-dione

has also been prepared.

Quinones are well known for their ability to accelerate
delignification in alkaline pulping.!? In particular anthra-
quinone (AQ) is effective in promoting delignification and
stabilizing carbohydrates.!"'° The use of anthraquinone as
an additive in alkaline pulping is limited by the fact that
‘catalyst’ cannot be recovered from the spent liquor.”' The
disappearance of AQ from the AQ-AHQ (AHQ = anthra-
hydroquinone) redox cycle has been explained in part by
irreversible reactions of reduced forms of AQ, mainly an-
throne (AN), with lignin fragments and carbohydrates.'"
The extent to which the reduced AQ is not converted into
AQ has a considerable effect on the economics of the
process. To minimize AQ losses, a clearer understanding of
the side reaction which the catalyst undergoes during pulp-
ing is necessary.

The disappearance of AQ is partly due to the reactions of
AQ or AQ-derived compounds with lignin-derived compo-
nents resulting the formation of compounds such as ben-
zanthrone (1) and 2-vanillylanthraquinone (4) which have
been isolated from alkaline AQ pulping liquors.'>!** To
investigate their formation, the substituted benzanthrones
1, 2, 3 and 2-vanillylanthraquinone (4) were synthesized.

Previously benzanthrone 1 has been synthesized by acid-
catalyzed condensation of coniferyl alcohol and anthrone
followed by oxidative cyclisation.”? The methyl ether of 1
was prepared by mixed Ullman reaction. 3-(4-Hy-
droxy-3,5-dimethylphenyl)benzanthrone was formed in a
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reaction of anthranol with the quinone methide derived
from 1-(4-hydroxy-3,5-dimethylphenyl)-1-propene.!¢ Benz-
anthrones 2 and 3 are new compounds. 2-Vanillylanthra-
quinone 4 has not been synthesized before.

Results and discussion

Syntheses. In the present work, benzanthrones were pre-
pared by the method of Clar"” from the methyleneanthrone
S and substituted cinnamic acids. When methylenean-
throne reacts with substituted cinnamic acids in nitroben-
zene, Diels—Alder products are formed and subsequently
dehydrogenated and decarboxylated by reaction with the
solvent resulting in the formation of substituted benzan-
thrones in 8-27 % yield. (Scheme 1).

It was of interest to investigate the reaction of coniferyl
alcohol 6 with the methyleneanthrone 5§ because both are
observed to be present in alkaline AQ cooking liquor:
methyleneanthrone is reported to be formed in reaction
between anthranol (the enol form of anthrone) and carbo-
hydrates!! and coniferyl alcohol is a degradation product of
lignin.'®! Coniferyl alcohol 6 did take part in the Diels—
Alder reaction with methyleneanthrone and the result was
the formation of benzanthrones 7 and 1 among other prod-
ucts. From the complicated reaction mixture we succeeded
in isolating benzanthrone 7, a new compound which was
identified as its diacetate. Benzanthrone 7 seemed to be
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Scheme 1. Syntheses of the substituted benzanthrones 1-3.

one of the main products although pure compound 7 was
isolated in only 1% vyield. (Scheme 2).
2-Vanillylanthraquinone was synthesized by means of a
Friedel-Crafts alkylation reaction involving 2-bromometh-
ylanthraquinone and guaiacol using tin(IV) chloride as the
catalyst.”? (Scheme 3). A mixture of isomers 4 and 8 was
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Scheme 2. Reaction of coniferyl alcohol with
methyleneanthrone.
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Scheme 3. Synthesis of 2-vanillylanthraquinone.
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formed in this reaction. The total yield was 30 %. The ratio
of isomers 4 and 8 was 2:1, as determined by NMR spec-
troscopy.

Alkaline cookings of isolated lignins. In order to investigate
reactions of lignins with AQ-derivatives, isolated lignins
(MWL) were allowed to react with the anthrone 9. Benz-
anthrone 1 was formed in the reaction of spruce lignin and
anthrone. The yield was 5 %, calculated from anthrone.
The benzanthrone 2 was formed in the reaction of birch
lignin in 6% yield. The reaction of straw lignin yielded
benzanthrone 2 in 2% yield and the mixture of benzan-
thrones 1 and 3. Compounds 4 and 7 were not detected in
any cook. Other anthrone derived products isolated from
the reaction mixture were 10,10’-bianthrone 10 (identified
as the diacetate of 10,10’-bianthrol) and the unsubstituted
benzanthrone 11 in addition to AQ and anthrone itself.
Compound 10 has also been detected in experiments with
lignin model compounds and anthrone?? and compound
11 has been isolated from alkaline AQ cooking liquor of
wood."

The mechanism of the formation of benzanthrone 1 in
alkaline AQ cooking conditions has been put forward by
Fullerton et al.'®” Their suggestion involves cyclisation and
dehydrogenation of a substituted anthrone which is formed
in the reaction between anthranol and the extended qui-
none methide of coniferyl alcohol. An alternative path for
formation of benzanthrones 1 and 7 in alkaline cooking
conditions might be the Diels—Alder reaction of methyl-
eneanthrone and coniferyl alcohol followed by aromatiza-
tion since the starting materials are reported to be present
in alkaline AQ cooking liquor.''®! When a mixture of
coniferyl alcohol and methyleneanthrone was heated, the
benzanthrone 7 was formed faster and in greater amount
than benzanthrone 1. If the Diels—Alder reaction were the
path to formation of benzanthrone 1 in cooking conditions,
one would also expect to find the benzanthrone 7 in the
spent liquor. However, the absence of the benzanthrone 7
in the cooking liquor of MW-lignin indicates that the Diels—
Alder reaction is not of importance in the formation of
benzanthrones. The direct reaction of anthranol and the
quinone methide seems to be more competitive compared
with the Diels-Alder reaction.!¢” Benzanthrones 2 and 3
can be formed by the same mechanism but probably from
sinapyl alcohol and p-coumaryl alcohol.



Experimental

The '"H NMR and "*C NMR spectra were recorded on Jeol
JNM-PMX 60, Jeol INM-PFT 100, Jeol JINM-FX 200 FT
and Varian Gemini-200 spectrometers. Mass spectra were
obtained with a Jeol JMS 01SG-2 instrument.

3-(4-Hydroxy-3-methoxyphenyl)benz[d,elanthracen-7-one
(1). Methyleneanthrone'” (309 mg, 1.5 mmol), ferulic acid*
(291 mg, 1.5 mmol) and 1 ml nitrobenzene were mixed and
refluxed for 1 h. After cooling, 1 ml glacial acetic acid was
added and the product was allowed to crystallize over
night. The precipitate was filtered and recrystallized from
glacial acetic acid. Yield 143 mg (27 %), m.p. 194-197°C,
(Lit. 197-200°C," 198 °C"). The 'H NMR spectrum was in
accordance with the literature values.” UV (abs. ethanol):
Amax 424, 286, 248 nm. MS m/z (% rel. int.): 353 (28), 352
(100), 146 (16), 132 (19), 126 (12), 113 (10).

3-(4-Hydroxy-3,5-dimethoxyphenyl)benz|d,elanthracen-7-
one (2). Benzanthrone 2 was prepared by the same method
as benzanthrone (1) using equimolar amounts of starting
materials. The acid in this synthesis was 3-(4-acetyl-3,5-
dimethoxyphenyl)-2-propenoic acid. During the reaction
the acetate was hydrolyzed and the benzanthrone 2 could
be isolated from the precipitate. The product was recrystal-
lized from glacial acetic acid. The yield was 8 %, m.p.
226-288°C. 'H NMR (100 MHz, CDCL,): 8 3.99 (6 H,s,
OCH,), 6.75 (2 H, s), 7.49-7.86 (4 H, m, Ar-H), 8.34-8.58
(4 H, m, Ar-H), 8.81 (1 H, dd, J = 1.3 Hz and 7 Hz). IR
(KBr): 1648 cm ™! (C=0). UV (abs. ethanol): A, 421, 237,
228 nm. MS m/z (% rel. int.): 383 (43), 382 (100), 352 (11),
307 (6), 239 (7). Found: M* 382.1229. Calc. for C,sH;50,:
M 382.1200.

3-(4-Hydroxyphenyl)benz[d,elanthracen-7-one (3). The re-
action procedure was the same as described above. 3-(4-
Hydroxyphenyl)-2-propenoic acid (Fluka AG) was used as
starting material. Yield 18 %, m.p. 268-271°C. MS m/z (%
rel. int.): 323 (25), 322 (100), 293 (7), 263 (7), 161 (7), 138
(8), 132 (9). Found: M* 322.1025. Calc. for C;H,,0,: M
322.0190. IR (KBr): 1635 cm™! (C=0). UV (abs. ethanol):
Amax 422, 242 nm.

2-Hydroxymethyl-3-(4-hydroxy-3-methoxyphenyl)benz[d e]-
anthracen-7-one (7). When equal amounts of methylenean-
throne and coniferyl alcohol were heated in a sand bath at
150-160°C for 1 h, one of the main products was the
benzanthrone 7. Benzanthrone 1 was also formed. When 1
g of crude product was fractionated by column chromatog-
raphy (ethyl acetate—yclohexane 1:3, 1:2 and finally 1:1)
10.4 mg of pure benzanthrone 7 were isolated. M.p. 259-
262°C. MS: no molecular ion. IR (KBr): 1630 cm™
(C=0). 'H NMR (200 MHz, DMSO-d,): 6 3.77 3 H, s,
OCH,;),4.53 (2H, d, CH,0,J = 5.2Hz),5.45 (1 H, t, OH,
J = 5.5 Hz), 6.73-8.94 (11 H, m, ArH), 9.30 (1 H, s,
ArOH). B®C NMR (50.10 MHz, DMSO-d,): & 55.6
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(OCH;,), 60.9 (CH,0), 114.0-147.3 (19 arom. C), 182.7
(C=0). UV (abs. ethanol): A, 412, 263, 243 nm.

After acetylation (acetic anhydride-pyridine 1:1) the
mass spectrum of the diacetate of compound 7 could be
recorded. Spectral data of the diacetylated compound 7:
MS m/z (% rel. int.): 466 (29), 424 (M— 42, 100), 365 (17),
364 (39), 349 (21), 334 (10), 333 (29), 321 (36), 305 (17),
276 (10), 263 (12), 43 (58). Found: M* 466.1460. Calc. for
CH,,04: M 466.1410. '"H NMR (200 MHz, CDCl,): 6 2.12
(3 H, s, aliphatic acetyl group), 2.40 (3 H, s, aromatic
acetyl group), 3.85 (3 H, s, OCH,), 5.16 (2 H, s, CH,),
6.93-7.01, 7.20-7.24, (3 H, m, ArH), 7.56-7.84 (3 H, m,
ArH), 7.96 (1H, dd,J = 1.5 Hz and 8 Hz), 8.39-8.56 (3 H,
m, ArH), 8.76 (1 H, dd, J = 1.5 and 7 Hz).

According to TLC the benzanthrone 7 was also formed
when methyleneanthrone and coniferyl alcohol reacted in 1
M NaOH (140°C, 3h) in an autoclave or in nitrobenzene
solution.

Cooks with isolated lignins. Experiments were carried out
with milled wood lignin isolated from spruce, birch and
straw. In each cook 50 mg lignin, 50 mg anthrone and 160
mg glucose were mixed with 0.6 ml dioxane and 2 ml 1 M
NaOH solution in a stainless steel autoclave. Some experi-
ments were done in a larger scale but the same ratio of
reagents and solvents were used. The autoclave was closed
and heated at 170°C for 3 h. After cooling, the alkaline
cooking liquor was extracted with dichloromethane and
worked up. The compounds were isolated by column chro-
matography (ethyl acetate—cyclohexane 1:3-1:1), and iden-
tified by TLC and mass spectrometry. The yields are calcu-
lated from the amount of anthrone. Benzanthrone 1 was
detected in the cooking liquor from spruce lignin, molec-
ular ion m/z 352. The yield of 1 was 5 %. The benzanthrone
11 was also isolated in 8 % yield, molecular ion m/z 230.
Some fractions were acetylated (acetic anhydride—pyridine
1:1) before recording of the mass spectra. The diacetate of
10,10'-bianthrol was identified, m/z 470 (M%), 428
(M—42). The yield of 10,10’-bianthrone 10 was 8 %. Birch
lignin yielded 6 % of the benzanthrone 2, molecular ion
m/z 382. The mixture of benzanthrones 1 and 3 was de-
tected in the alkaline anthrone cooking liquor from straw
lignin, molecular ions m/z 352 (rel. int. 100 %) and 322 (rel.
int. 43%). The yield of the mixture was 5 wt%. The
benzanthrone 2 was also detected in 2 % yield.

2-(4-Hydroxy-3-methoxyphenylmethyl)anthracene-9,10-dione
(2-vanillylanthraquinone) (4). 2-Bromomethylanthraqui-
none® (0.5 g, 1.7 mmol), guaiacol (5.68 g) and SnCl, (0.44
g) were heated at 100°C for 2 h. Ice and 1 ml of 2 M HCl
were added and the product was extracted with ethyl ace-
tate. After work-up, the product still contained catechol
which was removed by washing with water. After two flash
chromatographic purifications the yield was 30 %, m.p.
153-159°C (lit.”® 150.5-152°C). The 'H NMR spectrum
(200 MHz, CDCl;) was in accordance with the literature
values'® except the methoxy and benzyl protons. Signals
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due to methoxy protons at 3.83 and 3.85 ppm and benzylic
protons at 4.02 and 4.05 ppm indicate that the product is a
mixture of isomers. In the »C NMR spectrum the ring
carbons of the vanillyl substituent in the range 111.2-122.3
ppm gave doublets, which was different from the literature
data.” High resolution mass spectrum: Found: M*
344.1070. Calc. for C,H,O,: M 344.1044. The most prob-
able isomers are compounds 4 and 8, the ratio of which was
2:1 as calculated from the integrals of the benzylic and
methoxy protons.
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